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Abstract 

Presented PhD thesis investigates techno-economic perspectives of the so-called inverted 

Brayton cycle (IBC) for high-temperature waste heat recovery (WHR) applications, looking for 

the best configurations for the IBC-based systems. 

The IBC is a modified version of the commonly known Brayton cycle (BC), which 

determines the operation of conventional gas turbines. In IBC, unlike the BC, the incoming hot 

gas goes immediately to the turbine blades with about atmospheric pressure, whereas the pressure 

after the turbine is subatmospheric, and it is conditioned by the compressor standing downstream 

from the turbine at the exit of the gas duct. A heat exchanger provides cooling of the gas between 

the turbine and compressor to ensure the difference between the produced work of the turbine and 

the consumed work of the compressor. This difference determines the useful work of the IBC 

turbine and compressor system.  

IBC was investigated solely in different industrial applications and as a part of different 

combined schemes. In the field of WHR, IBC is beneficial in integration with high-temperature 

sources for WHR like reciprocating internal combustion engines (ICE) and some technological 

processes as the working IBC-based systems are feasible starting from a certain temperature of the 

incoming flow. Looking for the advantageous WHR applications of the IBC, this thesis studies 

several advanced schemes with this cycle, which are not presented systematically in the scientific 

literature. 

The first scheme suggests using the phase change of liquified natural gas (LNG) as an 

additional cooling source for a system introduced aboard the LNG-fueled heavy-transport truck. 

The second is the combined inverted Brayton-organic Rankine cycle (IBC-ORC) scheme, which 

has found the first systematic study in the publications associated with this thesis and is suggested 

for use in stationary applications. 

The methodology of the techno-economic study of this thesis combines various conservative 

approaches providing automated computation for the overall technical and economic assessment. 

The technical evaluation of the systemôs behaviour at full load is based on 0-D thermodynamic 

models of the system. The part-load behaviour for the truck-based system is assessed utilizing 

empirical trends for the system components and available raw data for a standard driving cycle.  
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Contributing to scientific literature, the thesis shows the optimized results for both studied 

configurations in comparison with alternative baseline solutions, showing perspectives of IBC in 

these configurations and directions for future works. 
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CHAPTER 1. THESIS OVERVIEW 

Motivations and research questions 

The general trend of many countries for decarbonization of the economy and pollution 

reduction, determined by the revealed dramatic role of rapidly growing carbon dioxide (CO2) 

emission, increases pressure on the industry. It is expressed in the growth of CO2 taxation and 

strengthening regulation of the industrial facilities operation. The International Paris Agreement 

[1] and many national governmental regulations set the direction of this trend in the world and 

prescribe the tightening changes. One of the largest growing economies, the Chinese economy, 

being a signatory of the Paris Agreement, sticks to its Five-Year Plans, where the environmental 

issues are consistently covered, including the latest 14th Five-Year Plan [2], [3]. The Federal 

Energy Management Program of the USA [4] also includes stricter measures for preventing 

industrial environmental damage. 

The Russian Federationôs alignment with the goals of the Paris and some other international 

environmental agreements is proclaimed in the Government Order ˉ1912-r dated June 14, 2021 

[5]. The overall strategy for the heat and power supply industry fixed by the Government Order 

ˉ1523 dated June 9, 2020 [6] has set a clear environmentally oriented pass for the sector 

development. The positive discrimination of environmentally friendly projects is formalized in the 

Government Order ̄1587 dated September 21, 2021 [7]. These restricting and stimulating vectors 

of economic pressure became a driver for many new technical fields in many countries worldwide.  

In particular, the transport sector is one of the central topics in debates for the reduction of 

greenhouse gases and polluting emissions of NOx, CO, and soot. For instance, in Europe, heavy 

vehicles, including trucks, buses, and coaches, are in charge of around 6 % of the total CO2 

emissions and about 25 % of the total CO2 emissions generated by road transport in the European 

Union [8]. With the new regulation (EU) 2019/1242, the target levels of CO2 performance of 

modern heavy vehicles have been normalized by the values of vehicle fleet average emissions 

monitored in the 2019-2020 period. In particular, a reduction is expected: by 15 % starting from 

2025 and by 30 % starting from the year 2030 referencing the 2019-2020 level. In regards to 

polluting emissions, Euro VI standards have been in force since 2014.  

This regulatory framework relating to the transport sector has increased the interest in 

improving the energy efficiency of internal combustion engines with a consequent reduction in 

fuel consumption and the search for cleaner fuels with a lower content of carbon, like liquefied 
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natural gas (LNG). LNG is made up of 90-99 % methane and the remaining part consists of other 

gases such as propane, ethane, nitrogen, and carbon dioxide. Liquefaction involves a reduction of 

the specific volume of about 600 times, with advantages in terms of vehicle range in comparison 

with other solutions such as compressed natural gas (CNG). Among the advantages over traditional 

diesel (EURO VI), LNG has lower CO2, CO, NOx and particulate matter emissions [9].  

Given these trends in energy efficiency, decarbonization and pollution reduction in the 

technological landscape, it appears timely and relevant to study technologies, which are grist to 

this mill. Thus, one of such promising technologies, namely the inverted Brayton cycle (IBC), has 

been chosen as the research topic for this work with the following research goal:  

Å Defining better solutions for the application of the inverted Brayton cycle in high-

temperature waste heat recovery (WHR). 

Relying on the research background, whose study is presented in CHAPTER 2, the following 

research questions were formulated to cope with this goal:  

Å How much the usage of the LNG regasification process for the intermediate cooling in the 

IBC can improve the IBC performance in terms of the fuel economy and payback period in 

the heavy-truck onboard application? 

Å Can the combination of the IBC with the organic Rankine cycle (ORC) overcome solo ORC 

in terms of efficiency and economic outcome in the power reciprocating engine WHR 

application, and how much is the difference? 

Looking for the answers to these questions, this work has the outline presented below. 

Thesis outline 

CHAPTER 2. RESEARCH BACKGROUND gives a thorough observation of historical and 

state-of-the-art overview of the technical approach called waste heat recovery (WHR), and 

technologies utilized for the realisation of this approach, focusing on the technologies and 

industrial objects suitable for WHR, and thus prospective for the IBC-based systems 

implementation. In the first subsection of this chapter, a detailed explanation of the main studied 

technology: inverted Brayton cycle (IBC), is given. 

IBC might be used as a fueled thermodynamic cycle and as a cycle for WHR. This work is 

focused on finding the best way of using IBC for WHR, investigating IBC-based systems in two 

principal configurations. 
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In CHAPTER 3. STANDALONE IBC FOR HEAVY-DUTY TRUCK WASTE HEAT 

RECOVERY, a heavy-duty transport truck fueled with LNG was considered for WHR by a 

standalone IBC in the basic configuration and advanced one, where LNG regasification phase 

change is involved in the IBC thermodynamic process. To the best of our knowledge, this 

integrated scheme had no systematic study in scientific literature yet. Technical and economic 

comparison of these configurations has shown the advantage of the integration with LNG.  

However, with the conservative assumptions made in this work, the results for standalone IBC for 

the truck engine are fairly mild. 

Contributing results of the CHAPTER 3 are the following:  

Å Methodology, which allows performing automatic computation due to function and 

approximation-oriented approach, was applied for the search of an optimal system sizing 

considering the system part-load behaviour in a truck standard driving cycle. 

Å Ranged cost and weight assessment of the IBC systems was performed. 

Å Comparative analysis of IBC with LNG employment for cooling versus better investigated 

standalone IBC, utilizing the in-house model for both, demonstrated the superiority of the 

advanced configuration. 

Å Sensitivity analysis was performed to determine the technically optimal system size for each 

driving mode and for the entire standard driving cycle. 

Å Sensitivity analysis of economic outcomes for IBC-based investment projects was conducted 

to identify the economically optimal system size. 

Å Sensitivity analysis, assessing the influence of LNG price on the economic outcome of the 

investment project featuring the most advantageous IBC system, revealed a threshold price 

for achieving the business-acceptable economic outcome. 

Next, in the search for higher WHR efficiency, another technology combination was 

investigated and reported in CHAPTER 4. If generally the use of bottoming IBC for reciprocating 

internal combustion engines (ICE) is well covered in scientific literature, IBC integration with 

another WHR technology, the Organic Rankine cycle (ORC), has never been systematically 

studied in scientific literature (for the best of our knowledge). 

Being the most deployed technology in the field of WHR, ORC has some drawbacks for the 

high-temperature application. Also, using the heat exchanger creates additional exhaust resistance 

(backpressure) for the primary technology (e.g., engine). On the contrary, the combined inverted 

Brayton ï organic Rankine cycle (IBC-ORC) suggests to be a promising WHR solution. On the 

one hand, IBC responds much better to high-temperature exhaust than ORC; on the other hand, 
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ORC, bottoming the IBC, provides effective cooling before the IBC compressor. Thus, the two 

cycles have a good thermodynamic match giving room for scientific research. 

Techno-economic analysis of the combined IBC-ORC in CHAPTER 4 gives the following 

contributing results: 

Å Comparative analysis versus the most deployed WHR technology: organic Rankine cycle, 

utilizing the in-house model for both. 

Å Sensitivity analysis on the turbine inlet temperature, and ambient temperature (additionally 

from model parameters), including observation of a non-trivial condensation effect on the 

IBC performance. 

Å Economic assessment of the IBC-ORC-based system for different capacity factors. 

Å Multiobjective optimisation for the technical and economic objectives. 

 

The discussion of the thesis outcomes and suggestions for future work are given in 

CHAPTER 5. 

Contribution  

Overall, the work is exploring the potential of IBC application in WHR, investigating two 

principal configurations novel for the scientific literature, offering the following contribution:  

Å Finding technically and economically optimal parameters of the IBC-based WHR system 

with the LNG phase change ñcooling energyò utilization aboard a heavy-duty transport truck. 

Å Suggesting the part-load modelling methodology, which considers the truck driving cycle 

and is suitable for optimisation computation. 

Å Finding technically and economically optimal parameters of the combined IBC-ORC WHR 

system for large stationary reciprocating ICE. 

Å Suggesting several novel configurations of the combined IBC-ORC for further studies.  

  

  



24 

 

CHAPTER 2. RESEARCH BACKGROUND  

2.1 Chapter summary 

In this chapter, a comprehensive historical and state-of-the-art overview of waste heat 

recovery (WHR) technical approaches and technologies is provided, with a focus on technologies 

and industrial applications related to this thesis.  

First, a detailed explanation of the primary technology being studied, the inverted Brayton 

cycle (IBC), is presented. This is followed by a brief overview of the alternative fueled application 

of the IBC, referencing in particular the previous work of the author. The main reviewed line of 

the WHR IBC application is then fully presented, spotting different sources for the WHR with a 

separate section on WHR from ICE. The review also delves into the technologies used for this 

purpose, with a special emphasis on the organic Rankine cycle (ORC). Finally, the chapter reveals 

the presence of IBC technology in scientific literature, covering the range from its historical origins 

to current state-of-the-art studies. 

2.2 Concept of the inverted Brayton cycle in power generation 

The inverted Brayton Cycle is another version of the conventional Brayton cycle but with a 

turbine immediately in the inlet for the hot gaseous medium. The gas may be heated up in a 

combustion chamber if the system is fuelled; or it may be the hot exhaust gas from an engine or 

some technological process in case of the waste heat recovery application. The expansion in the 

turbine occurs from near-atmospheric pressure to subatmospheric pressure after the turbine. A 

compressor creating this subatmospheric pressure is located downstream; between the turbine and 

compressor, there is a heat exchanger, which removes heat from the gas, cooling it down to the 

lowest possible temperature.  Figure 1 and Figure 2 show a generalized scheme and T-s diagram 

of the cycle. The work consumed by the compressor is approximately one-third smaller (for the 

nominal case) than the useful work produced by the turbine. The difference is the useful work of 

the IBC part of the system. During the cooling process in the cooler (process 3-4), water 

condensation may occur. 
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Figure 1. Basic scheme of the IBC                                  

 

  Figure 2. T-s diagram of IBC 

In Figures 1 and Figure 2, the hot gas performs useful work in the turbine (process 2-3), 

where it loses temperature and pressure correspondingly. Then it goes to the cooler under already 

subatmospheric pressure (point 3). Being cooled down to a temperature close to ambient (point 4), 

the gas flow from the cooler recovers pressure back to the atmospheric level in the compressor 

(process 4-5) subsequently having the temperature growth; after that, the gas is released to the 

atmosphere (point 6).  

Subatmospheric pressure between the turbine and compressor provides both advantages and 

disadvantages to the scheme, a summary of them in comparison with the conventional Brayton 

cycle (BC) may be found in Table 1 (sourcing the authorôs work of 2017 [10]) . Additionally, for 

the WHR application with the direct intake of exhaust gases, it can be underlined that no external 

work is needed to push heat-containing medium through the system due to the compressor, which 

drives this flow. In other words, the system in steady-state condition may not be creating the 

backpressure for the primary engine or another gas source. 
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Table 1. Specific features of the IBC in comparison with conventional BC [10] 

Combustion chamber operates with pressure around atmospheric 

Advantages 
- Compression of the gaseous fuel is not required for low-pressure sources of 

burning gas such as biogas facilities and gasifiers [11] (Wilson, 2014)* 

Disadvantages -  

Leak-outs are replaced by leak-ins 

Advantages 

- Leak-ins also decrease the efficiency of the system but principally at a much 

lower rate than leak-outs; 

- POC cannot leave the working volume elsewhere than the system outlet pipe 

Disadvantages - 

Working medium has several times lower density (thus, radial sizes of all components are 

relatively bigger) 

Advantages 

- Potential for higher efficiency for the turbine and compressor of low-power 

due to the rotation speed decrease, and lower tip losses caused by the radial 

clearance 

Disadvantages 

 - Price of components potentially is higher; 

 - Kinematic inertia of rotors and heat inertia of HEs are higher; 

 - Lager size of HEs; 

 - Higher kinematic viscosity increases friction losses. The topic discussed in 

the work of Henke (2013) [12]. 

The typical optimal values of turbine inverse pressure ratio (pin/pout = 1.75..3.5)  for the 

majority of application cases allow radial turbomachinery to be considered. This is an important 

note as the positive and negative features of IBC propose that the low capacity applications, where 

the radial machines usually are more suitable, are the most beneficial. Radial turbomachinery is 

easy to produce, cheaper, and has lower production and exploitation requirements. At the same 

time, its larger dimensions are not critical for the low machine capacity [13] (Dixon, 2010). 

2.3 Fueled inverted Brayton cycle  

The standalone operation of IBC is a fueled scenario of IBC usage, meaning that the system 

is equipped with a combustion chamber and fuel supply. It might be applied instead of the 

conventional Brayton cycle (BC) in several specific applications, where it has advantages in 

comparison with BC, which, generally speaking, has higher efficiency than IBC. The fueled 

application recently was studied in papers of Henke (2013) [12], Agelidou (2017) [14], Vald®s 

(2016) [15], and Abrosimov (2017) [10]. Figure 3 shows a scheme of the CHP regenerated 

configuration of such a system from [10]. Henke has analyzed the influence of temperatures at 

 

* Here and after a combined format of literature referencing is applied with a goal of easing the reader experience by 

showing not only a source number in the References list but also the first author and date of publication, where 

applicable. 
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different points of the cycle and water condensation in the duct and concluded the unclear 

prospects of the technology due to low efficiency and high capital cost. However, this work was 

continued in the paper of Agelidou (2017) [14] with experimental data from a small power-

generating facility (about 1 kW). Valdes (2016) [15] compared IBC with BC and sCO2 for 

micropower generation (about 1 MW) and estimated the IBC results as the worst because of its 

lower efficiency.  

 

Figure 3. Fueled IBC facility [10] 

According to Abrosimov (2017) [10], the resulting parameters of the system for the found 

optimal parameter of components and cycle are presented in Table 2. Figure 4 shows the 

optimisation curve for the inverse pressure ratio of the turbine with the optimal value equal to 3.0. 

The resulting shaft efficiency of the system is equal to 28.1 %, which, being multiplied by 

20.94 0.88gen FCh hÖ = =  (electric generator and frequency converter), gives the electric efficiency 

elh = 25.4 %. As the last step of the calculation, all optimal system parameters, including 

temperature and pressure in each point of the scheme, were appointed to the dynamic model as its 

reference full-load state parameters. Unfortunately, the dynamic model did not have an 

experimental base, so the results require further validation.  

Table 2. Main resulting parameters of the steady-state model of fueled IBC [10] 

Parameter Value Units 

Pel 10 kW 

Qheating 20.2 kW 

tp 3 ï 

cp  3.53 ï 

elh  25.4 % 

toth  83.3 % 

n 1292 rps 
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Figure 4.  Optimisation curve for fuel rate per unit of power in dependence on the turbine inverse PR 

In the work of Abrosimov (2014) [16], a configuration different from Figure 3 was studied, 

where, in the duct between the turbine and compressor, the recuperator and gas cooler are 

interchanged. In this case, with the same efficiency of the components and limitations for the 

coolant's highest temperature, an electrical efficiency of 18.7 % was obtained. The scheme is 

suitable for the cases of higher heating demand from residential usage. 

2.4 Industrial waste heat as an energy source 

The direct entry of the hot medium into the turbine as the first step of the cycle makes the 

WHR application without any thermal intermediator a prospective use-case for the IBC. Finding 

suitable waste heat sources for the IBC is essential for defining the best niche for its application. 

Studies show that many industrial processes and engines discharge energy flows to the 

atmosphere at a higher temperature. Heat-treating furnaces for a range of materials, drying and 

baking ovens, cement kilns, and also gas turbines and reciprocating ICE produce exhaust gases at 

temperatures from 400 to 650 ÁC. Table 3 represents the summary of the sources in the temperature 

range of interest for this study. For the United States as an example, the total heat (referenced to 

25 ÁC) contained in industrial waste flows at medium temperature (230-650 ÁC) exceeds 

132Ā109 kWh/year [17] (Thekdi, 2014) that can be converted to more than 19.8Ā109 kWh/year of 

electrical energy, assuming the average efficiency of conversion equal to 15 %. This number, 

which exceeds 0.5 % of total annual US electricity consumption [18], shows sufficient prospects 

for the utilization of technologies specially sharpened to this temperature range. As the temperature 
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limitation for the ORC, discussed in the previous paragraph, equals 400 ÁC, this work has a focus 

on the temperature range from 400 to 650 ÁC.  

Table 3. Exhaust temperature for different technological processes 

Source Tw.h., ÁC Reference 

Reciprocating ICE 
340-620 

315-600 

GEÊ [19], CATÊ [20] 

Zeb (2017) [21] 

Gas turbines 
250-650 

370-540 

Zhai (2016) [22] 

Zeb (2017) [21] 

Heat treating furnaces 425-650 Zeb (2017) [21] 

Drying and baking ovens 230-600 Zeb (2017) [21] 

Cement kilns 
250-350 

450-620 

Bisulandu  (2023) [23] 

Zeb (2017) [21] 

Glass industry 400-500 Dolianitis (2016) [24] 

Petroleum coke production 480-540 EPAÀ (2022) [25] 

Catalytic crackers 425-650 Zeb (2017) [21] 

Among all sources of waste heat, the power-generating engines require special attention. In 

contrast to technological facilities, their primary purpose is power production. It means that the 

appearance of additional power capacity brings changes neither to the business nor the technical 

process. The same arguments are generally correct for the transport ICEs and other prime movers, 

e.g. gas turbines of gas compressor stations. In the authorsô opinion, this is the main reason for the 

essential interest of the R&D and scientists in the topic of WHR in this area.  

LNG as the waste ñcold energyò source 

Although the idea of the LNG regasification usage for cooling may seem obvious, the studies 

of it as a part of some thermodynamic cycle are quite limited. One of the first in the modern 

scientific literature was Kaneko (2004) [26] who investigated the application of this phase change 

in the so-called mirror gas turbine.  The more recent work of He T. (2019) [27] makes a review of 

the application of the LNG ñcold energyò. This work also investigates the idea of LNG's potential 

usage. 

2.5 Technologies of the waste heat recovery 

Reach variety of technologies for WHR was scientifically studied: steam Rankine cycle 

(SRC), organic Rankine cycle (ORC), organic flash cycle (OFC), conventional and inverted 

Brayton cycles, supercritical and transcritical CO2 (sCO2 and tCO2), Kalina cycle, Stirling cycle, 

 

À The U.S. Environmental Protection Agency 
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Thermoelectric generators (TEG), and other solutions and their combinations, which are less 

studied in the scientific literature. Some of these technologies have already been applied in 

industrial practice. The description and analysis of the majority of WHR technologies can be found 

in the works of Jouhara (2018) [28].  

sCO2 and tCO2 were investigated in several works, e.g., Wang (2016) [29] or Marchionni 

(2018) [30]. [29] has compared tCO2 and ORC for the WHR from the primary sCO2 cycle, 

concluding that for a range of parameters, tCO2 is preferable to ORC; however, the second law 

efficiency is comparable, and the total product unit cost is slightly better for the combination of 

sCO2 with ORC. [30] has studied eight different configurations of sCO2 for various high-

temperature WHR applications, with the total cycle efficiency varying from 20 to 27.5 % 

approximately, and LCOE around 100 $/MW for the temperature corresponding to the nominal 

case of the present work. However, the high operation pressure, high simulation uncertainty for 

the CO2 critical and transcritical states, as well as dimensions of the expanders make the practical 

application of these technologies doubtful on the current technological stage, especially for 

low-power scenarios. In comparison between tCO2 and sCO2 by Haq (2022) [31], an advanced 

tCO2 overcomes sCO2 by about 2 % (absolute), while at the same time, the basic tCO2 is losing to 

sCO2 approximately by 3 % (absolute) for the high-temperature application scenario with the cycle 

highest temperature equal to 550 ÁC.  

Yari  (2015) [32] compared the Kalina cycle with ORC and its transformed version, the so-

called trilateral Rankine cycle (TRC) characterized by the triangle shape of the T-s diagram due to 

the expansion initialized from the saturation line with the two-phase expander. The authors 

concluded that although ORC is losing against TRC in maximum optimal obtained power (from 

14 to 35 % difference depending on the assumed expander efficiency); the resulting TRC 

optimised system cost depending on expander efficiency shows values from 3 % lower to 10 % 

higher. The Kalina cycle has lost both in terms of power and cost. Finally, the authors concluded 

that ORC is the best option for low-temperature heat utilization from the economic point of view; 

whereas earlier works (e.g. Fischer (2011) [33]) reported the advantage of TRC for the low-

temperature WHR while considering only the technical aspect. Later, Nemati (2017) [34] 

compared the Kalina cycle with ORC specifically for the WHR, reporting a 22.5 % superiority of 

the ORC over the Kalina cycle in generated power. Also, it should be noted that due to the physical 

properties of the working medium, unlike the ORC, the Kalina cycle can operate with a higher 

temperature of heat source having high pressure of the working medium (above 100 bar), and for 
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this application, overcomes the ORC [35]. However, for small-scale applications like, for example, 

engine WHR, the Kalina cycle can unlikely be used due to its working pressure and the complexity 

of the system. 

