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Abstract 
The majority of the energy in the fuel burned by the combustion engines used in modern 
vehicles is lost in the form of waste heat and does not contribute to the propulsion of the 
vehicle. Three different technologies have been proposed for recovering some of this lost 
heat and thereby increasing the overall efficiency of combustion engines: the 
turbocompound, thermoelectric converters, and heat engines based on the Rankine cycle. 
This thesis is about systems based on the Rankine cycle and the challenges associated with 
their incorporation into vehicles that are not encountered in more conventional applications.  

One such challenge relates to the selection of a suitable working fluid. To address this issue, 
a range of candidate fluids were evaluated, including organic fluids, ammonia, and water. In 
simulations, the best results were achieved using water-alcohol mixtures. Mixtures with a 
water content of 80 % by mass were found to be particularly useful since they are non-
flammable and do not suffer from the freezing problems encountered when using pure water. 
Pure organic fluids were found to present numerous problems, including their low thermal 
stability, safety issues and in case of most organic refrigerants the potential to increase 
global warming.  

Another key challenge in the development of Rankine cycle systems for vehicles relates to 
the design of suitable expansion devices. Two expander types are considered suitable for 
vehicular systems: turbo expanders and displacement expanders. In order to establish a 
method for determining which type will offer the greatest efficiency in any given case, an 
analysis based on dimensionless numbers was performed. Displacement expanders were 
found to have favorable performance characteristics in situations involving high expansion 
pressure ratios and low flow rates; such conditions tend to increase the thermal efficiency of 
the Rankine cycle. On the other hand, turbo expanders can be made more compact than 
displacement expanders and may therefore be more suitable in cases where space is at a 
premium. Moreover, by using a pure organic working fluid instead of the suggested water-
alcohol mixture and decreasing the expansion pressure ratio, the cycle parameters can be 
adjusted to permit the efficient operation of turbo expanders.  

Based on the above analyses of the system’s components, a model heat recovery system 
was created using the GT-Suite 1-D flow simulation program. This model can be used in 
conjunction with a previously established model of a heavy-duty diesel engine created using 
the same software, which was in this work converted to mean-value model in order to permit 
faster computation.   
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1 Introduction 

Modern research and development efforts relating to combustion engines and vehicle design 
are largely driven by the pressing need to reduce the global consumption of fossil energy 
carriers and the resulting emissions of the greenhouse gas carbon dioxide.  

The limited supply of fossil fuels is one of the most important factors underpinning these 
efforts. Oil and natural gas are currently the most important energy carriers used in 
transportation, with oil accounting for 93 % of the energy used in this sector in 2011 [1]. At 
current rates of production, the world’s proven oil reserves will expire in approximately 54 
years, while the prognosis for natural gas is 75 years [2]. However, an even more important 
factor is that as production rates start to decline, the limited supply of fossil fuels will become 
increasingly problematic. Global oil production is expected to peak before 2030 and may do 
so before 2020 [3]. 

A second, possibly even more important, factor underpinning the desire to develop energy-
efficient vehicles relates to emissions of greenhouse gases. The combustion of fossil fuels 
generates CO2 emissions, which absorb re-radiated heat from the earth’s surface and 
thereby contribute to global warming. This anthropogenic greenhouse effect alters natural 
marine and terrestrial carbon cycles, reducing the environment’s capacity for CO2 storage [4]. 
In the year 2005, the transport sector was responsible for slightly more than 23 % of the 
world’s CO2 emissions from fuel combustion, with road transport accounting for 17 %. The 
largest share of the globe’s CO2 emissions (45 %) originated from fossil fuels burned for 
energy generation. Overall CO2 emissions have increased by 80% since 1970 (and those 
from the transportation sector have increased by more than 100 %), contributing to an 
average atmospheric temperature increase of around 0.8°C over the same period [5]. While 
this may sound small in absolute terms, the long term effects of this trend are predicted to be 
devastating for life on earth [6].   

The need to reduce emissions and minimize the consumption of fossil fuel reserves thus 
necessitates a strong focus on environmental sustainability in vehicle and engine 
development. This need is exacerbated by the rapid growth in vehicle density seen in highly 
populated countries such as China and India. Conservative estimates suggest that vehicle 
ownership in China will increase by around 500% between the present day and 2050 [7]. A 
range of alternative propulsion concepts that could potentially be used in vehicles in the 
future have been evaluated. However, it has become clear that neither electric vehicles nor 
the internal combustion engine will by themselves be capable of meeting future 
transportation needs in a sustainable fashion [7,8,9,10]. Moreover, life cycle assessments 
(LCA) have shown that pure electric vehicles and vehicles that run on electricity generated in 
H2 fuel cells only have favourable life cycle CO2 emissions if they run on energy generated 
from renewable sources [8,10]. Unfortunately, the growing energy requirements of the 
transportation sector are too great to be met by renewable sources alone [8]. It is therefore 
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likely that hybrid powertrains that incorporate both a combustion engine and an electric motor 
will become increasingly popular in the future, with the exact contribution of the two systems 
varying depending on the vehicle’s intended application [7,8,9]. Moreover, the fossil fuels 
used in combustion engines will be blended with (and possibly even replaced by) biofuels, 
which offer lower overall CO2 emissions. However, there are numerous issues relating to 
trade and sustainable development that will have to be overcome in order for there to be a 
major breakthrough in biofuel usage [11].    

All propulsion concepts involving combustion engines, from heavy duty engines running on 
biodiesel to small gasoline engines in hybrid powertrains, have one thing in common: the 
majority of the energy in the fuel they burn is lost and doesn’t contribute to vehicle 
propulsion. Modern heavy duty diesel engines are the most efficient combustion engines 
used for road transportation; they can achieve fuel efficiencies in excess of 42% under 
optimal operating conditions [12].  

As a result, a lot of research and development work has been devoted to increasing 
combustion engine efficiency by reducing these losses. This can be done in various ways, 
including reducing losses due to mechanical friction, optimizing the engine to increase the 
efficiency of the combustion process, and creating superior gas exchange paths.  

