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ABSTRACT 

 

The decarbonization of heavy-duty transport requires innovative solutions capable of 

combining energy efficiency, operational flexibility, and the use of renewable fuels. In this 

context, range-extended electric vehicles (REEVs) powered by biofuels represent a promising 

transitional pathway. This study proposes and evaluates a novel Carnot Battery Combined 

Cycle (CBCC) architecture for an ethanol-based range extender, integrating an Otto-cycle 

internal combustion engine (ICE), a phase change material (PCM)-based thermal energy 

storage system, and a wet-steam Rankine cycle for waste heat recovery. A thermodynamic and 

exergy-based model was developed in Engineering Equation Solver (EES), incorporating 

combustion analysis, exhaust-energy characterization, thermal storage, and bottoming-cycle 

performance. A genetic algorithm was applied to optimize the expander inlet pressure, expander 

outlet pressure, and degree of steam superheating, while the PCM charging and discharge times 

were fixed at 1800 s and 300 s, respectively. The engine model predicted 69.38 kW of brake 

power, 47.92 kW of exhaust thermal power, and 27.56 kW of exhaust physical exergy, 

corresponding to an exergy-to-energy ratio of approximately 57.5%. In the directly coupled 

configuration, the Rankine cycle was constrained by the instantaneous recoverable exhaust-heat 

rate and produced approximately 2.615 kW of thermodynamic net power, 2.484 kW of 

mechanical shaft power, and 2.36 kW of electrical output while the engine was operating. In 

contrast, PCM-based thermal storage enabled temporal decoupling between heat recovery and 

power conversion by accumulating thermal energy during 1800 s of engine operation and 

releasing it during a 300 s discharge period. Under these conditions, the optimized PCM-

assisted Rankine cycle produced approximately 15.69 kW of thermodynamic net power, 14.91 

kW of mechanical shaft power, and 14.16 kW of electrical output after generator losses. When 

evaluated over the complete charge–discharge operating cycle, the overall efficiency increased 

from 39.13% for the engine alone to approximately 40.53% for the integrated CBCC 

architecture. The results demonstrate that PCM-based thermal storage does not increase the 

total energy or theoretical exergy available in the exhaust stream. Instead, it modifies the 

temporal distribution of the recovered energy, converting a relatively low continuous heat rate 

into a higher intermittent power output and thereby improving operational flexibility and 

dispatchability. The proposed architecture contributes to the development of sustainable heavy-

duty transport technologies by combining renewable fuels, hybrid electric propulsion, thermal 

energy storage, and thermodynamic optimization. 

 

Keywords: Range Extender, Waste Heat Recovery, Carnot Battery Combined 

Cycle, PCM. 

 

 

 

 

 



 

Análise Termodinâmica e Exergética de um Ciclo Combinado com 

Bateria Carnot para Extensores de Autonomia a Etanol 

 

RESUMO: 

 

A descarbonização do transporte pesado exige soluções inovadoras capazes de combinar 

eficiência energética, flexibilidade operacional e o uso de combustíveis renováveis. Neste 

contexto, os veículos elétricos de autonomia estendida (REEVs) alimentados por 

biocombustíveis representam uma rota de transição promissora. Este estudo propõe e avalia 

uma nova arquitetura de Ciclo Combinado com Bateria Carnot (CBCC) para um extensor de 

autonomia a etanol, integrando um motor de combustão interna (MCI) ciclo Otto, um sistema 

de armazenamento de energia térmica baseado em material de mudança de fase (PCM) e um 

ciclo Rankine com vapor úmido para recuperação de calor residual. Um modelo termodinâmico 

e exergético foi desenvolvido no Engineering Equation Solver (EES), incorporando análise de 

combustão, caracterização da energia dos gases de exaustão, armazenamento térmico e 

desempenho do ciclo inferior (bottoming cycle). Um algoritmo genético foi aplicado para 

otimizar a pressão de entrada no expansor, a pressão de saída no expansor e o grau de 

superaquecimento do vapor, enquanto os tempos de carga e descarga do PCM foram fixados 

em 1800 s e 300 s, respectivamente. O modelo do motor previu 69,38 kW de potência efetiva 