OFC technology is a relatively new field of study and is discussed in few works. E.g., Lee 

(2016) [36] compared OFC in two configurations with ORC, concluding the advantage in 

produced net power of the OFC with a two-phase expander over ORC for the evaporation 

temperature below 110 ÁC. Baccioli (2017) [37] defined a new architecture to reduce OFC 

equipment cost for the temperature of heat source in the range of 80-170 ÁC. In the work of Wang 

(2022), a combined organic Flash Ranking cycle (OFRC) is compared with ORC and OFC for 

low-temperature WHR (100-140 ÁC), overcoming them in the system efficiency. At the same time, 

ORC overperforms OFC and OFRC from the economic viewpoint. Besides, the OFC might be 

useful for the lower temperature of the utilized heat in comparison with ORC due to the difference 

in the cycle shape.  

The Stirling cycle for WHR was not so comprehensively investigated (e.g., reviewed by 

Wang (2016) [38] ). Both OFC and Stirling are reported as having a good prospect but facing 

specific engineering problems of certain components, which is why they do not have sufficient 

practical validation.  

IBC is a technology that has not found a strong field of application yet; however, it has a 

potential for high-temperature WHR cases [39] (Bianchi, 2011). This technology will be discussed 

below in more detail. At the same time, the application of the conventional Brayton cycle with 

external heating for WHR is a rare case. For example, it was studied by Nader (2018) [40] who 

reported 5.5 % to 7 % fuel economy for the intercooled configuration. 

Usage of the non-mechanical ways of energy harvesting (mainly TEG) for the WHR purpose 

has also been studied (e.g., Zhang (2015) [41] or Burnete (2022)  [42]). Schock (2013) [43] has 

studied the WHR application of TEG for heavy-duty vehicles (Class 8) and concluded that 

potential commercialization is possible after significant development of performance 

improvements in thermoelectric materials, exhaust system/combustion chamber insulation and 

overall system design, including required electronics. [42] reported basically the same conclusion 

a decade later.  



32 

 

Organic Rankine Cycle 

As the most widely deployed solution, the organic Rankine cycle requires special attention. 

Lecompte (2015) [44] has reviewed the studies of ORC, which were conducted for different areas 

of application, working fluids, and heat source temperatures. For the automotive engines, ORC for 

the WHR was observed by Lion (2017) [45] and Sprouse (2013) [46], both reviewed and studied 

not only thermodynamics and economics but also the part load under a typical operation schedule 

for a heavy-load truck. In the review, Lion reports ORC as the most applicable technology for this 

purpose with achievable fuel economy of up to 10 % at full load. [46] has a similar conclusion to 

the review, also underlining that there is no ideal working medium for all cases.  

Summarizing the large scope of research, Lecompte (2015) [44] has studied a group of works 

dedicated to the high-temperature ORC: in the range of about 250-400 ÁC; this is a low-middle 

temperature waste heat according to Zhai (2016) [22] classification. In the observation report of 

the EPA CHP Partnership (2022) [25], a similar temperature range for the ORC application 

(150-425 ÁC) is reported. Two main factors govern the upper boundary of this temperature range. 

One is the physical properties of available organic fluids suitable for this purpose with attention to 

the critical temperature, temperatures of stability, flammability, and condensation pressure. 

Another one, driven by operational requirements from the beginning, is the practical infeasibility 

of the schemes without an intermediate thermal oil loop (TOL) [47] (Shi, 2018). The maximum 

working temperature of found thermal oil is below 400 ÁC (e.g., Therminol VP-1 [48]). Thus, the 

connection between efficiency and maximum temperature of a thermodynamic cycle reveals the 

incomplete use of heat potential when ORC utilizes the exhaust with a temperature above 400 ÁC. 

Effect of the ORC-induced backpressure on the reciprocating ICE 

In the work of Yue (2014) [49], the influence of the ORC integration on the performance of 

a 2 MW Diesel engine was studied. The results showed that not only the efficiency of the ORC 

module but also the corresponding efficiency drop of the topping cycle appearing due to 

backpressure growth should be considered. Figure 5 shows the effects on the T-s diagram of the 

ICE cycle due to the backpressure caused by the bottoming ORC cycle.  

Xu (2019) [50] also has noted the importance of this factor. In the work of Zhao (2017) [51], 

the result is different with almost negligible reported effect of the backpressure on the fuel 

consumption, but delays of acceleration time of the engine. Michos (2017) [52] reports around 

10 % of the ORC positive contribution reduction due to backpressure. 
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Di Batista (2020) [53] in his analysis of the IBC WHR from a Diesel engine experimentally 

assessed the impact of the backpressure on the engine with automatic adjustment of the engine 

settings in response to the backpressure change. For the backpressure variation between 80 and 

160 mbar, the reported decrease of the system (engine+IBC) efficiency approximately amounted 

to 0.1 % (absolute) for the full load at the nominal engine rotation speed. Also, previously, studying 

the effect of the ORC-induced backpressure, Di Battista (2015) [54] reported that with the engine 

speed below 50 % of the maximum one (approximately), the backpressure causes an increase in 

fuel consumption equal to the economy gained by the ORC. 

 

Figure 5. T-s diagram of the thermal process of the ICE-ORC system [49] 

2.6 IBC in waste heat recovery 

Inverted Brayton cycle got a detailed analysis of WHR application in the work of Wilson 

and Dunteman (1973) [55] based on Dunteman's thesis previously (1970) defended at MITÿ [56]. 

However, IBC is not so widely known nowadays and is even less studied in the scientific literature, 

as, on the one hand, the advantageous niches for IBC: micro combined heat and power (CHP) 

generation and WHR, have gotten such a high interest relatively recently. On the other hand, 

previous attempts of the IBC studying and implementation did not demonstrate sufficient 

prospects.  

Interesting research on finding a better configuration of the IBC was conducted by 

Chagnon-Lessard (2020) [57], who compared five configurations of IBC, three of them first time 

 

ÿ Massachusetts Institute of Technology 
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presented according to the authors These configurations work on the condensed water utilization 

and additional cooling of exhaust gas before the compressor by an auxiliary cycle with an organic 

working fluid. The last one differs from the presented work in the direction of the cycle used, 

which operates in [57] as a refrigerating cycle but not as generating one (ORC) utilized in the 

present work. In the results of [57], the most complex configuration has shown the highest 

efficiency, then demonstrated certain óareasô of external parameters combination where this 

scheme outperforms the ORC and steam Rankine cycle. 

IBC as a bottoming cycle for the Brayton cycle 

One part of the research works is dedicated to the bottoming application of IBC with 

conventional BC in different configurations: Venkata (2012) [58], Matviienko (2016) [59], 

Bianchi (2005)  [60], for instance. In Venkata (2012) [58], the focus lies mostly on exploring the 

use of teaching-learning-based techniques, also adopting artificial ñbee colonyò algorithms, for the 

optimisation of the combined BC-IBC system [59] has investigated the BC-IBC combination for 

the marine propulsion system, claiming the positive results of the system at part-load regimes due 

to the variable area nozzle. [60] studied this combination from the point of view of the existing BC 

repowering, being at the forefront of the modern study of IBC.  

IBC as the WHR system for reciprocating ICE 

As a power-generating or repowering solution going after reciprocating ICE, the IBC was 

studied mostly as an addition or an alternative to turbo-compounding. Copeland (2016) [61] and 

Hu (2016) [62] investigated the thermodynamic potential of its different versions. In his later work, 

Bianchi (2011) [39] in the review of bottoming cycles for electricity generation emphasized the 

potential of IBC for CHP application with the temperature of primary exhaust higher than 400 ÁC. 

Chen (2017) [61] declared the maximum resulting average brake specific fuel consumption 

(BSFC) improvement of about 3 % for the single-stage IBC, also discussing the optimal choice of 

pressure ratio for the conditions of the WLTPÄ standard driving cycle. This work does not consider 

the economic aspect of IBC exploitation. 

Specifically, the application of IBC for the reciprocating ICE bottoming is studied by 

Kennedy (2018) [63] and Di Battista (2020)  [53] for light vehicles, or Di Battista (2019) [64] for 

heavy vehicles whose models show good results from thermodynamic point of view. Kennedy 

 

Ä WLTP - worldwide harmonized light vehicles test procedures  
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reports about a 5 % decrease in brake specific fuel consumption. Di Battista demonstrated 3.5 % 

brake mechanical power recovery [64], and a 3.4 % net efficiency increase in the later work [53] 

underlining the operability of the system only under the engine load above 70 %.  

Other applications of IBC for WHR  

Several non-conventional applications of the cycle were analyzed; Weber and Straub (2010 

[65] studied a combined scheme of IBC and steam Brayton cycle applied with the chemical looping 

combustion reactor applied for carbon capture. In the other work with the carbon-capture objective, 

Facchinetti  (2010) [66] studied IBC applied after both the anode and cathode sides of SOFC  with 

1.5 % higher first-law efficiency in comparison with a state-of-the-art solution. Later, Li  (2022) 

[67] continued this study, also getting promising results from this combination. 

2.7 Conclusion 

This literature and technical landscape review for the IBC revealed pronounced interest in 

the WHR technologies, in particular, the technologies for the WHR for ICEs, on the one hand. On 

the other hand, a significant variety of technologies for WHR are under scientific investigation 

nowadays, with the most deployed technology being: the organic Rankine cycle. Some other 

systems demonstrate better results than ORC for some applications but for the reasons of high 

complexity or technological difficulties (e.g., supercritical CO2 behaviour control), they lose the 

technological race to the ORC, especially for small-scale high-temperature applications. At the 

same time, the ORC itself leaves the unused thermodynamic potential for the high-temperature 

WHR due to the physical limitations of the cycle working medium. 

The IBC-based systems were studied, and demonstrated potential for high-temperature 

(400-650 ) WHR; however, previously obtained results are not impressive enough to initiate 

further advanced studies and consequent industrial implementation. It gives room for the search 

for a better match of the technology and primary waste heat source, looking for the optimal 

IBC-based system configuration and implementation. 
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CHAPTER 3. STANDALONE IBC FOR HEAVY-DUTY TRUCK 

WASTE HEAT RECOVERY 

3.1 Chapter summary  

Aiming for the better environmental and economic performance of traditional fossil-fueled 

internal combustion engines, waste heat recovery (WHR) technologies are intensively studied to 

find their most beneficial applications. In this chapter, the inverted Brayton cycle (IBC) is 

investigated as a potential WHR solution for a liquefied natural gas (LNG) fueled heavy-duty 

transport truck. LNG is the least polluting fossil fuel in terms of CO2, NOx, particulate matter, 

volatile organic compounds etc. Besides, LNG is an instrument for diversification of the energy 

mix of countries, as it does not require CAPEX for the pipe infrastructure unlike CNG, thus, 

making the energy system more flexible. These are the main reasons why LNG is widely spreading 

nowadays in different industries headed by the rapid development of the LNG supply chain. LNG-

fueled cargo transportation (e.g., heavy transport trucks) follows this prevailing trend. Inverted 

Brayton cycle is a prospective technology of WHR and techno-economic analysis of IBC in several 

configurations onboard a heavy-duty LNG-fueled transport truck has been performed in this work. 

IBC is integrated into the engine cooling system in the first configuration (conf. 1), and 

additionally, it incorporates the LNG regasification process into cooling in the alternative 

configuration (conf. 2). 

This chapter introduces, first, the studied system and the case study of a heavy-duty truck 

where the IBC system is integrated. Then, all aspects of the methodology used to calculate the 

techno-economic performance of the studied system, considering the part-load operation of the 

truck engine at its test driving cycle route, are shown. The result section includes the technical 

performance of the IBC system expressed as fuel economy, and economic outcomes of the IBC 

integration, giving the optimal size of the IBC system, and sensitivity analyses of the best result 

on the LNG market price. 

3.2 Studied system configurations 

Two configurations are studied regarding the LNG supply system. One configuration uses 

only the engine coolant as the cooling media for IBC; another one also exploits the LNG 

regasification process as a cooling source for IBC. Figure 6 schematically shows both 

configurations as part of the engine energy system.  
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Figure 6. Integrated schemes Engine+IBC. a) configuration 1: no LNG involved in cooling, b) 

configuration 2: LNG involved in cooling of exhaust gas before the compressor. 

There are several assumptions on this integration:  

Å No new air-cooled radiators are being introduced to avoid the increase in the truck's air 

resistance or electric consumption.  

Å The maximum capacity of the original radiator is higher than the normal load capacity by at 

least 25% because it is sized for full engine power and atypically hot ambient conditions. It 

allows using the coolant of the main cooling circuit of the truck as a coolant for the IBC. For 

the cases of maximal engine load, the coolant flow can avert the IBC duct (points 6ò-7ò).  

Å The gas duct also contains a bypass, which directs exhaust to the atmosphere, avoiding IBC. 

Å The minimum coolant temperature for normal operation is 85  [68]. 

Å The maximum coolant temperature for normal operation is 95  [68]. 

Å LNG storage and regasification conditions lay near the LNG saturation curve (8 bar). 

These conservative assumptions allow the assessment of the real prospect of IBC system 

integration in the existing truck energy scheme without any violation of the set producer operation 

mode. Specific types of the components of the IBC system are listed in .  

Table 4.  

Table 4. Types of the components of the IBC system 

Component Turbine Compressor Generator HE1 HE2 

Type 
Radial, 

in-flow 
Centrifugal 

Permanent 

magnet, DC 

Plate-fin / 

shell-and-tube 
Plate-fin 

Specifically for the case of this chapter, it should be mentioned that radial type of 

turbomachinery is common for automotive applications. The choice of the permanent magnet type 

b) a) 
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of the electrical generator is reasoned with the high optimal rotation speed of the turbomachinery 

of this size and type.  The choice of heat exchangers is presented further in the text of the chapter. 

3.3 Case study  

As a case study, the Iveco Stralis NP-400 was chosen as an example of a modern heavy 

transport truck fueled with LNG (see Figure 7). Table 5 shows the main parameters of this vehicle. 

 

Figure 7. Iveco Starlis NP-400 

Table 5. Iveco Stralis NP-400 characteristics 

General information 

Vehicle type N3 

LNG tank capacity 2x598 l 

LNG storage pressure 8 bar 

Tractor weight 7760 kg 

Trailer weight 7400 kg 

Max transportable weight 28840 kg 

Engine characteristics 

Model Cursor 9 

Displacement 8.72 l 

Combustion type Stoichiometric 

Rated power 294 kW 

Supercharging Present 

Valve number of each cylinder 4 

Compression ratio 15.9:1 

After-treatment EGR+SCR**  

 

**  Exhaust Gas Recirculation + Selective Catalytic Reduction 
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Chemical composition of the exhaust gas 

With an assumption of the clean natural gas (e.g., Urengoy gas field) of a mass fraction of 

CH4 above 98% [69], the composition of the exhaust gas obtained in the combustion for the excess 

air ratio Ŭ=1.0 according to the engine specification, and 60% air relative humidity is the following: 

Table 6. Exhaust gas composition 

Compound: N2 CO2 H2O Ar 

Mass fraction: 73.83 % 13.41 % 11.85 % 0.85 % 

For simplicity, the excess air ratio is kept constant for the part load as well. 

3.4 Methodology 

To provide a techno-economic performance assessment for the IBC onboard the case study 

heavy-duty truck, considering the part load of the IBC system in the truck driving cycle, several 

modelling environments were used. Power balance based on the Aspen Hysys model enables a 

uni-parameter system optimisation and gives preliminary design parameters of the system 

components. All further calculations are provided by joint application of Matlab and Excel. The 

effect of the WHR system operation is evaluated as the reduced fuel consumption of the main 

engine due to additional power generated by IBC.  

The system consists of the components presented in Figure 6, and the following approaches 

were used to provide proper results of the system simulation. These approaches are listed below 

to make the overall picture of the methodology; each of its aspects is described in detail in further 

chapter sections. 

Å Optimal values of the turbine inverse pressure ratio for each configuration were found by 

sensitivity analysis in the steady-state full-load parametric calculation of the system in Aspen 

Hysys: 

    - Thermodynamic equations of energy and mass balance are used 

    - Design parameters (relative pressure losses, effectiveness of HEs, efficiencies of 

turbomachinery) are fixed and similar for each point of sensitivity analysis. 

Å IBC part-load behaviour assessment, which gives the set of possible part-load states: 

- Empirical approximation of the turbomachinery characteristic map 

- HEs pressure losses empirical approximation from literature for the state different from 

the design one. 
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Å IBC performance in a certain part-load state: 

- Fluid properties from the Aspen Hysys database  

- HEs performance assessment by Aspen Hysys Weighted Model (finite volume) 

- IBC system performance assessment in a certain operation point by Aspen Hysys 

Å IBC weight and cost 

- Components weight assessment 

- Components cost assessment using mainly the module costing technique 

- Simple non-discounted cash flow approach  [70]. 

Å Truck performance: 

- Engine performance assessment with a standard driving cycle for a heavy-duty truck 

and experimental data from the literature for the exhaust gas temperature 

- The truck weight effect on the engine fuel consumption. 

Å LNG price: 

- The analysis concludes by examining the sensitivity of the results to the market LNG 

price. 

For the convenience of the reader, the current section 3.4 Methodology includes some results 

of intermediate execution of the presented methodology, which are not of the final interest of this 

chapter. In the end, the section is concluded with two summarizing graphical elements. First, the 

computation scheme is presented, showing the software being used for the model and the 

interaction between the modelôs components. Second, the scenario tree shows the overall set of 

computed scenarios.  

None of the equations in the section show transformations required to provide proper 

conversion of measurement units. 

3.4.1 Engine performance 

According to the European Transient Cycle (ETC) [71], there are three main modes, or 

phases, of truck operation: Urban, Rural, and Motorway. The limiting values of the vehicle speed 

and time duration in each mode are presented in Table 7. 
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Table 7. Standard test phases of ETC for heavy truck (category N3
ÀÀ) (UE) N.582/2011 [71] 

Phase Velocity, km/h Duration (share of time), % 

Urban 0-50 Ñ5 20 Ñ5 

Rural 50-75 Ñ5 25 Ñ5 

Motorway >75 Ñ5 55 Ñ5 

 

Figure 8. Speed map for three operation modes of ETC [72] 

Although formulated in Regulation (EU) No 582/2011 [71] and developed in later 

documents, ETC originates from the Directive 1999/96/EC [73] based on the FIGEÿÿ report, where 

chassis and engine dynamometer tests were introduced. The chassis part is a dependence of the 

vehicle speed from time; one can see it in  Figure 8 [72]. The engine dynamometer test is a set of 

engine operation points presented by engine rotation speed and torque. Directive 1999/96/EC 

accommodated from FIGE report only the engine dynamometer test, presenting the raw data for 

the engine performance operating in the test cycle. It consists of 1800 working points (1 second 

long) of the engine (600 points for each operation mode) showing relative values of the engine 

rotation speed and torque (see Figure 9). From these raw data, the values of average parameters of 

the particular operation mode (fuel consumption per hour, useful power of the IBC) are calculated. 

Then, the overall average parameters of truck operation are defined based on the time distribution 

for each driving phase of the test cycle from [71] (Table 9). 

 

ÀÀ Category N3: vehicles with a maximum technically permissible mass exceeding 16 tonnes [71] 

ÿÿ Forschungs Institut Gerausche und Erschutterungen  - Research Institute Noises and Vibrations, Germany 
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Figure 9. Relative engine rotation speed and torque for three modes of the test cycle [73] 

Another important parameter of the engine performance is the temperature of the exhaust 

and fuel consumption in each moment of operation, which were assessed based on Zhang  (2016) 

[74]. This work contains the performance report of a similar heavy-duty truck engine fueled with 

natural gas. Table 8 shows the parameters of both engines.  

Table 8. Specifications of the test engines from [75] and [74] 

Engine Parameters Engine 1 [74] 
Engine 2 [75] 

- studied in this work 

Engine type Spark-ignition, 6-cylinder, in-line, 4-stroke 

Turbocharged and intercooler Charged method 

Valve number of each cylinder 4 

After-treatment TWC 

Bore/Stroke 126/155 mm 117/135 mm 

Displacement  11.6 L 8.7 L 

Max rotation speed (ɋmax) 1800 rpm 2400 rpm 

Rated power 260 kW 294 kW 

Idle speed (ɋidle) 700 rpm 600 rpm 

Max torque 1600 NmÄÄ 1700 Nm 

The work of Zhang contains a graphical representation of the engine performance (see Figure 

10) related to engine rotation speed and brake mean effective pressure (BMEP). BMEP is 

calculated from the available engine parameters according to Equation (1).  

 

 

ÄÄ Approximate value based on the data for similar parameters engine from 

https://www.dieselhub.com/specs/detroit-60-series.html 
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 (1) 

2
torque

displacement
BMEP Pi rev= Ö ÖÖ   , MPa    

where rev is the specific revolution number equal to 2 for 4-stroke engines.  

Relative torque (given in % of maximum torque) for each operation point is extracted from 

[73] and converted into a specific value of torque (in Nm) by multiplication on the maximum 

torque of the studied engine. Similarly, the rotation speed was obtained but it was corrected as 

shown in Equation (2) to overcome the difference of both idle and maximum rotation speeds for 

the studied and referenced engines. On the contrary, BMEP was not corrected, being an absolute 

parameter in this case. The rotation speed below idle***  (ɋidle1) was not corrected. 

(2) 

 1 2
max1 1 1

max 2 2

( )idle
cor idle idle

idle

n
n

-W
= W -W W
W -W

Ö + , rpm 

where n1 and ncor are variable rotation speeds [rpm]: initial from [74]  and corrected (conforms to subscript 

ó2ô) correspondingly; ɋ is various specific values for rotation speed [rpm]. 

BMEP and ncor give engine exhaust temperature and BSCO2 (brake-specific carbon dioxide) 

based on the graphs from Zhang presented below (Figure 10). BSCO2 transforms in fuel 

consumption, following Equation (3).  