Despite these efforts, a relatively large proportion of the energy in the fuel will inevitably be 
lost from the engine as heat. This is largely due to energy lost via the hot exhaust gas, the 
coolant that is used to control the engine’s temperature, and the hot recirculated exhaust gas 
that is used to reduce engine-out emissions but must be cooled before being returned to the 
cylinder. Systems that can recover some of the energy lost in this way are therefore 
important for achieving higher propulsion efficiencies. Heat recovery systems that are 
generally considered suitable for this purpose include turbocompounds, setups based on the 
Rankine cycle, and thermoelectric converters. Turbocompounds are based on a power 
turbine, which is integrated into the exhaust system. In the Rankine cycle, gases carrying 
waste heat are passed through a heat exchanger and used to evaporate a pressurized 
working fluid. Power is then produced by the expansion of the vaporized fluid. The cycle is 
closed by the condensation of the working fluid, which is then pumped back up to the 
evaporation pressure. Thermoelectric converters rely on the Seebeck effect, which means 
they generate electrical power directly from the temperature difference between a heat 
source and the environment. 

This thesis provides a brief overview of these three technologies and their uses in heat 
recovery, with an emphasis on the design of Rankine cycles. While the Rankine cycle is a 
comparatively mature technology and is widely used in power generation, its use in vehicles 
presents new challenges in system design. These stem from environmental and packaging 
issues, as well difficulties relating to the quality and quantity of the available heat and its 
transient availability. 
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1.1 Objectives 

The objective of this thesis is to explain the operating principles of the components used in 
waste heat recovery systems based on the Rankine cycle for use in vehicles.  

There hasn’t been a final conclusion published, which fluid and expansion device would be 
the favourable choice in a Rankine cycle for vehicular application. However, previous studies 
pointed out that these components are among the most important key factors for the 
system’s performance [12,13,14]. Thus, the process of selecting a proper working fluid 
(Appendix, Paper I) and expansion device (Appendix, Paper II) for the heat-recovery system 
was addressed in this work.  

In addition, the thesis describes challenges that arise when creating a model of the heat 
recovery systems using the 1-D flow simulation program GT-Suite, both regarding 
component calibration and control design.  
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2 Heat sources and energy balances in combustion 
engines 

This chapter discusses energy balances in diesel engines for heavy duty vehicles and in 
gasoline engines for light duty passenger cars. Because these engine types have very 
different applications, discussing them together makes it possible to clearly show how fuel 
energy is lost in different types of vehicle. In both cases, the engines are assumed to be 
operating under conditions that produce near-maximal brake-power efficiency. 

2.1 Diesel engine (Heavy duty) 

Figure 2-1 shows the energy balance for a 12.8 l heavy duty diesel engine, which was 
derived based on a validated GT-Power model for this engine. The engine has 6 cylinders, is 
turbo-charged to increase performance, and uses a short-route Exhaust Gas Recirculation 
(EGR) system. This means that a controlled amount of exhaust gas is taken directly from the 
exhaust manifold and mixed with the fresh air on the inlet side. The purpose of the EGR 
system is to reduce engine-out NOx emissions, which happens because the combustion 
temperature decreases with the proportion of recirculated exhaust gas in the cylinder. This 
method is even more efficient if the exhaust gas is cooled before being mixed with the inlet 
air. 

Important waste heat sources in the heavy-duty engine are the charge air cooler (CAC) on 
the inlet side, the cooler for the EGR system, the post-turbine exhaust gas, and heat lost to 
the surroundings via the coolant and radiation.  

The analysis in this case focuses on the engine’s B75 operating point, which corresponds to 
an intermediate engine speed and 75 % of the engine’s maximum torque at this speed. 
Under these conditions, the engine operates at around its maximum brake-power efficiency 
of 42 %. However, even under these optimal conditions, heat losses account for 58 % of the 
energy in the fuel that is burned. The majority of this energy is lost from the coolant and by 
radiation. The radiative losses would be very difficult to reclaim using a system based on the 
Rankine cycle and are therefore not considered further in this work. Heat losses via the 
exhaust gas account for 15 % of the fuel energy, while losses from the post-compressor 
charge air and the exhaust gas entering the EGR cooler account for 11% each. 

The quality of the available waste heat from a given source is arguably more important than 
the source’s contribution to the total waste heat when designing heat recovery systems. It 
can be evinced by considering the Carnot efficiency ηCarnot, which represents the maximum 
achievable efficiency for a heat engine operating under reversible conditions driven by a heat 
source at temperature Tsource and a heat sink at temperature Tsink, eq. (2.1). 
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 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇𝑆𝑖𝑛𝑘
𝑇𝑆𝑜𝑢𝑟𝑐𝑒

 (2.1) 

If the heat sink is assumed to be the ambient air and to have a constant temperature, the 
heat source temperature is the only variable that determines the potential efficiency of a 
system for recovering waste heat from the source. Given the heat source temperatures for 
the heavy duty engine listed in Figure 2-1, it is clear that the EGR system provides the 
highest waste heat quality due to its temperature of 470 °C, followed by the post-turbine 
exhaust gas at 250 °C. The temperature of the coolant is rather low, making it less suitable 
for efficient heat recovery. The compressed charge air, which is cooled in the CAC, accounts 
for roughly the same proportion of the total fuel energy as the EGR, but at 200 °C, its 
temperature is less than half that of the exhaust gas entering the EGR cooler.  