(brake power), 47,92 kW de potência térmica de exaustão e 27,56 kW de exergia física de 

exaustão, correspondendo a uma razão exergia-energia de aproximadamente 57,5%. Na 

configuração diretamente acoplada, o ciclo Rankine foi limitado pela taxa instantânea de calor 

recuperável da exaustão e produziu aproximadamente 2,615 kW de potência líquida 

termodinâmica, 2,484 kW de potência mecânica no eixo e 2,36 kW de saída elétrica enquanto 

o motor estava em operação. Em contrapartida, o armazenamento térmico baseado em PCM 

permitiu o desacoplamento temporal entre a recuperação de calor e a conversão de potência, 

acumulando energia térmica durante 1800 s de operação do motor e liberando-a durante um 

período de descarga de 300 s. Sob essas condições, o ciclo Rankine otimizado e assistido por 

PCM produziu aproximadamente 15,69 kW de potência líquida termodinâmica, 14,91 kW de 

potência mecânica no eixo e 14,16 kW de saída elétrica após as perdas do gerador. Quando 

avaliada ao longo do ciclo operacional completo de carga e descarga, a eficiência global 

aumentou de 39,13% para o motor isolado para aproximadamente 40,53% para a arquitetura 

CBCC integrada. Os resultados demonstram que o armazenamento térmico baseado em PCM 

não aumenta a energia total nem a exergia teórica disponível no fluxo de exaustão. Em vez 

disso, ele modifica a distribuição temporal da energia recuperada, convertendo uma taxa de 

calor contínua relativamente baixa em uma potência de saída intermitente mais elevada, 

melhorando, assim, a flexibilidade operacional e a despachabilidade. A arquitetura proposta 

contribui para o desenvolvimento de tecnologias sustentáveis para o transporte pesado ao 

combinar combustíveis renováveis, propulsão elétrica híbrida, armazenamento de energia 

térmica e otimização termodinâmica. 

Palavras-chave: Extensor de Alcance. Recuperação de Calor Residual. Ciclo Combinado 

com Bateria Carnot. PCM. 
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1. INTRODUCTION 

In 2024, road transport was responsible for emissions of 6.2 Gt CO₂-eq, accounting for 

16.4% of global energy-related CO₂ emissions. Road vehicles accounted for 73% of direct 

transport emissions (IEA, 2025a, 2025d). 

Amid growing concerns over emissions and oil dependency, electric vehicles (EVs) 

have emerged as a primary solution to decarbonize the road transport sector.  In 2024, electric 

heavy-duty trucks comprised just under 3% of worldwide heavy-duty vehicle sales, a figure 

projected to increase to almost 15% by 2035, mostly driven by China and the European Union. 

In 2024, electric heavy-duty vehicle sales in China were over 16% of the nation's total heavy-

duty truck sales, establishing China as a leader in the electrification of freight transport (IEA, 

2025e). 

In the context of electricity consumption, electricity demand related to transport grew 

by 7% between 2023 and 2024, indicating a strong upward trend as the decade progresses. 

However, in 2024, only 0.3% of global electricity was allocated to the transport sector (U.S. 

ENERGY INFORMATION ADMINISTRATION, 2025). Hybrid vehicles can help stabilize 

energy consumption amid the rapid increase in electrified vehicle sales, contributing to a 

sustainable transition in the transportation sector. Additionally, hybrid vehicles maintain an 

energy balance through the use of biofuels alongside electric propulsion, offering reassurance 

to consumers who still face challenges with the availability of a comprehensive vehicle 

charging infrastructure, especially in regions where charging stations are scarce or unreliable. 

Moreover, a significant obstacle impeding the adoption of electric vehicles is range anxiety—

the apprehension that an EV's battery may lack adequate charge to arrive at the intended 

destination or fulfill a scheduled trip (Adnan et al., 2017; Tate et al., 2008). 