 

Figure 10. Engine exhaust temperature (left) and BSCO2 (right) from engine rpm and BMEP [74] 

(3) 

 4
4 2

2

CH
CH eng

CO

f
M

P BSCO
M

= Ö  , g/s 

where MCH4 and MCO2 are the molar masses of corresponding chemical molecules 

 

 

***  Idling refers to running a vehicle's engine when the vehicle is not in motion. 
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Engine power in each operation point is calculated following Equation (4): 

 (4) 

 2eng corP Pi n torque= Ö Ö Ö, kW 

Equation (5) describes the connection between fuel consumption and exhaust flow rate. 

Thus, via this dependence, the IBC useful power is directly connected to the fuel flow rate as will 

be clear from the further description of the methodology. 

(5) 

 4exh CH stoichf AFRm = Ö  , kg/h 

where AFRstoich is the stoichiometric air-fuel ratio 

In addition, it is important to note two assumptions made in this work regarding the engine 

performance assessment: 

Å The air-fuel equivalence ratio is assumed to be equal to 1 in this kind of engine [9], so the 

stoichiometric AFR is used in Equation (5), which gives the exhaust gas flow rate (exh) 

value used in the further IBC system performance assessment. 

Å Engine operation does not change for 1 second between the measurements of the operation 

modes data from [73]. 

Å Idle engine performance is not considered as well as ñengine brakingò usage during the truck 

operation. Thus, for all operation points where the engine torque is equal to zero, IBC useful 

power is equal to zero (which follows from the methodology with the ñgram per kWhò data 

usage, introduced further). This limitation befalls due to the absence of reliable data on this 

matter. In the results section, the effect of this assumption is roughly estimated based on the 

evaluation of the idle (mechanical losses and auxiliaries operation - idleMEP ) torque in 2-5 

% of the maximal engine torque (supported by [76]) with corresponding correction of BMEP 

to IMEP (Indicated mean effective pressure) for Figure 10, connected with the equation: 

    idleIMEP BMEP MEP= + . 

3.4.2 System sizing by nominal exhaust flow rate 

Each particular turbine and compressor system with a fixed design has a nominal, or 

ñdesignò operation point, corresponding to the pressure ratio, flow rate, and gas conditions of the 

best system performance. A unique characteristic map should also be associated with this 

particular system. The nominal inverse pressure ratio is conditioned by the optimal inverse 

pressure ratio (́t.opt) of the IBC system (from the system power balance); nominal gas conditions 

are the nominal conditions of the prime engine exhaust; the gas flow rate of the best performance 
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of the designed turbine and compressor system is also called ónominalô (nom) and is considered 

as the size-assessing parameter associated with system dimensions and capacity. 

To optimise the turbine and compressor system size for the chosen truck operation schedule, 

a mesh of the nominal flow rate values was chosen laying in the range of the primary engine 

minimum and maximum exhaust in usual operation conditions. Values for the nominal exhaust 

flow rate can be found in Table 9.  

Table 9. Values for the nominal gas flow rate for six IBC system sizes 

# 1 2 3 4 5 6  

nom, kg/h 197 394 591 788 985 1182  

3.4.3 IBC full-load performance 

As the first step of the IBC system performance assessment, the steady-state full-load 

calculations were performed in a commercial software Aspen Hysys V.9. Equations (6) - (8)  are 

the standard basic equations, which have been used in the Aspen model with the Peng-Robinson 

[52, 53] as the equation of state. 

Turbine power output: 

(6) 

. . .( )t g t in t out is t mechP m h h h h= Ö - Ö Ö, kW 

Compressor power consumption:  

(7) 

. . .( ) / ( )ʩ g ʩin ʩoutis c mechP m h h h h= Ö - Ö, kW 

ʂ, ʂ are the isentropic (adiabatic) efficiencies of the component defined as:        

ʂ   Ὤ Ὤ Ὤ Ὤ Ȣϳ , which are the main assigned parameters for turbomachinery. 

 The HEs' simulation in Aspen corresponds to the "Simple weighted modelò [79] of about 

30 intervals of equal enthalpy step. The equation for each interval is the following:  

(8) 

. . . . 1 .( )HE i w f HE i HE iq m h h+= Ö - , kW 

where qɜHE is heat flow in the HE, ἂw.f. - mass flow rate of certain working fluid through the HE. 

For the heat exchangers, the main assigned parameters are relative pressure losses (Dp ) and 

effectiveness of the HE (ů), where: ɝÐ  
ὴὭὲὴέόὸ

ὴὭὲ
 , and „   Ȣ Ȣ

Ȣ Ȣ
 . Also, temperatures 

of additional fluids (cooling oil and LNG) were assigned based on typical values for the heavy-
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duty engines cooling system performance and standard physical conditions of LNG, referenced in 

section 3.2 Studied system configurations above. 

Table 10 lists the values of component parameters applied in the stage of steady-state full-

load calculation discussed in this section. The parameters have been assigned as reasonably 

achievable for the particular types of components. 

Table 10. Nominal parameters of IBC components  

Component Characteristics 

Turbine 
ɖt = 0.8 

ɖmech = 0.99 
  

Compressor 
ɖc = 0.8 

ɖmech = 0.99 
  

Electric generator ɖgen =0.9 [80] (Benlamine, 2017) 
  

HE1 

ůHE1 = 0.95 

ȹpHE1 = 0.035 

Toil.in = 85 ÁC 

Toil.out = 95 ÁC 
  

HE2 

ůHE2 < 0.19 

ȹpHE2 = 0.015 

TLNG.in = -128 ÁC 

TLNG.out = 60 ÁC  

The effectiveness of HE2 is not fixed, being determined by the temperatures of the mediums 

and the flow rates of exhaust and LNG, which are strictly connected. For any of the cases, it does 

not exceed 0.82 for the cold side and 0.19 for the hot side. The temperature before the compressor 

takes a value between 60 and 85  for the second configuration. It was checked in water saturation 

curves that condensation does not occur under this pressure and temperature [81] (Abrosimov, 

2020). For the first configuration, the temperature before the compressor is always slightly above 

100 ÁC, while for the second one, it does not go below 

Aspen Hysys model of the IBC system has provided sensitivity analysis of the produced 

power from the pressure after the turbine (p2=pt.out), assuming the IBC inlet pressure (as well as 

IBC outlet) equal to the atmospheric one (1.013 bar). It resulted in a certain value of turbine inverse 

and compressor pressure ratios calculated as:  

(9) 

.

.

pt in
t

pt out
p= , - 

 

 



47 

 

(10) 

.
.

p=c
pcout
pc in

, -  

Where t́ and ́ c are connected as: 

 

 

(11) 

(1 )p p= Ö -Dt c psyst , -   

Where: 

(12) 

1 2(1 ) (1 ) (1 )-D = -D Ö -Dsyst HE HEp p p    

 Figure 11 presented in [82] shows the results of this simulation, where one can see the 

optimal values of the main design variable. The second value of HE effectiveness (0.9) was 

associated in [82] with the HE of a different type, taken for comparison. 

 

Figure 11. Sensitivity analysis of IBC power versus the lowest  pressure of IBC for different effectiveness 

of HE1 (PR - inverse pressure ratio) [82] 

3.4.3 Part-load performance of IBC system components  

Basic assumptions 

Å Heat losses (transmission, conduction, radiation), including heat exchange between turbine 

and compressor, are neglectedÀÀÀ; 

 

ÀÀÀ Separated two-outboard configuration of rotor is assumed, as well as suitable isolation.  
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Å Gas/air leakages to the atmosphere are neglected; 

Å Mass flow rates are equal along the whole duct of the system in each quasi-stationary state; 

Å Relative pressure losses in HEs are not fixed; 

Å The effectiveness of HEs is not fixed. 

Building turbine and compressor characteristics 

In this work, when building system characteristic maps for each particular turbine and 

compressor system with a certain nominal gas flow rate, it is considered that simple uni-parameter 

scaling is a satisfactory approximation, as the calculations generally stay high level. However, for 

deeper calculations and design, this assumption would not work, as the flow rate could be explicitly 

connected with geometric turbomachinery parameters, which in its turn, affect efficiency and 

performance not in the implicit way, thus requiring thorough recalculation. Therefore, as this 

aspect is neglected, it is considered that a characteristic map of the system with different nominal 

flow rates can be built by proportional extension along the gas flow rate axis. The introduction of 

this approach enables the system optimisation computation, choosing the best value of nom (so 

the size) for the chosen truck operation schedule.  

To consider the part-load behaviour of the turbine and compressor, the pattern of their 

characteristics originating from Ailer [83] was used. The shape of these equations was validated 

experimentally in [83]. The coefficients in the characteristic equations were adjusted to satisfy the 

following claims: 

Å The maximum efficiency corresponds to the pressure ratio optimal for the nominal values of 

temperature and for a certain system configuration; 

Å The nominal operation point corresponds approximately to the middle of the surge-to-

chocking operation range. 

Therefore, each particular point of the calculation at full  load corresponds to turbomachines 

specifically designed for the conditions of that point. 

The functional representation of turbomachinery characteristics is provided by the 

equations presented below. These equations are the transformed version of the characteristic 
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equations from the work of Ailer [83]. Equation (13) shows the basic view of the equation from 

that work. 

 (13) 

2 2

1 2 3 4 5 6

. . .

( ) ( ) ( )
w w w

t p p t p p t= Ö Ö + + Ö ÖÖ Ö Ö ÖÖ+ + Ö +t
r r r

t t t

t in t in

t

t in

q c c c c c c
T T T

  , -  

where 
tq  - dimensionless gas flow rate through the turbine; 

tp- inverse turbine pressure ratio; 
rw , rad/s 

- rotation speed of turbine and compress; .t inT , K - temperature at turbine inlet;t, 0.5K sÖ- turbine 

velocity coefficient, 0.02807; 
1..6i i

ʩ
=

  - coefficients of the approximation. 

To fit performance curves to the actual operation area for the particular studied cases, the 

equation was transformed to the following view: 

(14) 

1 2 3 4 5 6

.

2

. .

2( ) ( ) ( )
w w w

t p p t p p t
¡ ¡ ¡

¡ ¡ Ö¡ ¡= Ö Ö + + Ö Ö + + Ö Ö +¡ Ö Ö Ö -Dr r
t

r
t t t t t

t in t in t in

q c c c c c c
T T

q
T

, -  

where ¡= Öt qttq kq , pp p pÖ -D=¡ tt t tk , w w w¡= -Drr r
 

The introduced transformations reshape the graphics in the way that working points move to 

the required area, which, as the reference point, has the pressure ratio optimal for the studied 

system at full load. In the initial work of Ailer [83], both nominal values of PR and dimensionless 

flow rate were different from the cases studied in this work. So, the assumption is that it is possible 

to design a turbine and compressor with the required full-load operation point with the 

characteristic map conformable to the one in the Ailerôs work.  

 For the compressor, the initial equation with the similar newly introduced changes of the 

variables may be seen in Equation (15) 

(15) 

1 2 3 4 5 6

. . .

2 2)
w w w

p p p p
¡ ¡ ¡

¡ ¡ ¡ ¡ ¡= Ö + + ÖÖ Ö Ö Ö -+ + DÖ +c c
r r r

c c c c

c in c inamb amb ambc in

q
T

q a a a a a a
TT T TT

, - 

Where ¡cq  - corrected dimensionless gas flow rate through the compressor, ¡= Ö
c qcc

q kq ; p¡c - compressor 

pressure ratio, (1 )p p= -D¡ ¡c t psyst ; Tamb=288.15 - designated ambient temperature.  

Coefficients 
1..6i i

a
=

 and 
1..6i i

ʩ
=

 are presented in Table 11. Other coefficients of Equations 

(13) and (15) are presented in Table 12. 
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Table 11. Turbomachine characteristics coefficients 

 ai ʩi 

1 0.00026257 0.50085 

2 -0.22273 0.3687 

3 -0.00076179 -2.0632 

4 0.49936 1.5469 

5 0.0022535 2.0335 

6 -0.84134 -1.345 

Table 12. Characteristic curves adjusting coefficients 

qtk  tkp  tpD  rwD  cqD  tqD  

1.43 0.385 -0.5185 950 0.3775 0.0694 

Connection of the gas flow rate and dimensionless gas flow rate:    

(16) 

. .

.

Ö
=

p Sc in c inm m qc c c
Tc in

, kg/s 

(17) 

. .

.

Ö
=

p St in t inm m qt t t
Tt in

 , kg/s 

where 0.404184m mt c= = [J/(kgĀK]  - specific gas constant [83], St.in and Sc.in are the areas of the inlet cut 

of the turbine and compressor correspondingly.  

The inlet area calculation follows equation (18):  

(18) 

.in in nomSin
mnom

n rÖ
= , m2 

where vin and ɟin are speed and density in the inlet of the turbine or compressor, subscript ónomô 

corresponds to the design operation parameters. vc.in = vt.in = 140 m/s 

For the part-load IBC useful power calculation, additionally to basic equations (6)-(12), the 

changing isentropic efficiency of turbomachinery was introduced to consider the operation with 

the pressure ratio different from the nominal one. Equations (19) - (20) present formulas for that. 

Turbine isentropic efficiency is equal to:  
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(19)  

( 1) .

( 1)

1

1

g h

g

g

g

p
h

p

- Ö

-

-
=

-

t t pol

t

t
t

t
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t

, - 

where ɔt - adiabatic exponent of the turbine, ɖt.pol =0.7865 - polytrophic efficiency of the turbine. 

(20) 

1

1

.

1

1

c

c

c
c

c c pol

c

c

g

g

g

g h

p
h

p

-

-

Ö

-
=

-

, - 

where ɔc - adiabatic exponent of the compressor, ɖc.pol=0.812 - polytrophic efficiency of the compressor. 

Values for ɖt.pol and ɖc.pol are chosen to have values for isentropic efficiency according to 

Equations (19) and (20) equal to 80%. Adiabatic exponent is calculated as: 

(21)   

g=
-

cp

c Rp ind
, - 

 

where Rind is the individual gas constant [J/(kgÖK)] . cp is the specific heat capacity of constant pressure 

[J/(kgÖK)]  

Specific heat capacity cp is a similar function of temperature for the turbine and compressor 

as gas composition is not changing between them by contrast to the usual Brayton cycle where 

combustion is placed between the machines. Also, with the restrictions put on the coolant 

temperature by coolant circuit conditions (no lower than 85 ÁC) and the range of pressure in the 

study (below one atmosphere), no water condensation occurs. The value of cp in each case is 

calculated as an average value according to the equation below:  

(22) 

() / ( )

Tout

c c T dT Tin Toutp p

Tin

= -ñ , J/(kgÖK) 

The example of the resulting turbine and compressor characteristics for 550  is presented 

in Figure 12 as a dependence of flow rate from inverse pressure ratio. As for each nominal flow 

rate the characteristics are similar much, instead of numerical values of the parameters, variables 

nom and ́ t.opt were used in the figure to present the shape of curves. t́.opt corresponds to the 

optimal value of the inverse pressure ratio for the particular scheme configuration.  
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Figure 12. 550 ÁC characteristic map. An increase in the line thickness corresponds to growing angular 

velocity (from 1587 to 1670 rps) 

Values of the operation point of the map for the 394 kg/h (#2 nominal flow rate in Table 9) 

flow rate are presented in Table 13 as an example. 

Table 13. Characteristic maps operation points for two configurations and 550 ÁC exhaust 

temperature  

exh, kg/h 194 244 294 344 394*  444 

t́ - conf.1 - ónoLNGô, - 1.29 1.41 1.54 1.72 1.97 2.56 

t́ - conf.2 ï óLNGô, - 1.63 1.77 1.94 2.16 2.47 3.22**  

n, rps 1587                     1599 1613 1628 1645 1670 

* Nominal gas flow rate for #2 system size (Table 9) 

** The value is beyond the turbine chocking limitation, the discussion on the chocking is presented in the 

subsection below.  

Chocking of the turbine 

The chosen approach of turbomachinery characteristic building does not include the turbine 

chocking limitations, being based on a two-parameter mathematical approximation. Then, not 

over-passing these limits was additionally checked. 

Turbine chocking originated from the nozzle nature of the turbine blade passage. A single-

stage turbine consists of a single passage of nozzle apparatus blades and a passage of working 

blades. Each of these passages in a cross-section can be considered as a standard model of a 
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compressible flow nozzle [13]. Depending on the flow conditions, there is a specific limit for 

pressure drop in a single nozzle determined by the speed of the sound barrier at the end of the 

nozzle. This limit could be overpassed in the supersonic nozzle, and so in supersonic turbines with 

supersonic blade passages [13], but in this work, a subsonic turbine is assumed due to its simplicity 

in design, manufacturing, and control in comparison with supersonic turbines [84]. So, to 

determine the limiting values of chocking, Stodolaôs equation in various forms is widely used, e.g. 

in Cookeôs paper [85], it is presented in the following representation: 

(23) 

 2. . .

. . .

1 ( )out st in tot t chock

in tot in tot t chock

p p
ʌ

p p

p

p

-
= -

-
, - 

Where ʌ is a ratio of actual mass flow coefficients: ./ in tot inm p rÅ= Ö  and chockÅ , .t chockp

is the overall turbine inverse pressure ratio of chocking associated with the nozzle critical pressure 

ratio .( / )p =noz crit in outp p  as defined by Equation (24): 

(24) 

 .. ( )nn

lossnoz critt chockp p x= , - 

where nn is the number of turbine stages, 
lossx  is a ñpressure-ratio loss factor slightly less than unityò [85]. 

Another important parameter for defining the chocking limit of the turbine is the degree of 

reaction (R) of the turbine, which is taken equal to 0.5 in this work, being a common value for 

radial turbines. R represents the distribution of enthalpy drop between the working and nozzle 

blades. When R is equal to one, the whole enthalpy drop and gas expansion happens on the working 

blades (reactive turbine stage), and when R is equal to zero - on the blades of the nozzle apparatus 

(active turbine stage) of the particular stage.  

Based on the graphical representation of the above equations in [85], it can be stated that the 

chocking limit of inverse PR for the one-stage turbine with R=0.5 is around 2.7. Therefore, when 

the characteristic curves give the value of 3.22, it is already in the zone of chocking; however, due 

to the bypass operation, these values are not to be reached, and the maximum value of inverse 

pressure ratio in the simulation does not exceed 2.47, so no chocking occurs. 

Heat Exchangers  

The following equations were implemented for the relative pressure drop of a heat exchanger 

for both sides: 
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(25) 
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According to [86], it is equal to: 

(26) 
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Equation (26) is transformed into Equation (27) using the following dependencies: 

Re
Dn r

m

Ö Ö
= - Reynolds number, where v - gas velocity [m/s], D - characteristic diameter 

[m], ɟ - density [kg/m3], ɛ - dynamic viscosity [Pa Ŀs].  

Dynamic viscosity for air is taken from [86]: 
0.68( )

T
amb

Tamb
m m= Ö , where ɛamb=17.16. In 

this work, the effect of fuel combustion products on the dynamic viscosity of the working body is 

neglected. 

Density corresponds to the ideal gas law: r= Ö Öp R Tind , where RIND is the individual gas 

constant. 

The resulting substituted equation for relative pressure losses is the following: 

(27) 
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where Tavg is the average temperature of the particular HE side 

HE effectiveness is defined as „
Ὕ Ȣ Ὕ Ȣ

Ὕ Ȣ Ὕ Ȣ
 according to  [86] is 

equal to: 

(28) 
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In equations (27) and (28), the index ó0ô means the nominal value of the parameter, 

corresponding to the nominal (design) conditions.  
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3.3.4 Resulting IBC system performance 

Following the methodology presented above, the IBC system performance was estimated as 

an array of working points presenting generated useful power versus exhaust gas flow rate and 

temperature. The 2D representation of the original results might be observed in Figure 13-Figure 

16, which as an example shows the charts for the 394 kg/h nominal exhaust flow rate for no-LNG 

and óLNGô configurations correspondingly. One can see that without the bypass, the useful power 

drops after the gas flow rate passes the nominal value. Hence, the bypass was introduced to the 

system to avoid that drop. Besides, the system could reach chocking without the bypass. 

It should be noted, that in this sub-chapter, IBC useful power is presented before subtraction 

of the power generator losses, which are assumed equal to 10 % (efficiency 90 %) (Table 10). 

As there is no actual mathematical simulation of the control system in this work, bypass 

presence is considered in the following ñformalò way: while the gas flow rate increases in the 

computation process, the bypass switches ñonò (gets open) when the next value of the useful power 

is smaller than the previous one. Then, instead of the smaller value, the previous value of useful 

power is taken, reflecting the opening of the bypass and passing of the excessive exhaust gas 

through it. 

 

Figure 13. IBC useful power for the ónoLNGô configuration, case #2 from Table 9 
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Figure 14. IBC useful power for the óLNGô configuration, case #2 

As the flow rate computation step was relatively sparse (50 kg/h), this approach gives an 

effect one may see in Figure 15. This figure shows the dependence of the useful power from the 

turbine's inverse pressure ratio. It underlines that a smaller computation step is needed for the 

proper prediction of the bypass optimal performance, as the dissimilarity of shapes of the right end 

of the lines (550 ÁC vs. all others) suggests that the actual maximum value of the useful power is 

slightly different. It means that the correct moment of the bypass ñswitch-onò was not captured. 

 
Figure 15. Dependence of IBC useful power and turbine PR for the ónoLNGô  conf., case #2 
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Figure 16. Dependence of IBC useful power and turbine PR for the óLNGô conf., case #2 

As for the power drop observed in Figure 13 and Figure 14, its main reason is the growing 

pressure losses in HEs under intensified exhaust flow rate relative to the nominal conditions (see 

Figure 17). At the same time, the effect of the effectiveness change is not so significant. To avoid 

that power drop in IBC operation, the IBC system bypass was introduced to the model. The 

position of the bypass in the system is presented in Figure 6; it directly connects point 1 and point 

4. The bypass allows the excessive exhaust flow (above the nominal value) to pass through the gas 

duct parallel to the IBC system.    

 

Figure 17. Relative pressure losses and HE1 effectiveness for the variable flow rate in the ónoLNGô conf. 

for 550 ÁC exhaust temperature 
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The sparse array of IBC system performance was approximated with a polynomial function 

to allow easy use of these intermediate results for further calculations and optimisation. Using 

Matlab embedded function fit(ópoly25ô), which builds a polynomial function for the approximation 

with a degree of two for the x terms and degree of three for the y term and demonstrates a suitable 

accuracy, the approximation function was defined with the 95 % confidence boundary and R2 

error equal to 0.994. The general view of this function is presented in Equation (29), and values 

for the coefficients in the example case (#2 of Table 9) may be found in Table 31 of Appendix A. 

The resulting performance of the system is presented in Figure 18. The coloured surface in Figure 

18 corresponds to the approximation function, and the dots conform to the initial array of the 

calculated values. 

(29) 

.