 

Figure 2-1: Energy balance for a 12.8 l heavy duty diesel engine at the B75 operating 
point 

2.2 Gasoline engine (Light duty) 

A typical energy balance for a light-duty gasoline engine is shown in Figure 2-2. The 
underlying data were obtained from driving experiments using a Volvo XC 60 under 
motorway driving conditions. The vehicle was propelled by a 2.0 l, turbo-charged 4-cylinder 
engine. The motorway driving cycle was conducted at an average velocity of 110 km/h, 
under which conditions the engine operates close to its maximum brake-power efficiency, 
implying that 35 % of the fuel energy was used to propel the vehicle. The hot exhaust gases 
downstream of the turbocharger accounted for 33% of the total fuel energy, while coolant 
and radiator losses accounted for 31% of the total fuel energy. Energy losses via the CAC 
account for only 1% of the total fuel energy, making this waste heat source much less 
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important than in the heavy duty case. This is partly because of the driving conditions 
considered: when driving on the motorway at near-constant speed, the charge air pressure 
(and therefore the temperature of the charge air) would only be elevated during infrequent 
load peaks, for instance when driving uphill or accelerating to overtake another vehicle. 

In the light duty case, the waste heat source with the greatest potential for energy recovery is 
the post-turbine exhaust gas, which has a temperature of around 820°C. Both the coolant 
and the charge air are much cooler, and therefore offer much lower Carnot efficiencies.  

 

Figure 2-2: Energy balance for a 2.0 l, turbocharged gasoline engine under motorway 
driving conditions 
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3 Heat recovery technologies 

This chapter describes the three heat recovery technologies that are most commonly seen 
as viable options for combustion engines: turbocompounds, thermoelectric materials, and 
Rankine cycle systems. 

3.1 Turbocompounds 

The turbocompound is a technology that recovers energy from the exhaust gas by using an 
additional turbine in the exhaust system, which is typically located downstream of the 
turbocharger turbine. The expansion of the exhaust gas in the turbine reduces the enthalpy 
of the exhaust gas. When multiplied by the turbine’s efficiency, this enthalpy decrease 
represents the maximum work that can be obtained from the device. In contrast to 
turbochargers, where the recovered energy is used to power a compressor, the 
turbocompound’s output is used to directly augment the vehicle’s propulsion or to drive a 
generator that produces electricity for the vehicle. As such, there are two types of 
turbocompounds: mechanical and electrical. Figure 3-1 shows one possible configuration for 
a combustion engine with a mechanical turbocompound. In mechanical turbocompounds, it is 
necessary to use gears to reduce the turbine’s output speed such that it matches the 
engine’s crankshaft speed. In addition, a fluid coupling must be used to separate the 
compound turbine from torsional crankshaft vibrations and thereby prevent damage to the 
turbine and the high-speed gear set [15,16]. Electrical turbocompounds have the advantage 
of not being connected to the vehicle’s propulsion system. Their speed can thus be 
controlled independently of the engine’s speed, which avoids the risk of having to operate the 
turbine inefficiently under off-design conditions [16]. 

 

Figure 3-1: Configuration of a mechanical turbocompound system in a combustion 
engine 
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At present, turbocompounds are most widely used in aircraft and heavy duty engines, where 
they typically reduce fuel consumption by 3 to 5 % [15,16]. However, such reductions are not 
achieved under all operating conditions; under low engine loads, the turbocompound may 
even cause a slight increase in fuel consumption [16]. This occurs because the turbine 
increases the exhaust backpressure, which causes increased pumping losses during gas 
exchange in the combustion engine. On the other hand, the increased exhaust back 
pressure makes it easier to achieve high EGR rates when using a short route EGR system 
because it increases the difference in pressure between the intake and the exhaust manifold 
[16]. 

Several companies currently produce or are developing turbocompound engines for the 
heavy duty and off-road sectors, including Volvo, Scania, Cummins, Caterpillar, Iveco and 
Detroit Diesel [16]. Research on these engines typically focuses on understanding how the 
configuration of the turbine in the exhaust system affects performance, and on the 
development of hybrid engines with electric turbocompounds. 

3.2 Thermoelectric materials 

Thermoelectric materials rely on the Seebeck effect, which was named after Thomas Johann 
Seebeck who discovered it in 1823. It refers to the electrical potential generated when a 
temperature gradient is applied across the junctions of two dissimilar conductors [17].  

Figure 3-2 shows how thermoelectric materials (TEM) can be used for exhaust heat recovery 
in passenger cars. TEM devices for power generation usually employ p- and n-type 
semiconductor elements as the dissimilar conductors because this increases the device’s 
potential output [18]. In heat recovery systems for combustion engines, the temperature 
gradient applied across the junction of the device originates from the difference between the 
temperature of the hot exhaust gas (Tsource) and that of a cooling fluid (Tsink). At equilibrium, 
the temperature of the hot side of the TEM is Thot and that of the cold side is Tcold. 

 

Figure 3-2: A thermoelectric generator for recovering waste heat from exhaust gases  
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TEMs are usually employed in exhaust heat exchangers, in which the exhaust gas and 
cooling fluid flow in opposing directions and in separate channels [18,19,20]. The TEM 
devices are located between these channels, isolated by a non-conducting paste to prevent 
electrical contact between the TEM and the heat-exchanger [18].  

The heat recovery efficiency ηTEM of the TEM is given by equation (3.1). It is a function of 
Tcold, Thot and the mean value of these temperatures (T). The factor ZT is known as the 
dimensionless figure of merit and is a characteristic constant for the two conducting materials 
used in the TEM. Together with the heat source and sink temperature, it is one of the major 
determinants of TEM performance [17,18]. It can be seen that the efficiency of the TEM is 
determined by a factor that includes the figure of merit and another factor that corresponds to 
the Carnot efficiency ηCarnot, i.e. the maximum achievable heat recovery efficiency.  