2 2

10 . 01 20 . 11 . 02

2 2 3 2 2

21 . 12 . 03 22 .

3

0

4 2

13 . 04 23

0

.

( ),
exh in exhIBC exh exh exh

exh exh exh exh

ex

exh in exh in exh in

exh in exh in exh in

exh in exh ixh nh e

T m p TP p p T mp T p

p T p

m

T p p T

p

p

T p p T

m

m m m m

m m

+ Ö + Ö + Ö + Ö Ö + Ö

+ Ö Ö + Ö Ö + Ö + Ö Ö +

Ö Ö Ö + Ö Ö

=

+
3 4 5

14 . 05exh inexh exh exh
m m mp T p+ Ö Ö + Ö

  , kW 

 

  

Figure 18. Part-load performance map of IBC for the óLNGô configuration, case #2 

As it was noted before, the óflatô part of the graph after a certain value of flow rate is 

determined by the work of the bypass system, which allows for keeping produced power at the 

maximal level. It means that the stability of the gas flow rate value determines the reliable work 

of the system and may require an enlargement of the exhaust manifold to smooth the fluctuations 

determined by engine load variation [87]. Another type of flow fluctuation is determined by 

discontinuous cylinder contribution, or in other words, by the reciprocating four-stroke mode 
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cylinder operation. These fluctuations being smoothed by the engine manifold do not considerably 

affect turbine operation, so we expect it also does not affect the bypass system operation.  

3.4.5 IBC component weight and cost 

The main components of the system are turbomachines and heat exchangers (HEs). Different 

approaches four weight and cost assessments were applied to them. The turbine, compressor, and 

generator costs are assumed to be taken from the catalogues of heavy truck turbo-compressor 

producers. Assumptions on turbomachinery unit and generator costs for the case presented in Table 

14 are based on the study of available spare parts on the American internet market [72-73] with 

some assumed additional costs associated with re-arrangement. The weight of the high-speed 

permanent-magnet generator is assumed based on a technical paper [90]. For each system size 

(case numbers from 1 to 6), the weight of the turbomachines and generator is in square root 

dependence from relative flow rate, based on the simple consideration of linear connection of flow 

rate and the required cross-section area of these components: .
& & .#2

. .#2

g nom
T C T C

g nom

m
m m

m
= Ö , 

.
.#2

. .#2

g nom
gen gen

g nom

m
m m

m
= Ö . A similar approach was applied for the cost assessment of these 

components for different nominal flow rates: .
& & .#2

. .#2

g nom
T C T C

g nom

m
C C

m
= Ö , 

.
.#2

. .#2

g nom
gen gen

g nom

m
C C

m
= Ö . The industrial catalogues data supporting this assumption is 

presented in Appendix B. The values presented in Table 14 correspond to the reference case #2 of 

Table 9.  

Table 14. Cost and weight of IBC components for the óLNGô configuration, case #2 

Component Cost, $ Weight, kg 

Turbine 
1000  [72] 10 [72]  

Compressor 

   

Generator 1000 [73] 2 [90] 

   

HE1 4143 ï 28209 7.6 - 38 

   

HE2 3731 ï 25405 2.9 
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Cost of heat exchanger 1 

The gas cooling heat exchanger after the turbine (HE1 in Figure 6) is an important part of 

the system, with a significant contribution to both efficiency and cost. For choosing the HE1 type, 

the following had to be contemplated:  

Å One side of HE1 is under vacuum conditions, so suitable casing should be applied; 

Å The highest temperature is above 400 ÁC, so some materials (e.g. aluminium) and HE types 

(e.g., plate-and-frame due to sealing issues) cannot be used; 

Å To provide reasonable system efficiency, considering the relatively high temperature of the 

coolant, the effectiveness of the HE1 should be the highest possible; 

Å To provide higher efficiency of the WHR unit, pressure losses in HEs should be the lowest 

possible. Relative pressure losses pD  are used for this assessment. 

These considerations bring out two types of heat exchangers, which are suitable for this 

application: plate-fin type and shell-and-tube type. 

As this HE is relatively small (from 20 to 110 kW of heat duty), it is challenging to apply 

the usual cost function assessment technique (e.g., based on [91]) for the type and size of HEs 

considered. Besides, this method is subjected to criticism in the literature (e.g. [92]) as the 

30-year-old data may not consider progress in manufacturing technologies, and the CEPCIÿÿÿ 

approach (see methodology below) does not resolve the issue. 

For example, if to compare the cost of plate-fin HE based on ESDUÄÄÄ (1995) [93]  and Xie  

(2008) [94], the result based on the first reference is larger by about five times. Besides, a study of 

the Chinese market [95] has demonstrated that the available costs of some components are much 

lower than they are according to the cost function methods. A quotation from Dongfang Boiler 

Co., ltd****  on the plate-fin HEs with similar inlet conditions has shown that the cost of plate-fin 

HE of 119 kW heat flow is 2.4 times lower than ESDU result, and of 4.5 kW is 5.8 times lower. 

Although ESDU cost functions presumably consider the installation, custom clearance, shipping, 

and contingencies, the difference in the results is still remarkable enough to bring doubts about 

the reliability of suggested cost functions, especially for small-scale HEs. Thus, in an attempt to 

 

ÿÿÿ CEPCI - Chemical Engineering Plant Cost Index 

ÄÄÄ ESDU - an engineering advisory organisation based in the United Kingdom (originally an acronym of 

"Engineering Sciences Data Unit" but now used on its own account) 

****  https://www.dbc.com.cn/ 

https://www.dbc.com.cn/
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give a practically valid assessment of the technology, the cost of HEs was assessed as a range 

between low to high-cost boundaries based on several literature sources as described below. 

As the low bound of the range, the estimation based on Hewitt & Pugh (2007) [96] is made. 

Firstly, there was an assessment of the cost of plate-and-frame HE in the range of the effective 

area (Aeff [m
2]) 0.1-1000 m2. Then, the obtained value is multiplied by . &

. &

HE sh t

HE pl fr

ʉ
b
ʉ
=  (1.5-4.8), 

obtained for the different HE sizes from the same source [96]. Both approximations based on 

the graphical data of the paper [96] are presented in Appendix C. 

Conversion from UA [W/K], which is one of the parameters available in Aspen, into the 

effective heat-transfer area of HE is based on the assumption of U = 75 [W/m2K] for the effective 

overall heat conductance in case of heat exchange between low-pressure gas and brines [97].  

For the assessment of the high-cost bound of the HE1, the plate-fin HE graphical cost 

function from ESDU (1995) [93]  was used relying on the active volume (Vact) of this HE.  The 

Vact = 500ĿAeff ratio from [96] gives an approximate assessment of this parameter for plate-fin HE 

based on the Aeff available from the Aspen Hysys model.  

Hewitt & Pugh [96] reference a source in British pounds of 1995, and [93] operates with 

British pounds of 1997. Pounds are converted to US dollars of 2021, using the currency exchange 

rate for 1995 and 1997 [98] and CEPCI which is equal to 708.8 for 2021 [84, 85].  

Table 15. Cost and weight of heat exchangers óLNGô configuration, case #2 

Component Cost, $ 2018 Weight, kg 

HE1 4143 ï 28209 7.6 ï 38 

HE2 3731 ï 25405 2.9 ï 14.4 

Cost of heat exchanger 2 (LNG evaporator) 

For HE2 (see Figure 6), which is a gas cooler from one side, and an LNG regasifier from the 

other, various HE types are in use. For example, Dorosz  (2018) [101] mention brazed plate and 

shell-and-tube HEs as possible types. However, in many other literature sources, the phase change 

HE is described as quite a complex system, usually consisting of several sections and combining 

HEs of different types. Therefore, the cost of HE2 is also given as a range. The low bound of this 

range is assessed as the cost of shell-and-tube HE based on [96] in the same way as HE1. As for 

the high bound, the same approach based on the ESDU [93] assessment does not work as the HE2 

size goes below the range presented there, giving unrealistic results. Instead, the proportional 
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approach was used. The proportion between high and low bounds for HE2 was equalized to the 

similar proportion for HE1 for the particular system (#1-6 of Table 9): 
2. 1.

2. 1.

HE high HE high

HE low HE low

ʉ ʉ

ʉ ʉ
= . 

Weight of heat exchangers 

The assessment of HEsô weight is based on industrial catalogues. For shell-an-tube HE, the 

weight is sourced from a technical catalogue of " EKiN Industrialò [102]. The acquired data is 

summarized in Appendix D. An approximation equation (AAE = 2 %)ÀÀÀÀ for these data is the 

following:  

(30) 

 
7 3 4 2

4.6 10 3.9 10 0.763 10.981
- -

- Ö Ö - Ö= Ö + Ö +
HE HE HEHE

m q q q  , kg 

where q HE is the heat flow of the HE [kW], HE
m  - weight of the HE [kg] . 

The weight of the plate-fin HE is calculated considering the difference in weight of shell-

and-tube and plate-fin HEs equal to five: . &

.

5HE shell tube

HE platefin

m

m
= . This value is mentioned in the non-

peer-reviewed source [103]. To get more confidence in this value, a comparison of the results 

obtained from Equation (30) for shell-and-tube HE and weight of the plate-fin HE from a research 

work with particular values of HE heat capacity and weight [104] was performed, giving the ratio 

value equal to 5.3. Considering the number of assumptions in this approach, the ratio value equal 

to five was kept.  

As the additional system increases the overall mass of the truck, it is important to consider 

this effect on the fuel consumption described in the following subsection.  

3.4.6 Effect of IBC system weight on the fuel consumption 

As this work assesses range but not the specific value of the cost, a similar approach is 

applied for the weight, and the system weight is assessed by two boundaries of HEs of the shell-

and-tube and plate-fin types, correspondingly named as ólightô version and óheavyô version. Both 

configurations of each system size (nominal flow rate) are considered in these two versions. The 

weight of other components other than the HEs does not vary between them.  

 

ÀÀÀÀ AAE - average approximation error 
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The effect of the IBC system weight on the truck fuel consumption is linearly approximated 

based on literature data [105]. The assessment presented in this publication is verified for a similar 

vehicle fueled with diesel for three phases of the standard driving cycle (FIGE). Equation  (31) 

presents the formula of the approximation for the diesel flow rate per kilometre of the truck ride. 

LNG consumption per kilometre is assessed in a similar proportion relative to its basic value (LNG 

rate without IBC mass consideration). Table 16 contains the values of the coefficients A and B of 

Equation  (31)  for three phases of the cycle. Also, from [105]: 

 (31) 

ᾪὯά "" !!ϽÍ Ͻ
ͺ

 ȟ                  

where ά  ὯὫ is the truck weight, ὅὕ ςȢφυ ὯὫ ὰϳ  is the CO2 emission factor per litre of 

diesel fuel  

Table 16. Interpolation coefficients and average velocity for different phases of ETC [105] 

Drive cycle 
Urban  

phase - 1 

Rural  

phase - 2 

Motorway 

 phase - 3 

Gradient AA 0.0367 0.0216 0.0143 

Constant BB 273.6 329.4 488.6 

3.4.7 IBC system economic effect 

For the calculation of the benefit coming from the IBC WHR system, the power recovered 

is simply added to the ICE power to satisfy the entire load, assuming all mechanical energy is 

converted into electric energy, giving the consequent fuel saving. Saved fuel enables the 

computation of the cash flow (CashF) in $/km. The price per kilogram of LNG is considered equal 

to 1.35 ú/kg (LNG price at fuel stations in Germany in September 2021 [106]) and converted to 

dollars of September 2021 (conversion rate 1.18 [98]). 

The final economic assessment is performed by using the simple payback period (SPP) from 

Equation (32):  

(32) 

 
.

=
net annual

investments
SPP

CashF
, km 

Cash flow discounting is not accounted for in the economic analysis of this work, as in the 

case of the fuel-saving investment project, two effects influence the final value of the payback in 

opposite directions, partially compensating each other: interest rate and fuel price growth [107]. 

Both values are difficult to assign (interest rate) and forecast (price growth), so it was decided to 
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consider them compensating each other completely. Operation and maintenance (O&M) 

expenditures are neglected, as they do not affect the overall truck O&M cost significantly. 

3.4.8 General computation scheme and scenario-tree 

The overall computational scheme is presented in Figure 20. It reports that the part-load 

engine performance in the test driving cycle is processed using a linkage of Matlab scripts and 

Microsoft Excel sheets, giving an array of the engine output parameters in each operation point. 

The IBC system as such (with the engine outlet gas parameters as an input) is modelled in the 

commercial software Aspen Hysys. Each calculation results in the IBC useful power as an output 

of the Aspen model. Again, in Matlab, based on the matrix of the engine-outlet/IBC-inlet 

parameters, an IBC performance map is built. It is further used for the assessment of the overall 

system (engine plus IBC) performance in the test standard driving cycle. Economic assessment is 

computed by joint operation of Matlab and Excel as well.  

Following the presented computational sequence, the set of cases/scenarios was processed. 

For a better understanding of the scales and boundaries of the process, it is summarized in the 

scenario tree in Figure 19. Every point of a lower level is calculated for each point of the higher 

level.  

 

Figure 19. Overall scenario tree of the computations 

Simple multiplication of the presented numbers gives an overall number of computed points 

equal to 475 thousand.  
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Figure 20. Computational scheme where FIGE stands for data of [73] and Zhang - of [74] 
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3.5 Techno-economic results considering the part-load performance 

The final techno-economic results of the simulation are shown as fuel economy and payback 

period depending on the IBC system sizing (nominal flow rate). The last gives an optimal system 

size, which shows the shortest payback period. For the optimal size, the sensitivity analysis on the 

LNG market price is presented. 

3.5.1 Technical result in operation points 

Figure 21-Figure 23 show the distribution of operation points on the torque-rpm plane with 

the z-axis corresponding to the obtained IBC useful power of the system in the LNG configuration 

of #4 nominal size for three operation modes of the ETC cycle. The diameter of each dot represents 

exhaust gas flow, sized in quadratic scale. Dot colour is responsible for the temperature of the 

exhaust gas. Graphs for other system sizes and ónoLNGô configuration are presented in Appendix 

E. 

 

Figure 21. Operation point map for the Urban mode (LNG conf., #4 nominal size) 
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Figure 22. Operation point map for the Rural mode (LNG conf., #4 nominal size) 

 

 

Figure 23. Operation point map for the Motorway mode (LNG conf., #4 nominal size) 

In the Motorway mode, the distribution of the operation points is less sparse, and the engine 

operates in a more stable regime without reaching the borders of its operation range. Thus, the 

obtained IBC useful power is below the values of other modes. Besides, for the Motorway mode, 

maximum power reaches the maximum value for the #5 system size (of  Table 9) and decreases 
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for the #6 case, as the majority of the operation point in this mode lies in the range of RPM and 

torque, where the larger IBC systems have low efficiency. One may see it in Figure 24, which 

presents the maximum (among all operation points) obtained IBC useful power for three driving 

modes, depending on the nominal size of the IBC system.  

 

Figure 24. Maximum useful IBC power 

3.5.2 Technical result for the driving cycle 

Figure 25 and Figure 26 show the fuel economy of the ólightô version of ónoLNGô and óLNGô 

configurations correspondingly for each of the three driving modes separately and for the overall 

performance in the test driving cycle (with time distribution of cycle modes according to the ETC 

- Table 7), shown by the ñAverage for the driving cycleò line. As can be easily predicted from 

Section 3.5.1, the maximum value of the fuel economy varies between driving modes. For the 

overall cycle, the maximum economy is reached for the #4 case (788 kg/h) for both configurations 

with about 1.2 %  of the fuel economy in the ónoLNGô configuration and 2.3 % in the óLNGô one. 

For Motorway mode, the maximum value corresponds to the #3 case, Rural mode: #4 case, Urban 

mode: #5 case, meaning that for the most stable operation mode (Motorway), the smaller size of 

the IBC system is preferable. 

As Figure 25 and Figure 26 show, the technically optimal size of the IBC system is different 

for the different modes of the driving cycle. Thus,  it is important to consider the driving cycle for 

the particular truck for making technically optimal decisions on the IBC system size. 
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Figure 25. Fuel economy for different IBC system sizes.ônoLNGô conf., ólightô version 

 

Figure 26. Fuel economy for different IBC system sizes. óLNGô conf., ólightô version 

3.5.3 Economic results 

Figure 28 shows the economic performance of the system of two configurations in two 

versions: ólightô and óheavyô, for different system sizes. The basic assessment of the economic 

performance is in thousands of kilometres of the truck-run before investments reach the moment 

of payback. Thousands of kilometers of the truck-run are converted to years of operation, 
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considering the value of 90 000 miles (144.84 th.kmÿÿÿÿ) of the average truck-run for Class 8 trucks 

[108]. Figure 28 considers the low cost bound, so the minimal level of investments, of the observed 

equipment cost range. 

 

Figure 27. Payback period of the IBC system for different system sizes, priceLNG=1.35 Euro/kg 

In Figure 28, the optimal (minimum) value corresponds to the #3 case system size (of Table 

9). The #4 case has a very close but slightly higher value of payback, especially for the óLNGô 

configuration; however, as the #4 case corresponds to larger initial investments, there is no reason 

to consider it as recommended. The ólightô version of the óLNGô configuration shows the least 

value of the payback period equal to 1285 th.km (versus 1360 th.km for #4 case), of truck-run or 

approximately 8.9 years of truck exploitation. The best result of ñnoLNGò configuration is 11 

years payback period for the ólightô version of the #3 case, what is 23.4 % worse results than of 

the óLNGô configuration. The óheavyô versions show slightly worse results for the obvious reason 

of the additional fuel consumption due to extra weight aboard. 

It is interesting to note that the #4 case is optimal from the point of view of fuel economy, 

but due to larger investments, it shows worse economic results than the #3 case. All other cases 

have significantly longer payback periods. Cases with a lower nominal flow rate have a lower 

 

ÿÿÿÿ Thousand kilometres  
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value of obtained useful power with not much lower required investments, whether, for the cases 

with higher nominal flow rate, investments are growing faster than obtained useful power. The 

balance of these two factors determines the slopes of the curves in Figure 28. 

 

Figure 28. Investments and fuel cost economy with the increase of truck-run in th.km and years for #3 

case, priceLNG=1.35 Euro/kg 

A particular case of the cash flow for the LNG and ónoLNGô configurations of the #3 case 

system size is shown in Figure 28. The cash flow (fuel cost economy due to the IBC) is represented 

by up-trending lines. The solid and dashed lines correspond to ólightô and óheavyô versions, thus 

the lines and space between them show the possible range of fuel cost economy. Investments are 

represented by horizontal lines, and the space between them emphasized by the solid fill rectangle 

shows the possible range of investments to the IBC system. 

Crossing between the low boundary of investments and the cash flow line corresponds to the 

best-case scenario of the payback period (1285 th.km or 8.87 years with a 13045 $ minimal 
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investment cost) marked for the óLNG; configuration with a red circle in Figure 28. The similar 

spot for the ónoLNGô configuration corresponds to 1588 th.km (or 11 years) of the payback period 

with a 8350 $ minimal investment cost 

Although the ónoLNGô configuration does not reach the payback period in the considered 

lifetime of the vehicle, it might be observed that in terms of investment uncertainty, the ónoLNGô 

configuration is advantageous due to the lower number of key components. 

3.5.4 Sensitivity analysis of economic results 

Sensitivity analysis of the best-case scenario result on the fuel station LNG price is presented 

in Figure 29. On this graph, there are reference marks of the particular prices in two countries: 

Italy and Germany, in different moments of time. Italy and Germany were chosen as these are the 

countries with the largest LNG fuel station coverage in Europe (1063 and 868 stations respectively 

[106]). The chosen reference point of this chapter ï 1.35 ú/kg of September 2021 - lies 

approximately in the middle of the studied range and equal to very current prices in Germany at 

the moment of writing (October 2023). The data for the found LNG prices and the methodology 

of the search are presented in Appendix F. 

 

Figure 29. Sensitivity analysis resulting graph: dependence of the payback period from the LNG market 

price 

Possible conclusions from Figure 29 are presented further in the Discussion section. 

Additionally, the assessment of the effect of the zero idle torque assumption gives a 15.6 % 

decrease in the best-case scenario payback period for a 5 % idle torque and a 6.1 % decrease for a 

2 % idle torque. The potential effects of the ñengine brakingò usage were not assessed.    
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3.6 Discussion and conclusions 

Discussion on the acceptable payback period 

To draw a conclusion about the economic prospects of the system, the expected payback 

period in the particular field of industry should be assessed. Such projects as the IBC system 

installation at the heavy-load truck are in the category of small-scale energy-saving projects, which 

are in the scope of the decision-making of the business entities themselves, while governments can 

affect that only through regulations and stimulating measures. Besides, for this category, scientific 

publications or economic reports do not give systematic data. Thus, we had to rely on relevant 

examples and common knowledge.  

For instance, German officials consider projects on heavy truck improvements with maximal 

payback time from 3 to 6 years [109] and assessing electric vehicles projects, [110] consider frames 

of 3-5 years. From common knowledge, a two-year payback period is a normal expected payback 

time for business-to-business enterprises (supported by [111]); five years are normal in case of 

governmentally supported or socially approved projects; 10 years - for projects of academic 

interest or social importance, but not deployable from the private business side unless strict 

environmental  constraints befall. 

Finally, setting five years as a benchmark in a summary of these observations, one may 

conclude from the sensitivity analysis (Figure 29) that only with the LNG price above 2.45 ú/kg, 

payback time in the best-case scenario decreases below five years (725 th.km). Besides, if for the 

HEs, five years and higher values of exploitation time could be considered as reachable values, 

both in thousands of kilometres and in years of operation, it looks problematic for the 

turbomachinery. No statistical scientific reports were found on the exploitation time of mini gas 

turbines, but for turbochargers, which could be considered as comparable technical devices, 

engineering forums like [112] report values which do not exceed 500 th.km (about 3.5 years of 

operation). On the other hand, maintenance manuals such as [113] suggest just checking 

turbocharger bearing clearance every 240 th.km for the considered engine class and load, 

additionally testing the vibration level in the regular checkups, so no requirements on turbocharger 

replacement in some pre-defined period are given.  It provides a base for the positive expectations 

of the five+ years projects of IBC installation.  
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Discussion on the further improvement of the system results  

One of the key assumptions of this study is the óexisting system integrationô approach of the 

IBC system design. It affects results in opposite directions, so the results of the alternative 

approach of the ójoint component designô are not predictable, and further study is needed. 

On the one hand, if to decouple the cooling systems of the main engine and the IBC system, 

thus, reducing the 85 ÁC limit for the coolant, it is possible to increase the efficiency of the IBC 

system by deeper cooling of the exhaust gas after the IBC turbine. On the other hand, from the 

technical viewpoint, it may require increasing the surface of the radiators, thus, increasing the air 

resistance of the truck. Economically, the overall system cost may increase, although, all 

component costs may differ significantly from what was considered due to the mass-production 

effect, as the ójoint component designô is definitely to be implemented by vehicle producers. 

Also, as it was mentioned in the results section, specifically for the applied methodology, 

consideration of idle torque may give a decrease in the payback period of 6-15 %. Oppositely, 

consideration of ñengine brakingò may bring a negative effect on the values in the economic 

results. 

Another assumption, which may affect the overall results negatively, is the basic value of 

HE1 effectiveness equal to 95 %, which at the stage of the detailed design, might be challenging, 

especially for the shell-an-tube heat exchanger. 

Discussion on the applied methodology 

The combination of the modelling approaches applied in this work allowed to consider part-

load regimes of the system operation in the novel-system techno-economic analysis while applying 

no advanced CFD software packages or experimental studies. At the same time, all of the 

assumptions could be considered conservative and the overall methodology structure is complete 

and solid, thus, the obtained results are consequently expected to be of acceptable accuracy for the 

preliminary techno-economic assessment. 

Marine application  

Another interesting group of transport engines for heat utilization by IBC systems is marine 

engines. The capacity of these engines varies in a larger range than that of heavy trucks and lies 

between dozens of kilowatts and several megawatts. At the same time, the weight limitation is not 

important in this case, and space limitation is less important, although engine rooms are usually 

fairly congested. Another advantage of the marine application is unlimited access to outboard 
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water, even the option of mixing heat exchangers might be considered, promising higher efficiency 

of the system due to the lower temperature of working gas before the compressor. Although the 

challenges of the subatmospheric pressure gas mixed with outboard atmospheric pressure water 

and damage due to the direct interaction of equipment, water and flue gas should be overcome. 

For closed heat exchangers, these problems are less viable, but the system efficiency is to be lower. 

Overall, the marine application suggests both opportunities and challenges for the IBC WHR 

system application in comparison with the application for heavy trucks. 

Conclusion 

IBC application as an integrated WHR system for an LNG-fueled truck was studied in this 

chapter. The study focused on two configurations of the system: one, using only engine coolant 

for the exhaust gas temperature decreasing after the IBC turbine, and the other, using the LNG 

phase change for cooling as well. Part-load engine operation during three standard truck driving 

phases: Motorway, Rural, and Urban, was considered. Two suitable types of heat exchangers 

(HEs), namely shell-and-tube and plate-fin, and radial turbomachinery were considered to set the 

technical (ólightô and óheavyô versions) and economic (high and low boundaries) frames. Finally, 

the sensitivity study on the system size allowed defining the optimal capacity of IBC components.  

Observation of the fuel economy for different modes of the driving cycle separately has 

demonstrated that the maximum value corresponds to the different nominal sizes of the system for 

different modes, thus showing that consideration of the driving cycle for the particular truck is 

important for making technically optimal deʩision on the system size. Maximum fuel economy for 

the overall driving cycle is about 1.2 % in the ónoLNGô configuration and 2.3 % in the óLNGô one, 

demonstrating almost two-fold superiority of the last. It was reached for the #4 case which 

corresponded to a nominal flow rate of 788 kg/h (the studied engine has the maximum exhaust 

flow rate equal to 1300 kg/h) for both configurations. 

Case #3 (591 kg/h nominal flow rate) of the 'light' version of the 'LNG' configuration 

demonstrates a favourable economic outcome with the lowest payback period of 1285 thousand 

kilometres of truck operation or roughly 8.9 years of truck exploitation at a fuel price of 1.35 ú/kg. 

The best result of ñnoLNGò configuration with the same fuel price is an 11-year payback period 

(1588 th.km) for the ólightô version of the #3 case, which is a 23.4 % worse result than the one of 

the óLNGô configuration. Despite the #4 case being deemed superior from a technical standpoint, 

its slightly higher payback period, coupled with larger initial investments, does not justify its 

recommendation. 
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The sensitivity analysis of the economic results in dependence on LNG prices has indicated 

that only with the LNG price above 2.45 ú/kg, payback time in the best-case scenario decreases 

below five years (725 th.km). Although the five-year benchmark could be doubted, the Discussion 

section is concluded with positive expectations of the IBC system implemented for this condition 

with a number of further questions to be answered to support the confidence. 

Further studies in the framework of the heavy-truck onboard application are to be directed 

towards the analysis of the ójoint component designô approach effect, component costs in mass 

production, and technical feasibility of heat exchangers. As for the alternative prospective 

application, the marine one should be analyzed, as small and middle tonnage boats' operation 

schedule, exhaust gas temperatures and conditions of cooling make the potential of the IBC 

promising for this application. 

Despite the reported results being satisfactory and the application of the LNG phase change 

in the IBC intermediate cooling giving an advantage for the system in comparison with the baseline 

one, with the conservative assumptions made, the results for standalone IBC for the truck engine 

are fairly mild. The principal direction for the system improvement, besides those suggested in 

previous paragraphs, could be the further usage of the heat evacuated from the system after the 

turbine. The next chapter introduces and investigates one of the implementations of this idea. 
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CHAPTER 4. WHR BY COMBINED IBCïORC FOR POWER-

GENERATING ENGINE 

4.1 Chapter summary and introduction 

The chapter describes a study of a combined WHR scheme consisting of two thermodynamic 

cycles: the inverted Brayton cycle and organic Rankine cycle (ORC), applied for heat utilization 

from the high-temperature waste heat source: a stationary gas-fired reciprocating ICE. To the best 

of the authorôs knowledge, integration of IBC with ORC has never been systematically studied in 

scientific literature, although the idea of this integration is not entirely new (e.g., IP disclosure in 

[114]). 

The investigated combined IBC-ORC scheme is compared with the ORC-based solution 

studied to provide a benchmark for the comparison.  

At the beginning of the chapter, the targeted case study is described. Further, the investigated 

scheme receives a detailed introduction. Then, the simulation assumptions and adopted limitations 

are listed. For the estimation of the efficiency of bladed machines in conditions of IBC, a specific 

methodology is presented. Modelling was performed in Aspen Hysys software with the usage of 

its standard modelling components.  

To define the best result in the ñin-houseò simulation, the ORC model was also designed and 

optimized there for three different fluids, considering cycle limitations from Quoilin 2012 [115]. 

This approach provides a preliminary techno-economic feasibility assessment of the ORC and 

differs from pure thermodynamic estimations. The fluids refer to three critical temperature levels. 

The ORC was built in two configurations: regenerative and non-regenerative ORC and optimised 

for the properties of inlet exhaust gas corresponding to the nominal case (temperature 520oC).  

The next step was the comparison of the efficiency-optimised combined scheme in two 

configurations: with regenerative ORC and without regeneration, and two configurations of the 

conventional ORC. The efficiency of the IBC turbomachinery was assessed by a simplified 

technique based on the Reynolds number adapted for this specific case. The inlet temperature of 

the exhaust gas was varied from 470 to 570 ÁC. The working medium for all cases is pentane, as it 

was defined in the previous step as the best option. The negative influence of the ORC-induced 

back pressure on the primary engine emphasized in Yue (2014) [49] and analyzed in detail by 

Di Batista (2020) [53] is not taken into account to keep the work simpler, being a conservative 
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assumption of the comparison as the introduction of IBC additionally to ORC compensates this 

effect.  

The sensitivity analysis for the most important parameters was performed to estimate the 

influence of the assumptions for the components on the results. Additionally, the optimal 

parameters of IBC for different ambient temperatures are shown, as well as the condensation rate 

in the subatmospheric duct and its influence on the IBC performance under different turbine 

pressure ratios.  

The economic part of the chapter shows the results of LCOE optimisation for four potential 

investment projects based on the investigated schemes. Then, the minimum (the best) LCOE is 

analyzed on the influence of the capacity factorÄÄÄÄ (CF) of the potential facility at the nominal 

inlet parameters. Then, the multi-objective optimisation introduces the best choice of the system 

parameters, considering the competing nature of economic and technical objectives. These 

recommendations conclude the chapter. 

4.2 Schemes of the combined IBC-ORC and opposed regenerative ORC 

The layout of the combined IBC-ORC scheme with non-regenerative ORC (CS) is shown in 

Figure 30. Figure 31 presents the combined scheme with regenerative ORC (CS Reg); Figure 32 

shows the T-s diagram of this cycle. In the following paragraph, the process that occurred in the 

first configuration is illuminated, and the difference in the operation of the two configurations is 

described further.  

In point 1 of Figure 30, hot exhaust gas, assumed to be at atmospheric pressure, enters the 

duct of the WHR system expanding in a gas turbine to point 2 of the sub-atmospheric pressure and 

lower temperature. For the studied case, the usual values of pressure are from 45 to 55 kPa, which 

corresponds to the turbine inverse pressure ratio ʌ = 1.8 ï 2.4 easily achievable by one stage 

radial machines, where ʌ  ὴȢ ὴȢϳ Ȣ After the turbine, the gas proceeds to the gas-to-

thermal-oil heat exchanger (HE-1), facilitating the transfer of heat through an intermediate 

thermal-oil loop to the ORC segment of the cycle. Finally, it is cooled down in the air cooler to 

35 ÁC ï point 4.  

 

ÄÄÄÄ Capacity factor ï a unitless ratio of the generated power output to the maximum possible output (8760 

hours of operation for one year period) 
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   Figure 30. Scheme of the combined cycle (no regeneration)   

 

Figure 31. Scheme of the combined cycle with regenerative ORC part. 

 

Figure 32. T-s diagram of the combined cycle 

s 
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Condensation of water in the combustion gas takes place in the cooler, so a separator was 

introduced to the scheme after the cooler. The cooled gas is compressed up to the atmospheric 

pressure in the compressor and directed to the outlet. The compressor takes back the flow to the 

atmospheric pressure (point 5). The work consumed by the compressor is approximately one-third 

smaller (for the nominal case) than the useful work produced by the turbine. The difference is the 

useful work of the IBC part of the system. The compressor pressure ratio (ʌ) is slightly higher 

than the turbine one, where ʌ  ὴȢ ὴȢϳ .  

The mentioned intermediate loop transfers heat to the ORC part of the scheme. The loop 

itself enables the operation of high-temperature ORC with sufficient reliability and controllability 

and, thus, it is compulsory from the engineering point of view according to Shi (2018) [47]. 

Thermal oil from the HE-1 (point 11) goes to the evaporator arriving at the oil pump (II) at 

point 12. 

Working fluid heated up in the evaporator with the super-heating not less than 5 K for the 

sake of the process stability (point 21) goes to the expander, which in the studied case is assumed 

to be the radial machine, where the pressure and temperature decrease. Then, the low-pressure 

vapour in point 22 is cooled down in the air-cooled condenser. The cooling air temperature is 

supposed to be 20 ÁC. Hence, the lowest possible temperature of working fluid considering the 

pinch limit of 5 K may go a little below 30 ÁC. The observed range of the pressure after the 

condenser is above 70 kPa, which fulfils the lowest technically feasible limit of 20 kPa set by 

Quoilin (2012) [115]. After the compressor, a pump (I) increases the pressure of the medium to 

2500-3000 kPa and directs the working fluid to the evaporator.   

Power generators are mounted on the shafts of both the turbine-compressor unit of IBC and 

the expander of ORC. 

The combined scheme equipped with regenerative ORC (CS Reg) is presented in Figure 31, 

and Figure 32 shows its T-s diagram. Different from the basic scheme, in CS Reg, in point 22, the 

flow goes through the regenerator and transfers heat to the fluid from the air-cooled condenser, 

where the temperature of the working medium comes close to the ambient and condensation occurs 

(point 23). The ORC pump (II) increases the pressure of the working fluid and directs it through 

the regenerator to the evaporator (point 24r). 

 Effectively, the regenerative scheme differs from the basic one in the values of temperatures 

in some of the key points of ORC, the main parameters of the working fluids in this scheme are 
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presented in Table 17. Temperature before the condenser is higher as well as before the evaporator 

due to the heat exchange of flows in the regenerator (Regen. ï in Figure 31). It leads to an increase 

of the lowest temperature of the oil loop and, thus, gas temperature after HE-1. The cooling power 

of the cooler must be increased to ensure that the temperature of the gas entering the compressor 

is equal to the referenced 35 ÁC. 

Table 17. Nominal parameters of the CS Reg scheme 

# 1 2 3 4 5 

T, oC 520.0 381.0 119.5 35.0 147.5 

p, kPa 101.3 40.0 38.7 37.9 37.5 101.3 

□, kg/s 1.47 

# 21 22 23 24 24r 

T, oC 196.0 114.0 58.5 29.5 74.5 

p, kPa 2598.0 83.0 80.5 2688.0 2631 

□, kg/s 0.95 

ORC and Regenerative ORC 

The abovementioned combined scheme was studied and benchmarked against an ORC-

based solution, which is currently the technology with higher deployment. The non-regenerative 

cycle was also considered to make the comparison inclusive. The scheme of the non-regenerative 

ORC and regenerative ORC are presented in  

Figure 33. In this system, the heat from the exhaust gas flow is transmitted in the HE-1 to 

the working medium of the cycle through the TOL with similar parametric assumptions.  

 

Figure 33. Scheme of ORC and regenerative ORC 

4.3 Modelling methodology 

The methodology suggested for preliminary techno-economic study of the technology is 

aimed at getting the assessment in the conditions of absence of experimental data and atypicality 
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of some of the scheme components. A 1-D model of the IBC-ORC was designed in the Aspen 

Hysys environment and simulated in steady-state in the assumption of design conditions operation. 

At the same time, the adjustment of component design parameters is considered, meaning that 

during optimisations, the design of the components is assumed to be not fixed. The commercial 

software Aspen Hysys enables to be focused on the system performance enhancement rather than 

component description. However, basic component equations are provided. Economic assessment 

is based on the levelized cost of energy approach with the capital cost calculation following the 

module costing technic from Turton  (2008) [91]. Such an approach enables the results to be 

reasonably accurate without building a laboratory prototype of the scheme. 

For assessing the trade-off between the thermodynamic performance of the studied system 

and the economic attractiveness of the investment project based on it, a multi-objective 

optimisation was performed, and corresponding Pareto fronts were built. The so-called Ů-constraint 

method [116] (Fazlollahi, 2012) enabled finding Pareto front points, and for choosing the best one 

among them, the TOPSIS method was employed. 

4.3.1 Case study 

Targeted application 

The present work orients to the heat utilization from the reciprocating ICE exhaust. The 

study of Diesel and gas-fired power and driving engines enables to define a range of the exhaust 

temperature at full load nominal load (GEÊ [19] and CATÊ [20]). Reciprocating internal 

combustion engines up to 1400 kW capacity (e.g., Waukesha VHP L7044GSI S5 (GE) have 

exhaust temperatures that can reach up to 620 C. This observation has motivated to assess the 

proposed technology for the primary engine from the capacity range of 500-1400 kW and exhaust 

temperatures from 400 to 600 ÁC. The focus is on gas-fired engines, which have been becoming 

more and more important in power production and propulsion systems.  Summarizing, the 

supposed nominal case of the source of the waste heat in this study is a gas-fired reciprocating ICE 

with a power of about 1 MW, a nominal exhaust temperature of 520 ÁC, and a gas flow rate of 

1.47 kg/s. 

The useful power is employed by an electric generator. In this first stage, useful application 

of heat was not considered, leaving the CHP solution investigation for the next steps. 
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Chemical composition of the exhaust gas 

With an assumption of the clean natural gas (e.g., Urengoy gas field) of a mass fraction of 

CH4 above 98% [69], the composition of the exhaust gas obtained in the combustion for the excess 

air ratio Ŭ=1.2 [117], and 60% air relative humidity is presented in Table 18. 

Table 18. Exhaust gas composition 

Compound: N2 CO2 H2O O2 Ar 

Mass fraction: 71.44% 12.59% 11.11% 3.65% 1.2% 

4.3.2 Mathematical model of components 

Å The power output from the turbine and expander was computed as: 

(33) 

ὖ ά ϽὌȢ ὌȢ Ȣ Ͻ–Ͻ–  , kW 

(34) 

ὖ ά ȢȢϽ( Ȣ ( Ȣ Ȣ Ͻʂ Ͻʂ  , kW 

Å The power consumption of the compressor was computed as: 

(35) 

ὖ ά ϽὌȢ ὌȢ Ȣ Ͻ  , kW 

The power consumption of pumps was computed as: 

(36) 

ὖ
Ͻ Ȣ Ȣ

Ͻ
  , kW 

ʂ, ʂ , ʂ, ʂ  are the isentropic (adiabatic) efficiency of the component.  

The heat exchangers are simulated based on the ñSimple weighted modelô with about 30 

intervals of equal enthalpy step with the following equation for the heat flow for each interval:  

(37) 

ή ά ȢȢϽὌ Ȣ Ὄ Ȣ  , kW 

4.3.3 Component choice and limitations 

Assumptions for equipment type, losses, efficiencies, some fixed temperatures, and heat 

transfer parameters are presented in Table 19 and commented after.  
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Table 19. Assumed values for the parameters of the three schemes. 

Line ORC, ORC Reg CS, CS Reg 

Equipment type   

HE-1 Cross-flow shell and 

finned tube 

Cross-flow shell and fined 

tube with cylindrical housing 

Evaporator Bayonet shell and tube 

Condenser Air -cooled finned tubes 

Regenerator ñMultiple pipeò shell and tube 

Cooler n/a* Air -cooled finned tubes 

Turbine, compressor, expander Radial bladed machines 

Separator Venturi scrubber 

Losses (relative pressure losses), -   

HE-1 0 0.035 

Evaporator, fluid side      (non-Reg | Reg) 0.03  | 0.025 

Evaporator, oil side 0.005 

Condenser 0.035 

Regenerator, HP side  0.02 

Regenerator, LP side  0.03 

Cooler n/a 0.02 

Separator n/a 0.01 

Isentropic efficiencies of bladed machines   

Turbine n/a 86% 

Compressor n/a 83.8% 

Expander   80% 

Efficiency of generator (incl. mechanical losses) 96% 

Heat transfer coefficient (Uoverall), W/(m2K)     

HE-1 130 

Evaporator (heating-evaporation-superheating)  400-500 (550-680-100) 

Condenser 550 

Regenerator 150 

Cooling air temp/ambient temperature, oC 20 

Temperature of cooled gas before the compressor, oC n/a 35 

* n/a ï not applicable 

Equipment type. The type of heat exchanger was chosen from the list available in Turton 

(2008) [91] based on the fluids, pressure, heat flow, and practices established in this technical area. 

Turtonôs book was used for economic assessment. The radial compressor and turbine for the IBC 

part are suitable for the investigated range of flow rate, pressure ratio, and temperature [13] (Dixon, 

2010). ORC expander type was chosen based on data from Quoilin (2012) [115] who recommends 

using radial turbines for a capacity above 75 kW.  

Losses. Here, the relative drops of pressure in the HEs caused by mechanical losses are listed. 

Relative pressure drop is defined as: Ўὴ ЎὴȾὴ .  
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Isentropic efficiencies of bladed machines. Efficiencies of the bladed machines in the IBC 

part are discussed in section 4.3.4. ORC expander efficiency corresponds to the values in the 

literature.   

Heat transfer coefficient. The parameter was defined, relying on the data in Sinnott (2005) 

[97]. The evaporator was simulated as a group of three different HEs representing pre-heating, 

evaporation, and super-heating processes in the evaporator. An own separate value of Uoverall 

corresponds for each of these HEs. The resulting value for the evaporator lies in the range indicated 

in Table 19 and depends on other design parameters of the system. 

Cooling air temperature and the temperature of cooled gas before the Compressor in Table 

19 corresponds to the assumed temperature of the coolant in the condenser and the cooler, and an 

assumed temperature before the compressor, respectively. Both of the values are fixed. The second 

one is fixed to reduce the number of variables in the simulation. It is higher than the lowest 

temperature of the working fluid in the condenser because of worse heat-exchange conditions: the 

phase transition of the organic working fluid occurs in the condenser, but, in the cooler, only a 

small fraction of water in the flue gas has the phase transition. 

Additional specificities are listed below: 

Å The negative impact of ORC on the primary ICE caused by the backpressure was not 

considered. The backpressure appears due to the resistance of the heat exchanger located in 

the exhaust gas duct [49] (Yue, 2014). For the investigated CS, on the opposite, a 

conservative assumption was made to consider this resistance being compensated by the 

Compressor. The validity of the assumption conforms to the practical absence of the 

affecting on the primary engine due to the compressor, which provides atmospheric pressure 

in the cross-section óengine-IBCô. 

Å Heat losses to the atmosphere are neglected for all components of the schemes. 

Å Power consumption of the heat removal process in condenser and gas cooler (ὖ  is 

subtracted from the power of the turbine based on the assumption of 17 W per kW of 

removed thermal power corresponding to the air heat sink [118] (Antonelli, 2016). 

Å Subcooling in the condenser is 1 ÁC to guarantee the absence of vapour in the pump. 

Å To consider the presence of the generator, the on-the-shaft power of the turbine-compressor 

unit of IBC and the expander of ORC were multiplied by the efficiency of the generator. 

Å In Aspen Hysys, Peng-Robinson equation of state for flue gas, RefProp equation of state for 

organic fluids, and UNIQUAC ï for thermal oil, are chosen [119] (Baccioli, 2018). 

Å Water condensation in the flue gas was evaluated by the Peng-Robinson equation of state. 

The gas-liquid separator ensured the complete removal of water before the compressor. 
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Possible corrosion is negligible, considering the low sulfur concentration in the natural gas 

[120] (Kass, 2005). 

 Optimisation and Variable Parameters 

The optimisation applied to the studied combined scheme and ORC enabled finding the best 

combinations of variable parameters for them. In the first part, the objective function was the 

system efficiency, and in the second, the economic part, it was LCOE. The constraints for the 

optimisation were similar for both cases, but for the second one, the resulting value of parameters 

usually lies aside from the limiting values as they give high costs to the components. Table 20 

presents the constraints applied in the optimisations and the technical motivation of each of them.  

Table 20. Constraints for the objective functions of the optimisation. 