 
𝜂𝑇𝐸𝑀 = �

√1 + 𝑍 ∙ 𝑇 − 1

√1 + 𝑍 ∙ 𝑇 + �𝑇𝑐𝑜𝑙𝑑𝑇ℎ𝑜𝑡
�
� ∙ �1 −

𝑇𝑐𝑜𝑙𝑑
𝑇ℎ𝑜𝑡

�
�������

𝜂𝐶𝑎𝑟𝑛𝑜𝑡

  (3.1) 

Modern commercial TEM materials cannot achieve ZT factors of more than 1, giving a 
maximum realistic efficiency of around 5 % for the conversion of exhaust gas waste heat in 
automotive applications [18,20]. A study conducted by the Ford Motor Company in 2009 
examined the potential of thermoelectric heat recovery systems in gas-electric hybrid 
vehicles. It was found that for a city cycle, 2.4 % of the waste energy in the exhaust gas 
could be recovered. This value rose to 5.7 % for the highway cycle, due to the higher loads 
and exhaust gas temperatures that occur under these driving conditions [20]. A study 
published in 2009 by Honda concluded that the use of a TEM system in a 2.0 l gasoline 
engine would reduce overall fuel consumption by less than 1 % [19], while a publication by 
Stobart et al. in 2010 predicted yearly fuel-saving potentials of 3.9 % to 4.7 % for a 
passenger car and up to 7.4 % for a transit bus [18].  

The major drawbacks of modern TEM systems are their low conversion efficiencies and the 
high costs of the devices [18,19,21]. The potential reductions in fuel consumption increase 
with the number and performance of the system’s TEM elements. However, increasing the 
number of TEM elements also increases the system’s cost and payback time. It is therefore 
desirable to develop exhaust heat exchangers that produce the greatest possible power with 
the lowest possible number of TEM devices [20]. This will necessitate the creation of 
systems with high heat transfer rates that do not increase the backpressure in the exhaust 
system to the point that the resulting increase in fuel consumption outweighs the contribution 
of the heat recovery system.  

Despite the need to address these challenges, heat recovery systems based on 
thermoelectric generators are the best of the current heat recovery technologies in terms of 
their ease of integration into existing vehicles and the sophistication of their control systems 
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[19]. In addition, they produce electrical energy directly without requiring any prior conversion 
of mechanical energy. This is useful if the recovered energy will be used to power the 
vehicle’s electrical systems.  

3.3 The Rankine cycle 

The Rankine cycle is a model of an ideal steam-power cycle and was first described by the 
Scottish engineer William Rankine in 1859 [22], although the idea of using steam to generate 
power had been proposed long before then. The cycle involves using a heat source to 
vaporize a pressurized working fluid (usually water in power plants), which is then allowed to 
expand in a steam turbine. The power output of the turbine is used to drive a generator, 
producing electricity [24]. Rankine cycles of this type are used in the majority of modern 
power plants. 

In heat recovery systems based on the Rankine cycle, the heat source is the waste heat 
produced by some primary process. In the case of a combustion engine, the relevant waste-
heat sources are those listed in chapter 2. Individual heat sources can be exploited 
separately or in tandem if the situation permits, and the power that is generated can either be 
used to augment the vehicle’s propulsion system or to drive a generator that produces 
electricity for the vehicle’s electrical systems as was discussed in the section on 
turbocompounds. 

Figure 3-3 shows the key processes involving the working fluid in the Rankine cycle. These 
are as follows: 

• An isentropic fluid pump does pump work, Wpump, on the working fluid to raise its 
pressure from the condensation pressure plow to the desired evaporation pressure 
phigh. (Stage 01).  

• The pressurized working fluid is preheated, evaporated, and superheated to a certain 
extent by the heat source in the heat exchanger (Stage 12). 

• The superheated fluid vapour expands in an isentropic expansion device from the 
evaporation pressure phigh to the condensation pressure plow. The work of expansion 
is represented by the mechanical work output of the cycle Wmech (Stage 23). 

• Finally, the working fluid is condensed back into the liquid phase in a condenser. Its 
heat of condensation, Qout, is lost to a heat sink. (Stage 30). 

While the theoretical Rankine cycle is based on a sequence of reversible processes, real 
world systems involve irreversible changes of state in the pump and the expansion device. 
Therefore, real cycles do not involve any isentropic changes of state. 
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Figure 3-3: Layout of an illustrative Rankine cycle-based heat recovery system (top) 
and a temperature-entropy (T-s) diagram showing the different stages of 
the cycle (bottom) 

The thermal efficiency ηth of a Rankine cycle can be calculated by considering its net work 
output Wmech,net and the heat input Qin (which is supplied during stage 12), equation (3.2). 
The net work output is given by the difference between the mechanical output of the 
expansion device Wmech and pumping work done on the fluid, Wpump. 

 𝜂𝑡ℎ =
𝑊𝑚𝑒𝑐ℎ,𝑛𝑒𝑡

𝑄𝑖𝑛
=
𝑊𝑚𝑒𝑐ℎ −𝑊𝑝𝑢𝑚𝑝

𝑄𝑖𝑛
  (3.2) 

Waste heat recovery systems based on the Rankine cycle are widely used in stationary 
installations for recovering energy from industrial waste heat or off-grid power generators. 
They have also been adopted in marine engines. Notably, Opcon has developed a heat-
recovery system for ships that promises fuel savings of 5 – 10 %. The first system of this 
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type has been in operation since 2012 [25]. In addition, Wärtsila and Turboden are 
collaborating to develop a similar heat recovery system for large vessels that promises to 
reduce fuel consumption by up to 12 % [26]. If used in an 8000 teu container ship with a fuel 
consumption of 220 t crude oil per 24 hours at normal speeds, this would correspond to a 
fuel saving of 25 t per day, demonstrating the importance and potential of heat recovery 
systems in marine transport applications [27]. The heat-recovery systems for ships use a so-
called organic Rankine cycle (ORC), i.e. a Rankine cycle that uses an organic working fluid 
instead of water. This improves the efficiency of power generation from low temperature 
waste heat sources. 

No commercial heat-recovery systems based on the Rankine cycle are currently used in on-
road vehicles. However, there are several systems in development.  