Constraint Value Motivation  

Minimum pinch of HE-1, oC 30 Reliability of high-T HE 

Minimum pinch of evaporator, oC 15 Reliability and controllability of mid-T HE 

Minimum pinch of condenser, oC 5 Controllability of low-T HE 

Minimum pinch of regenerator, oC 15 Stability of mid-T HE operation 

Minimum pinch of cooler, oC 15 
Stability of mid-T HE operation, reliability 

of compressor operation 

Minimum ȹʊ to a critical point, oC 15 
Operability of the evaporator near the fluid 

critical point 

Maximum oil temperature, oC 380 Stability of the thermal fluid 

Maximum superheating, oC 40 Heat transfer surface, evaporator reliability 

Minimum superheating, oC 5 Controllability of the evaporator operation 

Elaborating the motivation of the constraints more, it is to be added that minimal pinches 

were dictated by the technical feasibility of such HEs, minimum temperature until Tcrit limits the 

evaporation temperature in ORC and determines the operational stability of the system [121] 

(Delgado-Torres, 2007). The maximum oil temperature was taken from the product documentation 

for the thermal oil (Therminol VP-1 [48]). The limit for the superheating is chosen by relying on 

the commonly known technical practice.  

Variables of the optimisation are chosen to be sufficient for finding the power balance of the 

system and the optimal distribution of energy flows within. Table 21 presents the list of 

optimisation variable parameters. Although all variables and constraints of the system are 

interconnected, the constraints directly influencing the variables are listed in the last column of the 

table. 
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Table 21. List of optimization variables  

Variable Units Range Related constraining parameter 

ORC fluid    

- mass flow (ά ȢȢ) kg/s 0.5-1.5 Pinches of the regenerator and evaporator  

- max pressure (p.24)  bar 20-27 ȹʊ till the critical temperature 

- min temperature (p.23) oC 25-32 Coolant temperature; pinch of the condenser 

- superheating oC 5-40 Min and max values of superheating  

TOL fluid    

- mass flow (ά ) kg/s 0.5-1.5 
Pinches of HE-1 and evaporator, max 

temperature of thermal-oil 

GT unit    

- PR - 1.5-4.1 Reasonable limits for one-stage radial turbine 

For the optimisation, a standard Aspen Hysys optimiser was used with the BOX method 

based on the sequential search technique suitable for solving problems with non-linear objective 

functions [122], and 2e-5 tolerance.  The "maximum change per iteration" parameter was varied 

in the range 0.5-3 to obtain global extrema with higher precision.  

4.3.4 Efficiency of bladed machines in sub-atmospheric conditions 

The efficiencies of the turbine and compressor were assigned based on high typical values 

of the turbomachinery efficiency corrected on the IBC conditions of the exploitation. BC and IBC 

machines with equal gas flow rates were compared, and the values of efficiency were corrected 

for the IBC. Henke (2013) [12] has considered the following correlation based on the Reynolds 

number as the most suitable for the case (Equation (38)). 

(38) 

 11 1

2 2

(
1 R

)
e

1 Re

nh

h

-
=

-
,         n1 = 0.06 ï 0.2 , - 

where n1 depends on the Raynolds number.   

However, while Henke applies the formula with n1=0.06 (from the range 0.06 ï 0.2), in this 

work, a higher value (n1=0.2) for the efficiency was assigned to avoid being too optimistic in the 

conditions of methodological uncertainty. Finally, the formula applied in this work, considering 

the correlation between inverse pressure ratio “ Ȣ

Ȣ
 and Reynolds number (Equation (39), is 

the following: 

(39) 

0.1 )1 (1IB tC BCh hp= - Ö -, - 

The next section contains the full derivation of this equation. Table 22 provides efficiency 

values for BC and IBC taken as an initial assumption and calculated based on it correspondingly. 
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Table 22. Assumed efficiency of turbomachines in BC and IBC conditions. 

 BC IBC Parameter 

Turbine  87 % (2.1) 86 % (2.1) – (“ᴂ) 

Compressor 85 % (2.25) 83.7 % (2.25) – “  

Derivation of IBC turbomachinery efficiency 

The formula for the dependence between the efficiency of turbomachines in BC and IBC is 

derived in the following manner:  

Å  ï for the ideal gas with a constant temperature. Where ” ï density (kg/m3), p ï 

pressure (Pa). 

Now BC and IBC turbomachines are compared with assumptions of equal inverse pressure 

ratio “ Ȣ

Ȣ
 above (BC) and below (IBC) atmospheric pressure and equal gas flow rate. 

(40) 

” Ȣ

” Ȣ

ὴ Ȣ

ὴ Ȣ
 
ὴ “ϳ

ὴ

ρ

“
 

Å Ὓ ”   ὺ Ὓ ”   ὺ  - for a turbomachine of BC and IBC scheme with 

equal mass flow rate. Where S ï square of the cross-section (m2), ὺ - the mean flow velocity 

(m/s).  

Å For equal velocities of the flow:  

Å Ὓ  ὪὈ  ï for round-shape cross-sections of turbo-machines, where Dô - characteristic 

dimension (diameter). Considering Equation (40): 

(41) 

Ὀᴂ

Ὀᴂ

Ὓ

Ὓ

”

”
“ 

Å ὙὩ  
ὺὈᴂ”

‘
  - Reynolds number, where ‘ ï dynamic viscosity (PaÅs). ‘ ï may be considered 

as independent from pressure in the considered range of pressures and temperatures [123] 

(Kadoya, 1985).  

Å From the definition of Reynolds number and Equation (40) and (41): 

(42) 

  Ⱦ   , 

Å According to Henke (2013) [12], the following correlation can be observed: 
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(43) 

 

 
, 

where n1 corresponds to Table 23. 

Table 23. n parameter for Equation  (43) 

n1 Re 

0.06 1.21Ŀ106 - 3.03Ŀ106 

0.09 0.43Ŀ106 - 1.21Ŀ106 

0.2 0.34Ŀ106 - 0.43Ŀ106 

According to the preliminary calculations, for this case, Re lays in the second range. 

However, n1 = 0.2 was used to avoid overestimation of the performance of the scheme. 

Å Combining Equation (42) and (43), the following results are obtained: 

(44) 

– ρ  “ Ȣ ρ –  , - 

4.3.5 System and cycle efficiency 

This study orients on the final results of the system performance in the exploiting of available 

heat, so the main parameter used is net system efficiency:  

(45) 

–   
      

 
  , - 

Pgross corresponds to the sum of shaft powers of the turbine-compressor unit and the ORC 

expander.  The cycle efficiency, which is used for the analysis of ORC performance is standard:  

(46) 

– Ȣ
Ȣ  

 Ȣ Ȣ
 

   Ȣ    Ȣ

 Ȣ Ȣ
  , - 

The sum of power consumed for cooling (Pcooling) and pumping of ORC working fluid and 

oil in TOL (Ppump) is named as the ancillary consumption or utilities. 

4.3.6 Economics assessment methodology 

The main parameter of the economic assessment of the system performance is the so-called 

levelized cost of energy (LCOE). LCOE calculation is based on the standard simple formula, 

applied in many works, e.g. in Pili (2017) [124]. 
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(47) 

 ,#/%
В Ǫ Ȣ

В
Ў   , $/MW 

Where ὅ  is total capital investment cost, ὅǪ  is operation and maintenance cost (3 % of 

ὅ ), t is the run-time of the plant in years (20 years), r stands for the discount rate (7 %) [125] 

(Freyman & Tran (2018)), æE is the net energy generated by the system over one year (considered 

capacity factor*****  (CF) is equal to 0.9). Single-tranche capital investments are assumed. Taxation, 

year-by-year growth of ὅǪ , performance reduction, as well as insurance payments, were not 

considered. As so, æE and ὅǪ  from Equation (47) are constants. 

For the capital cost, the module costing technique (MCT) was applied [126] (Toffolo, 2014), 

its formulas are presented in the next subsection, and coefficients may be found in Appendix G. 

Cost functions from Turton  (2008) [91] were used for all components besides generators [127] 

(Lemmens, 2016) and compressor [128] (Calise (2007). The separator was assessed with an 

assumption from Garrett (2012) [129]. According to Lemmens (2016) [127], due to the 

overestimation of the cost-function approach based on [91], the expenditures at the system 

mounting, including the cost of the intermediate heat-transfer loop may be considered as included 

in the cost of the main ORC components. Additionally, multiplication over 1.18, corresponding to 

contingencies and fees, is to finalize the cost assessment for the system installation within an 

existing plant [91]. To bring all values to current prices in the same currency ($ 2017 year), we 

used the official open historical data for CEPCI (CEPCI2017=567.5) [100] and currency exchange 

rate [130].  

Module costing technique 

The equipment cost for different types of equipment according to applied MCT [91] (Turton, 

2008) is considered either in the way of purchase cost with several factors or only bare module 

cost. The purchase cost may be defined as:  

(48) 

ὅ ὅȢȢὊ  , $ 

where the Cb.c. ï ñbase conditionsò cost calculated as:  

 

 

*****  Capacity factor ï a unitless ratio of the generated power output to the maximum possible output (evaluated 

at 8760 hours of operation for one year period) 
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(49) 

ὰὫ ὅȢȢ ὑ ὑ ὰὫ ὃ ὑ ὰὫ ὃ  

where A is a capacity or size parameter of equipment, FBM ï bare module factor equals to:   

(50) 

Ὂ ὄ ὄ Ὂ Ὂ  , - 

where FM ï ñmaterial factorò peculiar for each material different from the basic one; FP ï ñpressure 

factorò equals to:  

(51) 

ὰὫ Ὂ ὅ ὅ ὰὫ ὴ ὅ ὰὫ ὴ  

For some equipment, the bare module factor is given, and the bare module equipment cost 

should be calculated with Equation (48). 

To calculate total module cost, which considers the cost of the system installation within an 

existing plant axillary devices including TOL, the following formula from Turton (2008) [91] is 

applied: 

(52) 

ὅ ρȢρψὅ  , $ 

Table 37 in Appendix G presents all applied coefficients and alternative equations used in 

some cases. 

4.3.7 Multi-objective optimisation methodology 

For assessing the trade-off between the thermodynamic performance of the studied system 

and the economic attractiveness of the investment project based on it, a multi-objective 

optimisation was performed, and corresponding Pareto fronts were built. The Pareto front is a quite 

common visualisation technique for multi-objective assessment of energy investment projects 

(e.g., in Imran (2019) [131] or Astolfi (2017) [132]). Thermodynamic performance is assessed 

with system efficiency, and LCOE indicates the project investment attractiveness. The so-called 

Ů-constraint method [116] (Fazlollahi, 2012) enabled finding Pareto-optimal points, utilising 

Aspen Hysys BOX optimiser. The essence of the method is to minimize (or maximize) one 

objective function while adopting another objective function as a constraint. By changing the 

limiting value put on the constrained objective, the whole line of the Pareto front is being built.  

While the Pareto front approach provides a range of possible solutions for a decision-maker, 

various methods suggest algorithms for choosing the final single solution at the Pareto front. In 

this work, the TOPSIS method is employed, as it is very widely used for different decision-making 

tasks, including power system projects. For instance, Mehrpooya (2017) [133] discusses 
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regenerative two-stage ORC for the solar application, adopting TOPSIS optimisation. The optimal 

point is defined in this method as the closest to the ideal solution (IS); in our case, highest ɖsys and 

lowest LCOE), and the most remote from the negative-ideal solution (NIS); in our case, lowest 

ɖsys and highest LCOE) [134] (Behzadian, 2012). The method requires an assumption on the 

weights of the optimisation criteria, and in this work, they were chosen to be equal. It allows 

recommending a point on the Pareto front, considering the equivalency of system efficiency and 

LCOE for decision-making. 

4.4 Technical analysis 

4.4.1 Choice of the working fluid for the ORC 

The comparison of the suggested combined scheme with ORC was started by defining the 

optimal features of the ORC-based system simulated on a domestic model. Two configurations 

have been studied: regenerative and non-regenerative ORC. For the targeted application, the power 

of the ORC lies in the range suitable for the radial inflow turbines as an expander [115] (Quoilin,  

2012). In his work, Quoilin has also formulated the parametric limits for different types of ORC 

expanders, including radial turbines, for several working fluids. Three fluids of the different level 

of critical temperatures (Tcr) were chosen, distinguished as low Tcrit fluid ï R245fa, medium Tcrit  

fluid ï pentane, and high Tcrit fluid ï toluene. The built model of the ORC considers Quoilinôs 

limits to define the possible ranges of evaporation and condensation temperatures. Figure 34 shows 

the obtained results for these three fluids with the employment of regenerative (ORC Reg) and 

non-regenerative (ORC) cycles.  

Table 24 shows the resulting parameters of the – - optimised systems with three studied 

fluids. The maximum generated power is demonstrated by regenerative ORC with pentane as the 

working fluid, although its critical temperature is far below the maximum available temperature 

of the cycle (380 ÁC). Interestingly, the use of toluene yields a lower performance level, even 

though it has a much higher critical temperature which defines higher evaporation temperature and 

also permits a lower relative auxiliary consumption because of the higher energy density it carries 

(see Share of utilities in Table 24). The explanation of this fact is following: according to the 

Quoilin limitations the lowest condensation temperature acceptable for toluene (63 ÁC) is higher 

than the lowest available temperature of the system (around 25 ÁC); this implies that a lower amount 

of energy is received from the exhaust gas flow in comparison with the lower-temperature pentane 

case. The cycle efficiency for toluene could be potentially higher, but the smaller amount of energy 
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transmitted to the cycle makes the system efficiency of the toluene cycle lower than the pentane 

one. In Table 24, this difference in cycle efficiency is not observed because the optimisation has 

the overall system efficiency as the objective function but not cycle efficiency.  In the work of 

Lecompte (2015) [44], the efficiency of the external irreversible Carnot cycle is introduced instead 

of the standard Carnot efficiency to make the preliminary estimation of such WHR systems. For 

the same reason of the small amount of energy transmitted, the optimal condensation and 

evaporation temperatures for toluene are at the lower boundary of the prescribed range 

corresponding to the lower evaporation pressure. Meanwhile, this boundary is determined by an 

acceptable condensation pressure (20 kPa) [115].  Therefore, regenerative ORC with pentane as 

the working fluid is the best competitor for the studied system due to its higher system efficiency 

and larger net output power. 

 

Figure 34. Power and system efficiency of ORC and ORC Reg with different working fluids employed. 
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Table 24. Parameters of ORC of two configurations with different working fluids. 

4.4.2 IBC performance 

One interesting aspect of IBC behaviour should be articulated separately. The influence of 

condensation of water before the compressor has two opposite effects on the cycle performance. 

Due to the separator introduced before the compressor, the flow rate decreases for the compressor 

and its work goes down. On the other hand, the enthalpy of the gas decreases with the fall of the 

concentration of water vapour in the gas flow. These contrary impacts presented in more detail in 

the next paragraph define non-trivial resulting dependence of IBC operation from turbine inverse 

pressure ratio (see Figure 35 and Figure 39). Also, the size and the pressure drop of the cooler 

depend on the condensation rate, but this effect was not considered in the present study.  

In Figure 35, the effect of condensation on the gross power of IBC for 20 ÁC ambient 

temperature (35 ÁC of the gas before the compressor) can be observed. A typical view of such a 

power curve for IBC (and BC, in fact) is the convex curve with one absolute maximum. The high 

concentration of water in exhaust gases, as well as the presence of critical value of pressure (where 

the condensation ceases to occur according to the physical properties of the particular mixture of 

exhaust gases) in the considered range of pressure ratio, are causing an appearance of two local 

maxima at the graph. For different TIT temperatures, the ratio between maxima changes. For 

TIT = 570 ÁC, the maximum in the no-condensation area prevails over the second maximum, 

opposite to the cases with lower TIT temperatures. However, this fact does not affect the optimal 

values of the pressure ratio in optimisations of studied combined schemes. That is because of the 

Line 
R245fa Pentane Toluene 

ORC ORC Reg ORC ORC Reg ORC ORC Reg 

Net power, kW 99.7 109.8 119.8 137.3 112.2 118.0 

ɖsys , % 8.20 9.05 9.84 11.30 9.23 9.70 

ɖcycle , % 13.0 16.47 15.5 21.2 15.7 19.4 

Share of utilities, % 18.4 16.2 16.3 13.38 13.0 11.3 

pevap, bar 28.1 27.73 26.85 26.88 8.92 8.9 

pcond, bar 1.67 1.71 0.77 0.78 0.22 0.22 

Tevap, oC 
138.9 139 181.9 181.9 210.1 210.1 

Tcond, oC 29.1 29.8 28.3 28.8 64 64 

Ts.h., oC 25.6 40 6.1 40.0 5 29.2 

Tout  (T5), oC 74.6 134.2 74.5 153.8 108.7 172.3 
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domination of the ORC over IBC in the power generation of the combination. However, for the 

studies of IBC without any bottoming cycle, this result is essential. 

Relating to the right axis of Figure 35, the line of the condensed water mass fraction shows 

that the critical value of the pressure ratio is equal to about 2.9. It corresponds to the bend-point of 

the power curves. Kennedy (2017) [135] discussing this issue has shown the results conforming to 

ours. In this study, the pressure ratio of a turbine (ˊt) is an originally variable parameter, but not 

the compressor pressure ratio (ˊc) as in some other works. Therefore, the second horizontal axis 

was added to Figure 35 to ease the comparison with the works of other researchers. 

 

Figure 35. IBC performance dependence on the inverse turbine PR and compressor PR. Influence of 

water condensation. 

4.4.3 Combined IBC-ORC efficiency optimisation 

Figure 36 presents the performance of compared schemes operating in conditions of the 

exhaust in the temperature range around the nominal temperature (520 ÁC). These results are 

obtained after –   optimisation following the parameters and constraints mentioned in previous 

chapters. The left axis corresponds to the column chat of system power, the right upper one ï to 

the lines of efficiency in the top half of the figure, and the right bottom one ï to the relative 

difference in power for each temperature related to the non-regenerative ORC. On the column-

chat of the power, the blue column (for ORC) or the sum of the ORC (blue) and IBC (orange) 

columns (for CS) present the useful power. The utilities are subtracted from the generated (gross) 

power of ORC and IBC in correspondence with the source of auxiliary consumption (ORC or 

IBC).  For the nominal case, maximum observed values correspond to CS Reg with the 
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ὖ   ρυρȢχ Ὧὡ and – ρςȢτω Ϸ, whereas ORC Reg has ὖ   ρσχȢπ Ὧὡ and 

–  ρρȢσ Ϸ. Relatively, CS Reg overcomes ORC Reg at 10.6% and ORC without regeneration 

at 28.2 %.  

 

Figure 36. System efficiency optimisation results for ORC, ORC Reg, CS, and CS Reg for three different 

temperatures: 470 ÁC, 520 ÁC, and 570 ÁC. 

One may see that for all three temperatures, the growth of efficiency and power goes in the 

sequence: ORC, ORC Reg, CS, CS Reg. Additionally, with the temperature growth, both the 

absolute and relative advantages of the CS schemes are increasing. It can be observed in the 

column chart for power and the black stepped line at the bottom of the chart for relative power as 

well as comparing slope coefficients of the linear approximation. It means that a higher 

temperature is preferable for the combined scheme mostly as a result of the growing efficiency of 

the IBC part. Performance data for the nominal temperature is presented in Table 25.  
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Table 25. Calculated parameters of the four schemes (nominal conditions). 

Parameter ORC  ORC  Reg CS CS Reg 

╟▌►▫▼▼ , kW 142.70 158.50 170.30 175.80 

╟▪▄◄ , kW 119.50 137.0 147.8 151.7 

Ɫ▼◐▼, % 9.84 11.30 12.16 12.49 

Ɫ╬◐╬■▄Ȣ╞╡╒, % 15.54 21.52 15.58 19.36 

ˊôT n/a   n/a   2.13 1.94 

╟╣ , kW n/a   n/a   210.4 186.9 

Ć n/a   n/a   2.23 2.07 

╟╒ , kW n/a   n/a   143.8 124.4 

rv.Exp 43.93 34.8 43.35 39.7 

╟╔●▬ , kW 142.7 158.5 103.7 113.3 

╟╟◊□▬Ȣ╞╡╒ , kW 6.69 6.52 4.75 5.27 

▬╒Ȣ▫◊◄, kPa 77.1 78.5 76.1 78.5 

▬╟◊□▬Ȣ▫◊◄, kPa 2685.0 2688.0 2685.0 2688.0 

□ἿȢἮȢ, kg/s 1.26 1.24 0.90 1.00 

□ἷἱἴ, kg/s 1.36 1.11 1.02 0.95 

╣╬▫▪▀, 
ÁC 28.3 28.8 27.9 28.8 

╣▄○╪▬, 
ÁC 181.8 181.8 181.8 181.8 

╣╔●▬Ȣ▫◊◄, 
ÁC 124 145.3 99.7 107.8 

╣╒Ȣ░▪, 
ÁC 124 44.3 99.7 44.9 

╣▼Ȣ▐Ȣ, 
ÁC 23 40 9 9.3 

╣▄●▐Ȣ▌Ȣ▫◊◄, 
ÁC 73.6 153.8 128.2 116.9 

æEv, ÁC 15 15 15 15 

╤═╔○ , kJ/(KĿs) 10.8 10.9 12.5 9.41 

æC, ÁC 5 5 5 5 

╤═╒ , kJ/(KĿs) 77.5 70.56 56.7 56.9 

æRegen, ÁC n/a   15 n/a   15 

╤═╡▄▌▄▪ , kJ/(KĿs) n/a   9.9 n/a   5.7 

æHE-1, ÁC 30 30 30 30 

╤═╗╔ , kJ/(KĿs) 12.7 9.6 13.2 12.5 

æCooler, ÁC n/a   n/a   15 15 

╤═ἍἷἷἴἭἺ , kJ/(KĿs) n/a   n/a   9.3 11.7 
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4.4.4 Sensitivity analysis 

Sensitivity from assumed parameters of the model 

This section has the aim of studying the impact of assumed parameters on the simulation 

results because, on the one hand, the assumptions in this work have been made based mostly on 

the general engineering knowledge and values adopted in scientific papers so are not very precise. 

On the other hand, sensitivity is another aspect of comparison of the combined scheme versus 

ORC. Figure 37 presents the influence of the change of different system parameters on system 

efficiency. The range of the analysis for each parameter is determined by the reasonable possibility 

of such a range, so the ranges are different. The following parameters were varied for CS Reg: 

efficiency of the turbine, efficiency of the compressor, simultaneous change of efficiency of 

turbine and expander, pinch of the evaporator, simultaneous change of pinch of evaporator, and 

HE-1. ORC Reg has fewer parameters: the efficiency of the expander, the efficiency of the pump, 

the pinch of the evaporator, the simultaneous change of pinch of the evaporator, and HE-1. These 

parameters have a different influence on the system efficiency and allow understanding and 

comparison of the sensitivities of both systems. 

As can be observed in Figure 37, the dependence of the system efficiency from component 

parameters is mostly linear besides the pump whose influence on the system efficiency drop 

accelerates with the decreasing pump efficiency. Efficiencies of the working machines are more 

influential than pinches of heat exchangers; however, it should be noticed that this comparison is 

not representative because of the different nature of these parameters. Figure 37 shows the effects 

of the change of the single component parameter:  

Å CS Reg 

- Compressor efficiency; 

- Evaporator pinch; 

- ORC Expander efficiency. 

Å ORC Reg: 

- Pump efficiency; 

- Evaporator pinch; 

- ORC Expander efficiency. 

In addition, it shows the resulting changes in the system efficiency caused by the 

simultaneous change of two parameters:  
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Å CS Reg:  

- Evaporator pinch and HE-1 pinch; 

- Efficiency of IBC turbine and efficiency of ORC expander.   

Å ORC Reg:  

- Evaporator pinch and HE-1 pinch 

 
Figure 37. Effect of change in assumed parameters of the scheme on the system efficiency for ORC Reg 

and CS Reg. 

The effect of the simultaneous change of turbomachinery efficiencies is substantial, 

especially for the combined scheme. For instance, a simultaneous 12.5 % reduction of turbine and 

expander efficiency (the expander efficiency decreases from the nominal 80 % to 70 %) leads to 

an about 20 % drop in system efficiency. The addition of the effect from a similar decrease in 

compressor efficiency gives a drop of about 33 %. The last statement can be implicitly observed 

in Figure 37. One may add the drop from the compressor to the reduction from the simultaneous 

decrease of turbine and expander efficiencies, which is possible due to their additivity under the 

assumption of their linearity, which one may apply for this approximate estimation. ORC Reg does 

not have a parameter, which can influence it in such a way. Extreme values of the graph in Figure 

37 are presented in Table 26. 

Sensitivity analysis of system behaviour shows that with a certain distribution of parameters 

of the components (mainly efficiencies of bladed machines), the advantage of CS Reg may be 

levelled with ORC Reg or even turned opposite. 
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Table 26. Sensitivity study data. 

Parameter 
Nominal 

value 

Range of 

parameter 

ORC Reg Range of ɖsys  

(ɖsys.nom=11.3%) 

CS Reg Range of ɖsys  

(ɖsys.nom=12.49%) 

ɖComp, % 83.6 73.3 ï 89.0 n/a* 9.09 ï 13.24 

ɖPump, % 80 40.0 ï 90.0 10.79 ï 11.36 ï 

æEvap, ÁC 15 5 ï 20 11.67 ï 11.13 12.77 ï 12.32 

+ 

æHE-1, ÁC 

æEvap, ÁC 

15 

30 

5 ï 20 

10 ï 40 
12.31 ï 10.85 13.38 ï 12.02 

ɖExp, % 80 65.0 ï 87.5 9.15 ï 12.31 10.79 ï 13.35 

+ 
ɖExp, % 

ɖTurb , % 

80 

86 

70.0 ï 85.0 

75.2 ï 91.4 
n/a 9.92 ï 13.69 

 * n/a ï not applicable 

Ambient temperature affecting useful power and system efficiency 

Technical systems may be optimised for the different conditions of operation depending on 

the average climatic parameters of the territory of application. A study on the deviation of the best 

reachable performance under the changing reference ambient temperature was performed for the 

scheme investigated in this work. The temperature was varied in the range between 5 and 35 ÁC.   

Figure 38 shows changes in the system performance under different ambient temperatures. 

The gas temperature of the heat source for this figure is nominal and equals 520 ÁC. The ambient 

temperature affects the system because of the usage of air as the system coolant. For each 

temperature, the system was optimised for maximum system efficiency. With the increase of 

ambient temperature in the range from 5 to 35 ÁC, the efficiency of the system goes down from 

14.6 % to 10.3 %, as both parts of the cycle demonstrate worse performance under higher ambient 

temperatures. However, this decrease is not proportional; the share of the IBC part is depreciating 

as may be seen in Figure 38 at the black curve corresponding to the right vertical lower axis and 

on the bar charts of the system gross power linked to the left vertical axis. From 45 % of the total 

generated power with 5 ÁC ambient temperature, the IBC contribution decreases down to 32.5 % 

for the 35 ÁC. The condensation issue mentioned above causes the trend changes of this 

dependence. It should also be noticed that due to the same cause, the decrease in system efficiency 

is slightly non-linear as may be seen on the upper curve of Figure 38. Table 27 presents the main 

values of the figure. 

 

 



101 

 

 

Figure 38.  Power and electric efficiency of the system for different ambient temperatures 

Table 27. System parameters under different design ambient temperature 

Tamb, ÁC ɖsys, % Pnet, kW 
LCOE, 

$/MW 

PIBC.gross, 

kW 

PORC.gross, 

kW 
PR, - Tevap, ÁC 

5 14.6 177.6 155.3 93.1 109.5 2.51 163.5 

10 14.0 170.4 161.6 82.6 113.3 2.28 176.8 

15 13.3 162.0 165.9 73.4 113.4 2.15 181.8 

20 12.5 151.7 171.7 62.2 113.3 1.97 181.8 

25 11.7 141.7 175.0 54.8 108.8 1.95 181.8 

30 10.9 132.6 178.2 49.9 103.2 1.97 181.8 

35 10.3 125.6 184.6 47.4 98.6 1.96 181.8 

Ambient temperature effect on the water condensation in IBC 

As observed earlier (Figure 35), water condensation before the compressor causes unsmooth 

dependence of IBC performance from pressure ratio. This effect is presented in Figure 39 for 

various ambient temperatures to explain the complex curvatures of the lines in Figure 38. There, 

gross and net power generated by the IBC part of the system is shown together with the water 

condensation rate in the cooler before the compressor as a function of the turbine pressure ratio. 

The peak values of power and PR are presented in Table 27. Also, the table shows the actual values 

of these parameters in the overall-optimised scheme. Max1 and Max2 in the table refer to the left 

and right parts of the curves. The ambient temperature defines the temperature of the gas before 

the compressor as the ambient air is used as the coolant for the gas flow in the cooler (Figure 30).  
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Figure 39. IBC power and water condensation rate before the compressor in dependence on inverse 

turbine PR 

In studied ranges of minimal pressure and temperature in the gas duct (point 4 of Figure 30), 

the system is balancing on the edge of water condensation, which starts to occur with the ambient 

temperature below 30 ÁC (temperature of the gas in point 4 equals to 45 ÁC). For the ambient 

temperature below 15 ÁC, condensation takes place at all pressures of the studied range. 

Condensation causes changes in the shape of the optimality curve for the IBC, which for the 

intermediate zone (see lines for 15, 20, and 25 ÁC) has a convex-concave profile with the folds of 

the curves. In Figure 39, these folds are linked by dash lines with the points of the beginning of 

non-zero water fraction on the water condensation curves. The power curve for 20 ÁC ambient 

temperature even has a local minimum at that point (PR is about 2.9).  

Table 28. IBC performance under different design ambient temperatures and optimal values of the 

scheme 

Tamb, ÁC 
PIBC.gross  

Max1/Max2, kW 

PRmax1 / 

PRmax2, - 

Opt PIBC.gross, 

kW 
PRopt, - 

5 102.3 / - 3.5 / - 93.1 2.51 

10 92.0 / - 3.2 / - 82.6 2.28 

15 81.0 / - 2.9 / - 73.4 2.15 

20 69.6 / 68.0 2.5 / 3.2 62.2 1.97 

25 57.6 / 64.2 2.2 / 3.2 54.8 1.96 

30  - / 60.5 - / 3.0 49.9 1.96 

35 - / 57.0 - / 2.9 47.4 1.95 
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4.5 Economic analysis and multi-objective optimisation 

4.5.1 LCOE  optimisation results 

To show the high-level comparative economic analysis, the LCOE-based optimisation for 

potential investment projects based on the investigated systems was performed for nominal inlet 

parameters. The methodology of this approach and the assumptions of the model are presented in 

section 4.3. Here, in Figure 40, the obtained values of LCOE are presented as a function of the CF 

of the facility. Table 29 shows the parameters of the optimised system for CF = 90%. For other 

capacity factors, the optimisation gave approximately the same values of varied parameters; so, 

they are not presented in the table. The combined schemes show an advantage over the ORC 

schemes in LCOE and the efficiency simultaneously, which to be explained by a high share of the 

cost of heat exchangers in the capital cost of the systems. The distribution of expenses between 

system components is presented in Figure 41.  

 

 Figure 40. LCOE of four investigated schemes as a function of CF. 

  

 

 

 

Figure 41. Capital cost distribution between system components for CS Reg (left) and ORC Reg (right) 

optimised for CF=90 %. 
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In Table 29, the LCOE and system efficiency values are presented among other parameters 

of the LCOE-optimised results. System efficiency is expectedly lower than in the case of efficiency 

optimisation. Interestingly, the CS Reg system shows the best LCOE, having the system efficiency 

practically equal to the CS one. For ORS systems, the relation of LCOE and ɖsys is not the same: 

the scheme with higher efficiency (ORC Reg) has a better LCOE value. More than that, the ORC 

Reg scheme has an LCOE minimum with the parameters close to the efficiency-optimal ones; the 

efficiency is 0.36 absolute percent lower, whereas the efficiency of CS Reg lower at 1.4 %, having 

a decrease from 12.49 % to 11.09 %. These variations are connected with the balance between 

sizes of heat exchangers; hence, their costs and power production of the system. The values of 

pinches of heat exchangers, which are implicitly connected with size: a smaller pinch gives the 

larger HE, are presented in Table 29. It can be noticed that all schemes besides the ORC Reg have 

higher values of pinches than in the maximum efficiency case; this also correlates with the scheme 

efficiency trend itself. Other parameters presented in Table 29 give more details of the system 

operation, enabling to reproduce or compare the results.  

Table 29. Parameters of schemes LCOE-optimised for 90 % CF. 

Parameter ORC ORC  Reg CS CS Reg 

LCOE, $/MWt  181.0 169.8 166.0 159.5 

Cap.cost, $/kW  1215 1140 1115 1065 

╟▌►▫▼▼ , kW 141.3 154.1 152.8 152.9 

╟▪▄◄ , kW 118.2 132.9 134.7 134.8 

Ɫ▼◐▼, % 9.73 10.94 11.08 11.09 

ˊôT n/a n/a 2.87 2.90 

╟╣ , kW n/a n/a 281.2 282.7 

Ć n/a n/a 3.07 3.09 

╟╒ , kW n/a n/a 213.6 215.2 

r v.Exp 46.4 35.1 44.3 39.8 

╟╔●▬ , kW 141.3 154.1 85.2 85.4 

╟╟◊□▬Ȣ╞╡╒ , kW 6.61 6.32 3.96 3.92 

▬╒Ȣ▫◊◄, kPa 75.8 78.0 76.2 77.3 

▬╟◊□▬Ȣ▫◊◄, kPa 2700 2687 2687 2687 

□ἿȢἮȢ, kg/s 1.25 1.10 0.75 0.74 

□▫░■, kg/s 1.08 1.20 0.97 0.96 

╣╬▫▪▀, 
ÁC 28.0 28.5 28.0 28.3 
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Parameter ORC ORC  Reg CS CS Reg 

╣▄○╪▬, 
ÁC 181.9 181.9 181.9 181.9 

╣╔●▬Ȣ▫◊◄, 
ÁC 101.4 145.0 101.7 110.2 

╣╒Ȣ░▪, 
ÁC 101.4 59.8 101.7 71.6 

╣▼Ȣ▐Ȣ, 
ÁC 5 40 6.3 11.2 

╣▄●▐Ȣ▌Ȣ▫◊◄, 
oC 78.0 144.5 189.8 166.1 

æEv, ÁC 19.6 16.6 30.6 29.2 

╤═╔○ , kJ/(KĿs) 10.81 10.83 10.03 10.89 

æC, ÁC 5 5 5 5 

╤═╒ , kJ/(KĿs) 78.06 70.83 46.9 44.72 

æRegen, ÁC n/a 30.92 n/a 44.1 

╤═╡▄▌▄▪ , kJ/(KĿs) n/a 5.33 n/a 1.22 

æHE-1, ÁC 30 30 30 30 

╤═╗╔ , kJ/(KĿs) 12.7 10.08 10.89 10.28 

æCooler, ÁC n/a n/a 15 15 

╤═ἍἷἷἴἭἺ , kJ/(KĿs) n/a n/a 3.1 3.31 

4.5.2 Multi-objective optimisation for system efficiency vs. LCOE 

Separate optimisation of such contradictory objective functions as efficiency and LCOE does 

not provide clearness for the practical choice of the best system configuration. The desirable 

maximum efficiency leads to the higher capital cost of the project and consequently, higher LCOE. 

The desirable low LCOE provided by lower capital cost, in turn, brings low efficiency. This 

linkage is mainly driven by the cost of heat exchangers. Higher efficiency requires more complete 

heat transfer between fluids that requires the larger surface of the equipment. Besides, the power 

decrease caused by the smaller surface of heat exchangers leads to the decrease of the generating 

machinery capital cost following the used cost functions. The shares of the system components 

within the overall project capital cost are depicted in Figure 41. 

This section presents the multi-objective optimisation of two mentioned objective functions 

by showing the Pareto-front graphs for the system at three temperatures of exhaust: 470, 520, and 

570 ÁC Tamb = 20 ÁC, and CF = 90 %. In Figure 42, the Pareto fronts lay between coloured oval 

marks. The left orange one corresponds to the minimum LCOE point, and the green right mark is 

Table 29 - Continuation 
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on the maximum efficiency point. Black-framed circles correspond to TOPSIS-optimal system 

settings. 

All three Pareto fronts have a similar convex shape with one relatively sharp change of the 

slope in the middle. Upward the Pareto-front line from this middle point, the slower growth of the 

efficiency is provided by faster growth of LCOE. In other words, moving to the right along the 

Pareto fronts, slower positive change (growth of efficiency) is determined by the faster negative 

change (growth of LCOE). Meanwhile, downward, the relatively significant positive change gives 

minor negative change. As so, the area of the Pareto front folding can be recommended to the 

potential decision-maker as the most suitable. The conclusion of this primary analysis was checked 

with a robust TOPSIS decision-making methodology. The results of this approach correspond to 

the preliminary conclusion, and the Pareto-front folds mentioned above coincide with the point 

calculated in TOPSIS. However, decision-makers may have their own objectives, different from 

the TOPSIS-defined; for this reason, Figure 43 suggests an expanded decision-making perspective 

discussed in the next paragraphs. Table 30 shows the main parameters of TOPSIS-optimal 

configurations and also the parameters of configurations corresponding to the boundary points of 

the Pareto fronts. 

 

Figure 42. Pareto front for LCOE-efficiency pair and corresponding optimal inverse pressure ratio of the 

IBC turbine 

Besides the Pareto fronts, Figure 42 shows plots of the optimal turbine pressure ratio. By 

observing these graphs together with power generation curves of IBC under different pressure 

ratios (Figure 35), the correlation of the shapes of the curves may be noticed. Bends of the IBC 

power curves under 20 ÁC ambient correspond to the curvatures on the Pareto front IBC pressure 

ratio lines of Figure 42. It shows the agreement between overall system optimisation results and 
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turbine-compressor unit sensitivity analysis under consideration of water condensation and 

underlines the importance of this consideration for the optimisation tasks.  

Table 30. Optimal and recommended system parameters 

Parameter  470 ÁC 520 ÁC 570 ÁC 

 System efficiency optimisation 

ɖ, %  11.13 12.49 13.74 

LCOE, $/MWh   191.5 172.7 156.8 

Cap.cost, M$  1.61 1.76 1.89 

PR, -  1.93 1.97 2.11 

ȹEvap, oC  15.0 15.0 15.0 

 LCOE  optimisation 

ɖ, %  9.63 11.43 10.9 

LCOE, $/MWh   182.1 159.3 142.8 

Cap.cost, M$  1.33 1.49 1.37 

PR, -  2.72 2.9 3.42 

ȹEvap, ÁC  30.4 19.3 63.5 

 TOPSIS-optimal configuration 

ɖ, %  10.93 12.11 13.3 

LCOE, $/MWh   185.3 162.4 146.1 

Cap.cost, M$  1.53 1.61 1.70 

PR, -  2.20 2.53 2.71 

ȹEvap, ÁC  15.0 15.1 15.0 

In Figure 43, the Pareto fronts presented in Figure 42 are supplemented with an additional 

segment on the left from the minimal LCOE mark. The points of this extra part are close to the 

weakly Pareto-front solutions, and for the 570 ÁC exhaust, it could be considered as weakly Pareto-

optimal within the accuracy of Ñ0.06 %. Although the points of the additional segment are not 

Pareto-optimal, system configurations presented on this line may be of interest for the decision-

maker, due to additional assessment criteria to be used. Project capital cost may serve as this 

criterion. Hereupon, the second axis of Figure 43 corresponds to the capital cost of the projects 

presented at the lines of Pareto-fronts and their non-Pareto-optimal supplements. From the graph, 

one may find a project for certain, initially available assets. For instance, for the exhaust 

temperature of 520 ÁC and available 1.3 M$, the system with an efficiency equal to 10 % is giving 

approximately the same investment result of about 160 $/MWh LCOE as the system with 11.43 % 
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efficiency. In other words, if available initial investments are limited, the configurations with lower 

power capacity (due to the lower system efficiency) and slightly higher LCOE but the lower capital 

cost may also get a positive assessment.  

 

Figure 43. Pareto front for the LCOE-efficiency pair and corresponding system capital cost 

4.6 Conclusions 

This study investigated a combination of thermodynamic cycles: inverted Brayton cycle and 

organic Rankine cycle (IBC-ORC), which, to the best of the authorsô knowledge, has never been 

studied systematically. As a bright example of its application as a WHR system, heavy-duty 

internal combustion engines were chosen as, up to a certain capacity, their nominal exhaust 

temperature is sufficiently high. The suggested combined scheme was studied in two 

configurations: with regenerative ORC (CS Reg), and without regeneration (CS), for the number 

of temperatures in the range 470-570 ÁC with the temperature considered as nominal equal to 

520 ÁC. As a benchmark for these schemes, a conventional ORC was considered, also in two 

configurations: regenerative (ORC Reg) and non-regenerative (ORC).  

The comparison of three common ORC working fluids of different critical temperature 

levels: R-245fa, pentane, and toluene, has shown pentane as a better working fluid for the studied 

nominal case. Pentane has demonstrated an advantage in system efficiency under limitations 

adopted from literature, which enables considering not only thermodynamics but the technical 

restrictions as well.  

The results of the optimization were followed by a sensitivity analysis on ambient 

temperature, system capacity factor, and main assumed model parameters.  

Finally, two-parameter optimization revealed recommendations on system parameters for 

the trade-off between system efficiency and investment parameters of the combined cycle system. 
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The outcome of the work can be listed as follows: 

1) The analysis of IBC system behaviour has revealed a remarkable two-extrema dependence 

of generated power from the pressure ratio caused by water condensation occurring before 

the IBC compressor. 

2) Efficiency optimisation has shown around 10 % advantage of CS Reg over the ORC Reg 

with absolute values equal to 12.49 % and 11.3 % correspondingly. This relative difference 

grows with the increase of turbine inlet temperature. At the same time, the comparison of 

the LCOE-optimised scheme also demonstrates the 6.4 % (for capacity factor equals 0.9) 

advantage of the CS Reg scheme but on the lower level of efficiency (11.09 % for CS Reg 

versus 10.94% for ORC Reg). The obtained value of LCOE for CS Reg equals 159.5 $/MWh 

versus 169.8 $/MWh for ORC Reg. This can be explained by the major role of heat 

exchangers in capital cost formation in comparison with the cost of machines.  

3) Sensitivity analysis has shown that obtained values are considerably affected by the 

parameters of components, especially, by efficiencies of turbomachinery for both compared 

systems.  

4) The scheme has been modelled under different reference ambient temperatures, showing a 

30 % reduction of electric system efficiency (from 14.6% to 10.3%) with the increase of 

ambient temperature from 5 to 35 ÁC. The dependence is affected by water condensation 

occurring in the zone of minimal temperature and pressure in the duct of the inverted Brayton 

cycle. For a number of ambient temperatures, the condensation effect causes a non-typical 

two-maxima profile mentioned above. From the optimization perspective, this specificity 

changes the behaviour of the objective function. 

5) The optimal distribution of the IBC and ORC generated power also changes with the ambient 

temperature, starting from 47 % share of IBC at 5 ÁC, ending up with 32.5 % for 35 ÁC, as 

with lowering of this parameter, IBC improves performance more intensively than ORC.    

6) The Pareto fronts plotted for the proposed system at the capacity factor equal to 90 % identify 

the trade-off between the electric efficiency and levelized cost of energy (LCOE) under three 

temperatures of the incoming exhaust gas (470, 520, 570 ÁC). Based on these results and 

using TOPSIS decision-making methodology, a recommended set of system parameters was 

formulated. For instance, for the 520 ÁC exhaust temperature, the recommended 

configuration has 12.11 % system electric efficiency with the LCOE equal to 162.4 $/MWh 

and 1.6 M$ capital cost, whereas the maximal achievable efficiency equals 12.49 %, and 

minimal LCOE is 159.5 $/MWh. However, in the case of the initial investment shortage, 

configurations out of the Pareto fronts may be chosen as they correspond to projects with a 

lower capital cost. For example, for 520 ÁC exhaust temperature, the LCOE may be equal to 

160 $/MWh, the system efficiency about 10 %, but the capital cost equals 1.3 M$. 

  



110 

 

CHAPTER 5. PROSPECTS, CONCLUSIONS AND FUTURE 

WORK 

5.1 Conclusions 

As the analysis of the research background has revealed, there is room for improvement of 

the inverted Brayton cycle (IBC) technology, targeting the small-scale high-temperature heat 

utilization, to reach results suitable for the industry both technically and economically. 

The presented work explored the potential of the IBC for waste heat recovery (WHR) in two 

poorly studied configurations, comparing them with the basic configuration and main competing 

technologies. One is the configuration where the LNG fuel regasification is utilized to provide 

better efficiency of the cycle. The second is the combination of IBC with the organic Rankine 

cycle. Both facilities are applied as bottoming systems for reciprocating ICEs of different sizes 

and purposes.  

In the study of the IBC application as the WHR system for an LNG-fueled truck 

(CHAPTER 3), two system configurations were considered: one using engine coolant for exhaust 

gas temperature reduction after the IBC turbine, and the other utilizing LNG phase change for 

cooling. The operation of the system during different driving phases of the truck was analyzed, 

and various technical and economic parameters were taken into account. 