For heavy-duty trucks, recent studies published by AVL [28], Behr [29], Bosch [30], Voith 
[31], Ricardo and Volvo [32], and Cummins [33] have shown that Rankine cycle-based 
systems can reduce fuel consumption by 3 to 6 %. All of these authors consider the EGR 
and exhaust gases to be the most viable waste-heat sources in vehicle engines. The 
achievable fuel consumption benefits depend strongly on the driving conditions considered. 
Lower engine loads mean lower exhaust temperatures and mass flows, which decreases the 
thermal efficiency of the heat-recovery system. Thus, one of the challenges in developing 
systems for vehicle-based applications is the transient nature of different operating modes. In 
contrast, heat recovery systems for stationary installations can be designed against a single 
specific set of operating conditions. 

For light-duty passenger cars, BMW [34] and Honda [35] have reported that fuel savings of 
up to 10 % can be achieved by recovering exhaust heat. However, there has been relatively 
little published work describing heat-recovery systems based on the Rankine cycle for 
passenger cars. This could be due to one of the notable drawbacks of this technology: 
Rankine cycle systems take up large amounts of space and are heavier than alternative heat 
recovery solutions. These problems are significant even when working with heavy-duty 
vehicles, and can be extremely restrictive when designing systems for passenger cars. 
Nevertheless, BMW have demonstrated that these issues can be worked around with 
sufficiently well-optimized designs by creating a Rankine cycle heat recovery system that 
weighs only 10 - 15 kg and can be integrated into the underbody of a car to save space. 
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4 Rankine cycle design 

There are several challenges associated with the design of heat recovery systems based on 
the Rankine cycle for use in vehicles. Some were discussed in chapter 3, including the 
limitations on the weight of the system and the amount of space available for it, and the 
variable nature of the engine’s waste heat output. The latter of these factors creates 
difficulties in terms of system control and in the selection of appropriate operating 
parameters.  

In addition, the heat recovery system must satisfy all of the environmental and performance 
requirements that apply to the vehicle as a whole. This means that the working fluid must be 
sufficiently resistant to freezing, satisfy all applicable environmental and safety requirements, 
and still offer good performance at the relevant heat source temperatures. Therefore, a study 
was performed to compare the performance of a range of different candidate working fluids 

After having selected a working fluid and chosen initial values for important parameters such 
as the expansion pressure ratio and evaporation pressure, studies were performed to identify 
an expansion device that would offer favourable performance under these conditions. 

This chapter describes how various potential working fluids and expansion devices were 
evaluated to identify optimal solutions for different boundary conditions. Previous studies 
have demonstrated that the nature of the working fluid and the expansion device have 
significant effects on the performance of heat-recovery systems in vehicles [13,36]. This is 
discussed more extensively in the attached papers from this thesis, which address these 
issues from a theoretical point of view. The results were used to establish a computational 
model of the Rankine cycle in GT-Suite. 

The final section of the chapter provides a brief overview of the issues involved in the design 
of heat exchangers for Rankine cycle-based heat recovery systems, and describes a 
prototype that will be used in a series of experiments for this project. 

4.1 The working fluid 

-Summary of Paper I- 

A range of potential working fluids were considered, including water, ammonia and organic 
fluids such as alcohols and refrigerants. Water was only included to provide a set of 
reference values, since a water-based system would have inadequate resistance to freezing. 
However, because it was the only working fluid that does not present environmental or safety 
problems, it would be an ideal working fluid in these respects. The safety of the candidate 
fluids was evaluated in terms of their flammability and toxicity. Pure alcohols and some 
refrigerants are highly flammable, and some refrigerants produce toxic gases when they 
burn. The environmental factors considered when evaluating the potential working fluids 
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were the Global Warming Potential (GWP) and the Ozone Depletion Potential (ODP). To 
comply with future environmental legislation, only fluids with GWP values below 150 were 
considered suitable for mobile heat-recovery systems. All fluids with non-zero ODP values 
will be banned in 2030, and laws have been passed requiring a 90% reduction in the quantity 
manufactured by 2015.  

Having considered these factors, the performance of Rankine cycles involving the various 
candidate fluids was modelled at a range of different heat source temperatures. The low 
thermal stability of the refrigerants limited the temperature level in the Rankine cycle that 
could be tolerated when using them as working fluids, which was problematic for the system 
efficiency when using the EGR system as the waste heat source. Overall, the best results 
were obtained using non-flammable water-alcohol mixtures containing 80% water by mass.  

4.2 The expansion device 

-Summary of Paper II- 

The expansion device is a key component of any Rankine-cycle based system. It is located 
downstream of the heat exchanger and converts the work done by the pressurized vapor as 
it expands into a useful form. The expander therefore has a significant effect on the 
performance of the heat-recovery system and must be chosen carefully. There are two types 
of expansion device in common use: displacement expanders (e.g. piston expanders, scroll 
expanders, screw expanders, and others) and turbine expanders (e.g. radial and axial 
turbines). 

The nature of the optimal expansion device for a given application is determined by practical 
factors such as packaging requirements and the way in which the recovered energy is to be 
used. Turbine expanders are generally smaller and lighter than displacement expanders. 
However, because they operate at much higher rotational speed than a car’s propulsion 
system, they can only be connected to the crankshaft via a set of high ratio gears, resulting 
in the loss of some of the recovered energy. This is not an issue if the expander is used to 
produce electricity because alternators can operate at similar speeds to the expander, 
making gearing straightforward. Turbines are more sensitive than displacement expanders to 
the quality of the expanded vapour because droplets in the vapour will erode the rotating 
turbine blades. The output speeds of displacement expanders are quite similar to those of 
combustion engine crankshafts, making them more suitable for mechanical compounding.  