The analysis showed that the fuel economy varied for different driving modes, emphasizing 

the importance of considering the specific driving cycle of the truck when determining the optimal 

system size. The maximum fuel economy achieved was approximately 1.2 % for the 'noLNG' 

configuration and 2.3 % for the LNG configuration, demonstrating almost two-fold superiority of 

the last. These results were obtained for the #4 case, corresponding to a nominal flow rate of 

788 kg/h (the studied engine has a maximum exhaust flow rate equal to 1300 kg/h), for both 

configurations. 

At the same time, among all cases and configurations, the case with 591 kg/h nominal flow 

rate (case #3) of the 'light' version of the 'LNG' configuration demonstrated the most favourable 

economic outcome, with the lowest payback period of 1285 thousand kilometres of truck operation 

or roughly 8.9 years of truck exploitation at a fuel price of 1.35 ú/kg. The best result of ónoLNGô 

configuration with the same fuel price is an 11-year payback period (1588 th.km) for the ólightô 

version of the #3 case, which is a 23.4 % worse result than the one of the óLNGô configuration. 
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Although the #4 case may be superior from the maximal power standpoint, its slightly higher 

payback period, coupled with larger initial investments, did not justify its recommendation. 

The sensitivity analysis on LNG prices indicated that a payback time below five years (725 

th.km) in the best-case scenario would only be feasible if the LNG price exceeded 2.45 ú/kg. 

Although the five-year benchmark could be doubted, the Discussion section is concluded with 

positive expectations of the IBC system implemented for this condition with a number of further 

questions to be answered to support the confidence. 

Overall, findings suggest that implementing the IBC system in LNG-fueled trucks with LNG 

regasification used for cooling before the IBC compressor can give certain economic benefits. 

Additionally, the sensitivity analysis on LNG prices has shown that the payback time for such a 

project could be within a feasible range in conditions of high fuel prices. 

 

With an intention to improve further IBC results, an advanced scheme combining IBC with 

organic Rankine cycle (ORC) was investigated (CHAPTER 4). This part of the research is focused 

on the potential application of the combined IBC-ORC system as a WHR solution for a heavy-

duty stationary power-generating engine. The study explored two configurations: with 

regenerative ORC (CS Reg) and with non-regenerative ORC (CS). Beforehand, different ORC 

working fluids were compared, with pentane emerging as the preferred choice due to its superior 

thermodynamic efficiency with adherence to technical constraints. 

Comparing the two system configurations, the CS Reg system exhibited a significant 10 % 

performance advantage over the ORC Reg system, with respective efficiency values of 12.49 % 

and 11.3 %. This efficiency difference became more pronounced at higher turbine inlet 

temperatures. When considering the levelized cost of electricity (LCOE), the CS Reg system 

demonstrated a 6.4 % cost advantage, albeit with slightly lower efficiency compared to the 

ORC Reg system. 

A sensitivity analysis was conducted to evaluate the influence of component parameters and 

ambient temperature on system performance. Turbomachinery efficiencies were found to have a 

substantial effect on overall system performance for both the CS Reg and ORC Reg configurations. 

Moreover, variations in ambient temperature significantly affected system efficiency, with a 30% 

reduction observed in electric system efficiency as the ambient temperature increased from 5 to 
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35 ÁC. Additionally, the optimal power distribution between the IBC and ORC components varied 

with changes in ambient temperature. 

Using Pareto fronts and TOPSIS decision-making methodology, the study assessed the 

trade-off between electric efficiency and the levelized cost of energy (LCOE) for different exhaust 

gas temperatures. Based on the results, recommended system parameters were identified for an 

exhaust temperature of 520 ÁC, achieving an electric efficiency of 12.11%, an LCOE of 

162.4 $/MWh, and a capital cost of 1.6 M$. The analysis also determined the maximum achievable 

efficiency and minimum LCOE values. 

Overall, the study underscored the potential of the combined IBC-ORC system for waste 

heat recovery in stationary power-generating engines. It provided valuable insights into system 

performance, optimization, and the impact of various factors on efficiency and economics. 

Al though the efficiency of turbomachinery is crucial in affecting the overall system efficiency, the 

minimum (and possibly downgrading) recommendation for technology use is to apply cheap 

standard turbomachinery components of turbochargers for building the IBC system around the 

ORC facility. This approach at least helps to minimize the negative impact of backpressure from 

the ORC heat exchanger on the primary engine. 

 

The conducted study of these two advanced systems based on the IBC revealed their 

technical and economic superiority over the baseline technical systems, giving new directions for 

future research. 

For both IBC-based systems, the applied methodology is complete and authentic, enabling 

the system calculation and optimization without manual operations, although utilizing empirical 

dependencies. In particular, the methodology considers the operation schedule of the primary 

energy source and the part load of the studied systems. Overall, it could be suggested for the 

research of other authors. 

5.2 Future works 

Further studies in the framework of the heavy-truck onboard application are to be directed 

towards the analysis of the ójoint component designô approach effect, component costs in mass 

production, and technical feasibility of heat exchangers. As for the alternative prospect application, 

the marine application should be analyzed, as small and middle tonnage ships' operation schedule, 
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engine exhaust gas temperature and conditions of cooling make the IBC potential promising for 

this application. 

Additionally, from an economic standpoint, a simplified configuration utilizing only LNG 

for cooling might be interesting (óonlyLNGô configuration in Figure 44). This configuration entails 

utilizing only a portion of the exhaust gas flow, as employing the entire flow would result in 

inappropriately low or even negative power output due to insufficient gas cooling before the 

compressor. In essence, the LNG directed to regasification and then combustion is insufficient to 

adequately cool the entire resulting exhaust gas stream. As a result of the partial usage of the 

exhaust gas, the power output of the IBC system in this configuration would be lower compared 

to a system utilizing the entire gas flow. However, the economic result might be better, due to the 

elimination of one heat exchanger, reducing system complexity and cost. Therefore, the simplified 

configuration might be the subject of future studies with the research focus on finding the optimal 

flow rate reduction, as well as the optimal degree of cooling before the compressor. 

 

Figure 44. óOnlyLNGô IBC-based WHR configuration 

As for the combined IBC-ORC configuration, there are several directions for further 

improvement. Figure 45   and Figure 46 show the novel schemes for the combined IBC-ORC 

potentially providing higher efficiency for the cycle. Preliminary Aspen Hysys study has shown 

an efficiency of 14.3 % for the scheme with three-flow HE (Figure 45) with pentane working fluid 

for ORC while the original scheme studied in CHAPTER 4 demonstrates an efficiency of 12.5 %. 

The scheme with the dual loop thermal-oil circuit (Figure 46)  has revealed higher efficiency with 

the different ORC working fluids: a mixture of cyclopentane and butane in 2:3 proportion. It 

reveals the second direction of the efficiency growth for the cycle besides advancing the 

configuration, which is the simultaneous selection of the fluid optimal for the particular 
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configuration. Both directions require further study, particularly the presented values for the novel 

schemes require stricter assessment. Besides, as it was shown in both Chapters, the highest 

efficiency does not mean the best economic outcomes, so the suggested schemes also require 

economic assessment.  

 

Figure 45. Novel IBC-ORC scheme with tree-flow heat exchanger 

 

Figure 46. Novel IBC-ORC scheme with dual loop thermal-oil circuit 
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5.3 Market prospects of IBC as a WHR technology 

To finalize the drawing of prospects of the facilities based on IBC in its WHR application, a 

brief potential markets overview is presented below, showing a depiction of four potential end-

users for the technology. 

I. Small power generation stations 

Small power generation might be associated with the development of distributed power 

generation trending all over the world in the last few decades [136] (Melnikov, 2018). As a market 

perspective for the IBC heat-utilizing facility, the following main actors might be listed: 

Å Industrial plants; 

Å Oil extraction stations with the associated gas-based generation; 

Å Townhouse areas. 

Power plants of remote villages might be added to this list but, for example, in Russia, where 

such power consumers are many, their financing model and lack of qualified personnel make this 

market doubtful for the technology application. As for the other end-users listed above, their 

motivation might be in need of additional electric power. At the same time, their business model 

is entirely suitable for such a generating facility upgrade. The additional power demand may be 

driven by an expanding enterprise capacity, rising residential energy consumption, or new business 

prospects related to selling electricity to the grid - a practice incentivized by existing policies. 

In this market segment, there are two basic technologies of interest: gas-fired reciprocating 

ICEs and small power gas turbines. Diesel and gasoline engines have second priority because of 

their more polluted exhaust. 

Russian market 

The estimate of the total installed capacity of gas-powered reciprocating ICEs in 2020 is 

around 6 GW from 825 power generating stations [137] (Petrushchenkov (2020)). The average 

capacity of the engines was 1.5 MW in 2018 according to public sources. 

European market in comparison with a Russian one 

One contrasting feature of Russian and European markets to be noted is the different system 

targets. Russian generating facilities aim for electric power and European ï heat production.  

A rough assessment of the number of generating units in Europe provides a value between 

15 and 20 thousand units of different capacity in 2017 [138]. More up-to-date and reliable data 

was not found. 
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II. Gas pumping (compressor) stations 

In the case of standalone stations, their interest is not high as their first need is cathode 

protection of metal constructions along the pipeline, not additional power production, especially 

considering that they are used for self-powering with the cheapest gas possible. In case of 

the presence of any residential sector or industrial facilities nearby, the interest is higher as well as 

in the case of the grid-connected stations. However, it is not clear if the business model of these 

objects stimulates the commercial interest for this kind of non-earmarked activity. In case of 

additional internal consumption nearby, like local service or company research centres, the interest 

may be the highest. 

Russian market 

Amount of gas-pumping stations exceeds 250 in Russia with about 4000 gas-pumping gas 

turbine units of a capacity from 6 to 32 MW [139] (Alifirova, 2021), [140]. 80 % of them are gas 

turbines [141] (Rudachenko, 2011). The distribution of the capacities was not found, so it requires 

further study of the segment. Nevertheless, gas turbines of smaller sizes are the majority of this 

turbine fleet  [141]. 

European market 

Amount of gas-pumping stations exceeds 250 according to the data of 2013 for main 

European countries [142] (Campana, 2013) with over 20 thousands of compressors and pressure 

reduction stations overall [143]. 

III. Heavy-duty transport truck reciprocating ICE  

Heavy trucks might be considered as a potential market for the studied facilities, although 

the results reported in CHAPTER 3. STANDALONE IBC FOR HEAVY-DUTY TRUCK 

WASTE HEAT RECOVERY underline a threshold of LNG prices for the economic attractiveness 

of the studied system. Besides, for a more advantageous ôLNGô configuration, the truck should be 

fueled by LNG but not CNG, which cannot provide additional cooling. It makes analysis of this 

market segment less certain, as the differentiation is often missing in reports.   

Russian market 

Statistics on the Russian market show that in 2022 there were over 25 000 gas-fueled heavy 

trucks [144], and as the distribution between LNG and CNG trucks is equal to 3.1:1 [144], 

the number of LNG-fueled trucks exceeds 19 000. 
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European market 

Based on the report of the European Commission [145], the number of LNG-fueled N2/N3 

trucks is over 9,500 (and over 24,000 CNG-fueled), and the market continues to grow. Leaders of 

the LNG infrastructure are Italy and Germany with over 1,400 and 800 LNG filling  stations 

respectively. The third place is held by the Czech Republic with over 200 stations. 

Chinese market 

According to Smajla  (2018) [146], the most actively developing market of LNG-fueled 

trucks is the Chinese one with over  230 000 trucks and 3000 filling stations in 2017, and with the 

official plan to quadruple the number of stations by 2020.  

IV. Marine reciprocating drive engines 

The maritime sector worldwide is increasingly undergoing stringent emissions regulations, 

so reduced fuel consumption for a given power, as well as the need for additional power for new 

facilities onboard, are of high interest. 

Russian market 

There are 12.5 thousand medium and large cargo and passenger vessels of the river type and 

vessels of mixed type. The Russian transport maritime fleet is around 825 vessels and 93 maritime 

passenger ships [147].  

European market 

European companies own about 39% of the World's merchant fleet, which is 118,928 

merchant vessels, and over 15 thousand ships of medium size ÀÀÀÀÀ suitable for the consideration 

of IBC heat utilisation unit to be installed [148]. 

 

This brief market overview shows the potential implementation scope of the studied cycle, 

which could find its place in the actively growing market of distributed power generation and 

LNG-fueled transportation. Although the competition with other technologies is expected to be 

strict, as the studied solution did not show outstanding advantages over competing technologies 

unless further studies suggested above will draw new perspectives for the technology. 

 

ÀÀÀÀÀ gross tonnage between 500 and 25 000 grt (gross registered tonnage) 
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Appendix A. Coefficients for Equation (29) 

 

Table 31. Coefficients of the polynomial of the Equation (29) for the case #2 system 

Coeff. p00 p10 p01 p20 p11 p02 p21 

Value 8.821e-2 -3.782e-4 -4.29e-3 3.89e-07 1.50e-05 4.12e-6 -5.71e-9 

Confidence 

bounds 95% 

(-0.8492, 

1.026) 

(-4.216e-3, 

3.46e-3) 

(-2.436e-2, 

1.578 e-2) 

(-3.469e-6, 

4.246e-6) 

(-6.603e-5, 

9.596e-5) 

(-1.125e-4, 

1.207e-4) 

-8.679e-8, 

7.537e-8) 

 

p12 p03 p22 p13 p04 p23 p14 p05 

-6.84e-8 -1.34e-9 5.67e-11 2.70e-10 -1.06e-10 1.82e-13 -8.17e-13 4.39e-13 

(-5.148e-7, 

3.779e-7) 

(-2.461e-7, 

2.434e-7) 

(-3.839e-10, 

4.974e-10) 

(-4.466e-10, 

9.858e-10) 

(-4.195e-10, 

2.078e-10) 

(-4.7e-13, 

8.333e-13) 

(-1.16e-12, 

-4.741e-13) 

(2.057e-13, 

6.72e-13) 
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Appendix B. Electric generator weight and cost assessment 

An electric generator is a very similar type of equipment to an electric motor 

manufacturing-wise, so the trends of price and weight from capacity were considered the same for 

them. Therefore, as examples of these trends, two industrial catalogues of electric motors have 

been studied. [149] gives list prices for HINDUSTAN IE2 electric motors in rupee, actual for 

December 2018, converted to US dollar, 2018, using available historical data [150]. [151] 

represents Taco IE2 electric motors, providing data for their weights for electric motors of close 

values of rotation speed.  

 

Table 32 shows the numerical data for these figures. 

 
Figure 47. Weight from power for of electric motor series 

 
Figure 48. List price from power for of electric motor series 
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Table 32. Weight and price of generator series 

Power, kW Weight, kg List price, $ 

0.18 n.d. 60.5 

0.25 n.d. 66.6 

0.55 n.d. 91.2 

0.75 17.0 94.0 

1.1 19.5 101.5 

1.5 24.5 117.5 

2.2 28.0 150.9 

3.0 37.6 n.d. 

4.0 49.0 n.d. 

5.5 68.0 319.4 

7.5 72.5 347.0 

11.0 110.0 602.6 

15.0 120.0 647.9 

18.5 137.0 832.5 

30.0 276.0 1373.3 

45.0 333.0 2145.7 
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Appendix C. Cost assessment of the plate-and-frame and shell-and-tube HE 

Approximations of the cost of the plate-an-frame HE in dependence from Aeff based on  

Figure 3 of the work of Hewitt & Pugh (2007) [96] have the following form: 

(53) 

3 2

3 2 1 0log( ) log( ) log( ) log( )HE eff eff effC cc A cc A cc A cc= Ö + Ö + Ö + 

Table 33. Coefficients for Equation (50) 

 cc0 cc1 cc2 cc3 Max relative 

error, %  

Applicable 

range Aeff, m2 

Boiling/conde

nsing cases 

(HE2) 

2.5289 -0.3425 0.0577 -0.0007 3.1  

Other cases 

(HE1) 

2.3682 -0.4314 0.0807 -0.0073 3.3  

 

Approximation of the proportion between the cost of plate-and-frame and shell-and-tube 

types of HE in dependence from Aeff based on Figure 4 of the work of Hewitt & Pugh (2007) [96] 

have the following form: 

(54) 

3 2

3 2 1 0eff eff effb bb A bb A bb A bb= Ö + Ö + Ö + 

Table 34. Coefficients for Equation (54) 

 bb0 bb 1 bb 2 bb 3 Max relative 

error, %  

Applicable 

range Aeff, m2 

Boiling 

water/condensing 

steam (HE1) 

0.1931 0.0394 -0.0005 0 0.1 2-120 

Boiling 

organic/condensing 

steam (HE2) 

0.1026 0.1169 -0.0099 

 

0.0004 2.69E-06 

 

1-12 
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Appendix D. Assessment of the shell-an-tube HE weight 

Table 35. Summary from a product technical catalogue of " EKiN Industrialò [102]   for shell-and-

tube HE 

HE heat flow, kW 21.0 40.2 78.6 124.4 252.4 360.5 431.5 750.0 

HE weight, kg 29 40 66 100 180 230 263 340 
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Appendix E. Distribution of operation points for the systems of different 

nominal sizes for three operation modes of the ETC cycle 

 

 

 
Figure 49. Operation point map for the Urban (a), Rural (b), and Motorway (c) driving modes (ónoLNGô 

conf., #2 nominal size) 

a. 

b. 

c. 
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Figure 50. Operation point map for the Urban (a), Rural (b), and Motorway (c) driving modes (ónoLNGô 

conf., #4 nominal size) 

a. 

b. 

c. 
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Figure 51. Operation point map for the Urban (a), Rural (b), Motorway (c) driving mode (ónoLNGô conf., 

#6 nominal size) 

a. 

b. 

c. 
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        Figure 52. Operation point map for the Urban (a), Rural (b), Motorway (c) driving mode  

 (óLNGô conf., #2 nominal size) 

a. 

b. 

c. 



138 

 

  

 

  

Figure 53. Operation point map for the Urban (a), Rural (b), Motorway (c) driving mode   (óLNGô 

conf., #6 nominal size) 

a. 

b. 

c. 
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Appendix F. LNG price statistics 

Using the data from the Internet archive https://web.archive.org/, the historical data of the 

LNG prices were collected from [152] for Italy and from [153] for Germany. Figure 54 shows the 

price trends, and Table 36 contains the corresponding values. 

 

Figure 54. LNG prices in Italy and Germany from February 2018 to June 2024 

Table 36. LNG prices in Italy and Germany 

Date  LNG price, Italy, ú/kg   Date  LNG price, Germany, ú/kg 

Apr.19  1.01   Feb.18  1.05 

Apr.20  0.99   Oct.20  0.83 

Oct.20  0.96   Jan.21  0.882 

Aug.20  0.99   Apr.21  0.953 

Feb.21  0.99   Jun.21  1.069 

Jun.21  0.99   Sep.21  1.349 

Sep.21  1.06   Jan.22  2.40 

Jan.22  1.84   Jun.22  2.08 

Feb.22  1.79   Sep.22  4.34 

Mar.22  1.91   Feb.23  1.72 

Mar.22  2.25   May.23  1.42 

Aug.22  2.41   Aug.23  1.25 

Sep.22  2.92   Sep.23  1.33 

Nov.22  2.19   Mar. 24  1.38 

Feb.23  2.03   Jun. 24  1.37 

Apr.23  1.70      

Aug.23  1.43      

Oct.23  1.47      

Jan.24  1.46      

May.24  1.33      

 

https://web.archive.org/
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Appendix G. Coefficients for the module costing technique equation 

Table 37. Coefficients for the components cost functions. 

Component Function 

argument 
K1 

K2 

K3 

B1 

B2 

FM C1 

C2 

C3 

FBM 

 

IBC Turbine 

Turton (2008) [91]: 

radial turbine 

$ 2001 

P (kW) 2.2476 

1.4965 

-0.1618 

ï 

ï 

ï ï 

ï 

ï 

3.5 

 

ORC expander 

Turton (2008) [91]: 

radial turbine 

$ 2001 

P (kW) 2.2476 

1.4965 

ï0.1618 

ï 

ï 

ï ï 

ï 

ï 

3.5 

 

Compressor  

Calise (2007) [128]: 

radial compressor 

ú 2003 

P (kW) 

ὅBM = 91562Ö(PComp/445)^0.67 

ï 

 

 

 

HE-1 

Turton (2008) [91]: 

fixed tube 

$ 2001 

A (m2) 4.3247 

ï0.303 

0.1634 

1.63 

1.66 

1.81 Fp=1.25 ï 

  

  
 

Condenser  

Lemmens (2016) 

[127] 

$ 2000 

Heat 

flow (k

W) 

ὅȢȢ

ρςσππᶻ
ὖ Ȣ

υπ
Ȣ  

0.96 

1.21 

1.81 

Fp=1.25 

ï 

 

Evaporator  

Turton (2008) [91]:  

bayonet 

$ 2001 

A (m2) 4.2768 

ï0.0495 

0.1431 

1.63 

1.66 

1.81 0.03881 

ï0.11272 

0.08183 

ï 

 

Cooler  

Turton (2008) [91]:  

air cooled  

$ 2001 

A (m2) 2.7652 

0.7282 

0.0783 

1.74 

1.55 

1.81 Fp=1.25 ï 

 



141 

 

Component Function 

argument 
K1 

K2 

K3 

B1 

B2 

FM C1 

C2 

C3 

FBM 

 

ORC pump 

Turton (2008) [91]: 

centrifugal pump 

$ 2001 

P (kW) 3.3892 

0.0536 

0.1538 

1.89 

1.35 

1.6 ï0.3935 

0.3957 

ï0.00226 

ï 

 

Oil pump  

Turton (2008) [91]: 

centrifugal pump 

$ 2001 

P (kW) 3.3892 

0.0536 

0.1538 

1.89 

1.35 

1.6 ï0.3935 

0.3957 

ï0.00226 

ï 

 

Regenerator 

Turton (2008) [91]:  

air cooled  

$ 2001 

A (m2) 2.7652 

0.7282 

0.0783 

1.74 

1.55 

1.81 Fp=1.25 (for 

subatmospheri

c conditions) 

 

  

   
 

Electrical generator 

Lemmens (2016) [127] 

ú 1993 

P (kW) Cp = 1,850,000Ŀ(P/11,800)0.94 

Power factorÿÿÿÿÿ = 1.2 

1.5 

 

Separator 

Garrett (2012) [129] 

$ 1997 

ά (m3/h) Constant value based on the type of separator, volumetric 

flow rate and material (equal to 23.0 k$) 

 

 

 

 

 

ÿÿÿÿÿ Power factor stands for the additional capacity of a generator above the nominal value of the prime mover 

power 
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