The performance of a given Rankine cycle expansion device can be estimated as a function 
of the properties of the working fluid, the expansion pressure ratio and the fluid flow rate. 
These parameters can be expressed using two dimensionless numbers: the specific speed, 
Ns, and the specific diameter, Ds. By considering evaluation charts drawn up against these 
numbers, the expansion device with the best performance for the application at hand can be 
identified. This method was used with the Rankine cycle model similar to the one described 
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in Paper I to identify the optimal expander for heavy- and light-duty engines. For the heavy 
duty engine, a reciprocating piston expander was found to be optimal when using a 
methanol-water mixture as the working fluid. The highest possible expansion pressure ratio 
was chosen in order to maximize the efficiency of the thermal cycle. However, expanders of 
this type are much bulkier than turbine expander, making their use in light vehicles quite 
problematic. Therefore, a range of possible modifications to the design of the cycle were 
considered in order to identify conditions that would permit the efficient usage of turbine 
expanders. It was concluded that this could be achieved by using an organic working fluid 
such as R123 or pure ethanol, in conjunction with a lower expansion pressure ratio. A 
drawback of this approach is that it requires reducing the expansion pressure ratio from 10 to 
2, which reduces the system’s performance by about 50 %. This issue could potentially be 
overcome by using advanced turbine designs that allow for multi-stage expansion. 

4.3 Heat exchanger 

The heat exchanger should be designed to provide the best possible trade-off between 
efficiently transferring the energy from the waste-heat source and having dimensions suitable 
for integration into the target vehicle. In addition, the pressure drop of the gas in the EGR line 
should be as little as possible by passage through the exchanger in order to minimize its 
impact on the engine’s operation and fuel consumption. 

The tube-and-shell heat exchanger shown in Figure 4-1 was designed by Lund University 
and TitanX, who later will provide a prototype version for use in engine experiments. It is 
designed around a cross-counter flow arrangement with a set of baffles in the volume 
through which the working fluid flows. This helps to increase its performance. The exhaust 
gas passes through the exchanger via a series of horizontal tubes.  

The geometry data and heat transfer relations which were used and validated in the design 
of the prototype heat exchanger will be implemented in the GT-Suite model of the heat 
recovery system in the near future.  

 

Figure 4-1:  Design of the heat-exchanger developed by Lund University and TitanX 
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5 Model of the heat recovery system 

A model of a Rankine cycle-based heat recovery system was created using the 1-D flow 
simulation program GT-Suite, which is widely used in engine-systems development. A model 
of a Volvo D13 heavy-duty engine had previously been created using the same software 
package, which provides the opportunity to combine the two models.  

5.1 The GT-Power engine model and the mean-value engine model 

The detailed model for the Volvo D13 engine is shown in Figure 5-1 and was used to 
establish the energy balance for the heavy-duty case discussed in chapter 2 of this thesis. It 
is necessary to mode flow volumes and the processes occurring within the cylinders in some 
detail when characterizing engine processes. However, performing such detailed calculations 
significantly increases the time required to run a given computation, particularly when other 
systems such as a model of the Rankine cycle are also being simulated. In addition, the 
engine simulations require a crank-angle based solver, which is not necessary for 
simulations of the heat recovery system. This would complicate simulations that included 
both the engine and the heat recovery system since the solver for the engine model would 
necessitate the use of a relatively small time step.  

 

Figure 5-1:  Detailed model for the Volvo D13 engine 
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To reduce the computation time, a mean value model was created from the detailed engine 
model (see Figure 5-2). The difference between the mean value and detailed model is that in 
the latter, the flow volumes were grouped together to the greatest extent possible in order to 
minimize the discretization of the flow system and thus the time effort of the resulting 
calculations. Instead of using detailed models of the cylinders, which are required to predict 
parameters such as exhaust gas temperatures and volumetric efficiency, a map-based mean 
value cylinder was used. Parameters such as the indicated mean effective pressure (IMEP), 
friction mean effective pressure (FMEP), volumetric efficiency and exhaust gas temperatures 
were generated using neural networks, which were trained based on a design of experiments 
(DOE) study of the detailed model.  

 

Figure 5-2: Mean value model for the Volvo D13 engine 

The drawback of a mean-value model is that it cannot be used to study breathing and 
combustion, and details relating to wave dynamics in the flow system are lost. However, it 
retains a good level of accuracy for the variables of interest when studying heat-recovery 
systems, i.e. exhaust gas temperatures and mass flows. Using the mean value model 
reduced the time required for each simulation by 90 % in comparison to the detailed engine 
model. Moreover, the mean value model can use the same type of solver as the Rankine 
cycle model, which facilitates their combination without excessively prolonging the time 
required for a given simulation. 
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5.2 Rankine cycle 

The Rankine cycle model was initially implemented independently of the engine model 
(Figure 5-3), using the short route EGR loop from the engine as the waste heat source. The 
EGR flow and temperatures were simulated as an inlet flow environment, based on a map 
created using results obtained with the engine model. Performing initial calculations in this 
way facilitated the calibration and validation of the Rankine cycle model, since its 
convergence could not be affected by being connected to the engine model.  

The model of the Rankine cycle consists of a feed pump, which pumps working fluid that 
comes from a receiver to its evaporation pressure. The heat exchanger is divided into two 
sections: a master and a slave. While the slave represents the heat exchanger in the EGR 
route, the master part is implemented in the Rankine cycle loop. The expansion device is 
based on an efficiency-map, which is created using a detailed model of a piston expander. 
The condenser (which is also divided into a master and a slave side) condenses the working 
fluid that has passed through the expander, using water as a coolant. The flow and 
temperature of the coolant can be regulated. From the condenser, the working fluid flows 
back into the receiver. The receiver is necessary to control the flow of the working fluid into 
the pump. The working fluid in the model is water, since no model for water-alcohol mixtures 
that could generate the required viscosity and thermal conductivity data was available at the 
time.  

 

Figure 5-3:  Rankine cycle model as implemented in GT-Suite 

In addition, there were no experimental data or geometric information regarding the 
components of the Rankine cycle, which is typically the case in the early stages of the design 
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process for systems of this type. It was therefore necessary to make a set of reasonable 
assumptions regarding these variables and to perform careful calibration studies while 
developing the model. The heat exchanger’s geometric parameters and performance data 
were updated by Lund University with the ones of the prototype to reflect its properties.  

Due to the relatively low rates of waste-heat production at the low-load and low-speed 
operating points, the evaporation pressure in the cycle was limited to 30 bar in order to allow 
adequate levels of superheating of the working fluid. The required mass-flow of the working 
fluid under these conditions at different operating points was determined using a stand-alone 
model of the heat exchanger. To this end, each component of the Rankine cycle system was 
initially calibrated based on a stand-alone model. The size and speed of the pump and 
expander were adjusted to produce the required mass flow rates given the specified 
evaporation and condensation pressures. The condenser geometry and coolant flow were 
then modified in order to ensure the complete condensation of the working fluid back to a 
liquid at the appropriate pressure given the calculated mass flow rate. This approach 
produced more accurate initialization parameters than would have been obtained otherwise 
since each component could be studied without interference from the others. Because of 
this, the model exhibited better convergence and yielded more reasonable results once the 
components were recombined. 

During the studies on the working fluid and the expander (see Papers I and II in the 
Appendix), a model of the Rankine cycle was implemented in the Engineering Equation 
Solver (EES) software package [37]. This was then used to investigate the system using 
mass and energy balances for all stages of the Rankine cycle. Enthalpies of the working fluid 
were obtained from the fluid databases in EES.  

The GT-Suite model will be validated against experimental data in the near future. However, 
in order to get a preliminary feeling for the quality of the model’s output, it was compared to 
that obtained from the EES model. The input parameters used with the EES model were the 
EGR temperature and flow rate and cycle pressure ratio from the GT-Suite model. The net 
output of the heat recovery system relative to the engine’s power output at an engine load of 
75 % at low (A), medium (B) and high (C) engine speeds is shown in Figure 5-4. All 
calculations were performed assuming an evaporation pressure of 30 bar and expansion 
pressure ratios ranging from 10 to 14.   

It is readily apparent that the results obtained with the GT-Suite model are in good 
agreement with the EES results. Both models predict that the net power output of the heat 
recovery system is between 2 and 3.2 % of the engine’s power output at the given operating 
points. The system’s calculated power output is broadly similar to that reported by Behr [29], 
although the various pressures used in Behr’s study were not reported, which makes it 
difficult to compare the two sets of results in absolute terms.  
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Figure 5-4:  Results obtained using the GT-Suite and EES models (before validation) 

These results suggest that the preliminary GT-Suite model produces plausible trends and 
that the model itself should serve as a good starting point for optimization based on the 
validation work to be performed in the future. 

5.2.1 The expander model 

The expander represented in the GT-Suite model of the heat-recovery system is a map-
based displacement expander that allows the use of maps for the volumetric and isentropic 
expander efficiencies as functions of the pressure ratio and expander speed. In the 
simulations performed to date, both of these efficiencies were assumed to have a constant 
value of 0.7 since data from the expander prototype were not available.   

The validation experiments will be performed using a reciprocating piston expander. A 
detailed model for this expander was created and will be updated with geometry data as 
soon as the expander prototype is available. The detailed piston-expander model was not 
implemented directly in the Rankine cycle model because like the detailed engine model, it 
requires a crank-angle based solver. This would greatly increase the time required for 
simulations and make it difficult to link the models. Therefore, the detailed expander model 
will be used in a standalone fashion to create efficiency maps for the map-based expander in 
the Rankine cycle.  

5.3 Control design 

Various control strategies suitable for the transient operation of waste-heat recovery systems 
have been described in recent years [35,36,38,39,40]. Notably, a publication by AVL claimed 
that the central problem of controlling such systems was essentially solved, as was that of 
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regulating their transient activity [36].  All of the published approaches to the problem use the 
pump speed to control the superheating temperature via the mass-flow of the working fluid, 
while the evaporation pressure is regulated by the expander speed [35,38,40]. The use of the 
pump speed to control the superheating temperature is considered to be particularly 
challenging due to the thermal inertia of the evaporator and the resulting non-linear 
properties of the system. In contrast, the evaporation pressure responds rapidly to changes 
in the expander speed. However, care must be taken to ensure that the two control systems 
do not interfere with one another in a way that destabilizes the system as a whole. A detailed 
understanding of the whole system’s thermal inertia and dynamics is required for effective 
and reliable control.  

Based in part on the information presented in the literature, a control system was designed 
for the GT-Suite Rankine cycle model described in chapter 5.2 (see Figure 5-5). The pump 
and expander speeds are both controlled via a PID controller, with the aim of maintaining a 
defined superheating temperature and evaporation pressure, respectively. To support the 
controllers, the initial output-values for the speeds are determined as functions fpump(x) and 
fexp(x) of the available exhaust heat, calculated based on the ideal gas law. These functions 
were derived by calibrating the pump and expander speeds for all operating points in the 
ESC cycle with a fixed evaporation pressure preference and superheating temperature Treference. 
A linear regression analysis was then used to express the pump and expander speed as a 
linear function of the EGR system’s heat input into the Rankine cycle. The coefficient of 
determination (R2) of the regression analysis was between 0.9 and 0.92 for fpump(x) and 
fexp(x), suggesting that these functions should yield reasonable controller outputs.  

 

Figure 5-5: Control layout for regulating the evaporation pressure and superheating 
temperature 
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The performance of the control system at three ESC operating points (A75, B75 and C75) is 
shown in Figure 5-6, which includes data for the pressure and the temperature at the 
expander inlet. In all three cases, the situation examined in the simulations involved a cold 
start of the system. Both the pressure and the temperature at the expander inlet eventually 
converge in all cases. However, the pressure settles down to its target value (30 bar) much 
more rapidly than does the superheating temperature, which responds relatively slowly to 
changes in the pumping speed (and thus the mass flow of the working fluid). This finding is 
consistent with results reported previously [35,40] and can be attributed to the thermal inertia 
of the heat exchanger. At the target temperature, the working fluid is superheated by 50K, 
resulting in a near-saturated vapour with a target expansion ratio of 10.  

  

 

Figure 5-6: The pressure and temperature at the expander inlet as functions of 
simulated time 

Once the GT-Suite model is validated, further optimization of the control system based on 
observations of the real system’s behaviour will be possible. In addition, bypass valves for 
the expander and heat exchanger will be implemented in the model based on the 
experimental setup. This would both protect the components and increase the controllability 
of the system, particularly during start-up [36,38,40]. 
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6 Conclusion 

This thesis reviews current waste-heat recovery technologies for combustion engines, with 
particular emphasis on systems based on the Rankine cycle. The most promising waste-heat 
sources for such systems in terms of the quality and quantity of the available waste heat 
were determined to be the exhaust gas and (in diesel engines) especially the EGR loop due 
to their high temperatures. 

Design issues associated with the integration of heat recovery systems into vehicles were 
addressed: Suitable working fluids and expansion devices were identified by implementing a 
model of the Rankine cycle in EES.   

A water-alcohol mixture was found to be the optimal working fluid, offering a good trade-off 
between performance, safety, vehicle applicability, and lack of environmental issues. Organic 
refrigerants either performed poorly under the studied conditions or had problems relating to 
high global warming potentials and safety. Systems based on such fluids would therefore risk 
falling foul of future environmental legislation. Pure water was excluded as a potential 
working fluid because it freezes at relatively high temperatures. 

Two classes of expansion device were considered: displacement expanders and turbine 
expanders. A dimensionless analysis was performed, using the volume flow and the 
isentropic enthalpy drop of the working fluid over the expander as input variables. 
Displacement expanders were found to offer the highest thermal efficiencies when using a 
high expansion pressure ratio with a water-alcohol mixture as the working fluid. However, 
acceptable efficiencies could be achieved with single-stage turbine expanders by reducing 
the expansion pressure ratio and using an organic working fluid, both of which would 
increase the flow rate through the system. However, from a thermodynamic point of view, the 
Rankine cycle is more efficient at high expansion pressure ratios. It would therefore be 
desirable to develop single-stage turbines that allow the use of high expansion ratios or 
compact multi-stage turbines, both of which would be easier to integrate into small vehicles 
compared to a more bulky displacement expander. 

A GT-Power model of a Volvo D13 heavy-duty diesel engine was used to study the various 
waste heat sources that could be exploited with a Rankine cycle system. The EGR cooler 
was considered to be the most valuable heat source due to its high temperature and 
moderate mass flow in this engine. A mean-value model of the engine was created that 
reduced the time required for each simulation by 90% compared to the full model without 
sacrificing the accuracy of the calculated waste-heat output. A model of the heat recovery 
system in which the waste heat from the EGR system was used as the heat source was 
implemented in GT-Suite. The pressures and mass flows of the Rankine cycle were chosen 
to work well under the specified waste-heat conditions. Preliminary results obtained using 
this model indicated that the waste heat recovery system’s power output was equal to 
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approximately 3.2 % of the total engine power, depending on the engine operating point 
chosen. These results are in good agreement with previously published data for heat 
recovery systems using the EGR loop as the heat source. It is therefore reasonable to expect 
that the new model will serve as a good foundation for experimental validation and further 
development of the system. In addition, a control system was implemented based on the 
model in which the pump and expander speed are adjusted in order to maintain the chosen 
evaporation pressures and superheating temperature.  

Since the Rankine cycle model and the mean-value engine model are implemented in the 
same software package, it will in future be possible to link the two models directly in order to 
perform transient simulations. 
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7 Future work 

Future work in this project will focus on the experimental validation of the new GT-Suite 
models. Therefore, a 12.8 l heavy-duty diesel engine corresponding to that simulated by the 
GT-Power model has been installed on a test rig. The flow system of the engine model will 
need to be modified and validated based on the test-bench design. 

Having done this, the engine’s original EGR cooler will be replaced with the prototype heat 
exchanger for the heat recovery system. A reciprocating piston expander will be used as the 
expansion device in this initial setup based on the theoretical results reported in Paper II of 
this thesis. The Rankine cycle working fluid is condensed using water as the coolant, whose 
temperature and flow rate can be adjusted in order to determine their effects on the system’s 
power output. The working fluid used during the validation experiments will be water, since 
data for the transport properties of the binary water-alcohol mixture are not currently 
available. However, because the water-alcohol mixture is predicted to offer superior 
performance when used as the working fluid, additional experiments will be performed to test 
this hypothesis. 

It will be possible to connect the validated GT-Suite model to the mean-value engine model 
that was created in this project in order to study simulated transient cycles. Using the mean-
value engine model in this way reduces the simulation time considerably without sacrificing 
the model’s accuracy. The validated model will make it possible to determine how the 
system’s performance is affected by varying cycle design parameters such as the expansion 
pressure ratio and the cycle pressure. Simulations with the validated model will thus make it 
possible to identify the most effective ways of modifying the system to maximise its 
performance and beneficial effects on fuel consumption.  
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8 Abbreviations 

°C degree centigrade 

CAC charge air cooler 

CO2 carbon dioxide 

Ds specific expander diameter 

DOE design of experiments  

e.g. for example 

EES engineering equation solver 

EGR exhaust-gas recirculation 

ESC European stationary cycle 

fexp(x) expander speed as a function of EGR heat  

fpump(x) pump speed as a function of EGR heat 

FMEP friction  mean effective pressure 

i.e. that is 

η efficiency  

ηth thermal  efficiency 

GWP global warming potential 

H2 hydrogen  

IMEP indicated mean effective pressure   

K Kelvin 

kg kilograms 

l liter  

LCA life cycle assessment 
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Ns specific expander speed 

NOx nitrogen oxide 

ODP ozone depletion potential   

ORC organic Rankine cycle  

Q heat  

p pressure  

s specific entropy 

t ton  

T temperature 

Tcond condensation temperature 

Tevap evaporation temperature 

teu twenty-foot equivalent unit 

TEM thermoelectric materials 

V voltage 

W Work 

Wmech mechanical work output 

Wpump pump work 

WHR waste-heat recovery 

ZT dimensionless figure of merit 
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