Although battery-electric vehicles (BEVs) markedly diminish greenhouse gas 

emissions, apprehensions regarding battery production effects, charging infrastructure, and 

range constraints have sustained interest in hybrid alternatives (VEZA et al., 2023).  

It is well established that BEVs emit no tailpipe pollutants (TOGUN et al., 2025). 

However, their GHG impact depends on the electricity mix used for charging, making energy 

sources a decisive factor in transport electrification. So, as road transport becomes increasingly 

electrified, both directly (e.g., EVs) and indirectly (e-fuels), the potential to integrate renewable 

electricity into the sector is expected to grow (RAVI; AZIZ, 2022).  

Despite concerns about indirect emissions from BEV charging, BEV sales have surged 

worldwide. In 2024, nearly half of China’s car sales were electric, representing two-thirds of 



the global total, while the US reached over 10% (1.6 million units). Europe stagnated due to 

weaker regulation, but emerging economies in Asia, Latin America, and Africa saw sales grow 

over 60%, driven by subsidies and low-cost Chinese EVs (IEA, 2025c). Despite global efforts 

to encourage the adoption of BEVs, sales of Internal Combustion Engine Vehicles (ICEVs) are 

projected to remain strong for several decades, particularly in developing economies, due to 

slow vehicle turnover rates; thus, ICEVs are expected to persist in global fleets for many more 

years (MORFELDT; DAVIDSSON KURLAND; JOHANSSON, 2021) 

Thus, plug-in hybrid electric vehicles (PHEVs) offer a balance between electrification 

and extended range, leveraging an electric propulsion system and an Internal Combustion 

Engine (ICE) to improve efficiency and reduce emissions (XU et al., 2024). 

An extended-range electric vehicle (REEV) operates predominantly as a fully electric 

vehicle, with propulsion provided entirely by an electric motor. It also incorporates a small 

internal combustion engine (ICE) that functions solely as a generator to supply additional 

electrical energy, as illustrated in Fig. 1. From another viewpoint, an REEV can be described 

as a series hybrid configuration featuring a substantially larger battery pack, typically in the 

range of 100 to 500 kWh for medium and heavy-duty truck applications.  

 

Figure 1 - REEV architecture applied to medium/heavy-duty trucks 

  

Source: Kalia & Fabien, 2020 

 

As an example, DHL Group and Scania have collaborated on an initiative to develop 

and evaluate an extended-range electric truck that integrates battery-electric propulsion with a 



fuel-powered generator. This concept addresses current limitations in charging infrastructure 

while supporting the transition to low-emission freight transport. The project is designed to 

enable operation with approximately 80-90% renewable electricity usage, while still ensuring 

sufficient range and flexibility for long-haul logistics. The vehicle is being tested in real-world 

operations between Berlin and Hamburg, highlighting its potential as a practical interim 

solution for decarbonizing heavy-duty transport as full electrification and charging networks 

continue to expand (DHL GROUP; SCANIA, 2025). 

In this sense, the use of ICE addresses an opportunity to explore biofuels in REEVs. 

Globally, biofuel use has excellent prospects, considering that demand is expected to increase 

23%, to 200 billion liters, by 2028, with renewable diesel and ethanol accounting for two-thirds 

of this growth, and biodiesel and aviation biofuel constituting the remainder (IEA, 2024b). 

Thus, low-carbon fuels are critical for decarbonizing the existing fleet (IEA, 2024b), since 

sustainably produced renewable fuels offer GHG reductions comparable to BEVs powered by 

renewable electricity (KOROMA et al., 2022) while decreasing in-cylinder pollutants and 

reducing fossil fuel dependency (SANDAKA; KUMAR, 2023). 

One of the motivations for the proposed architecture is the search for improvements in 

low-emission mobility that support several Sustainable Development Goals (SDGs), 

particularly SDGs 7 (Affordable and Clean Energy), 11 (Sustainable Cities and Communities), 

and 13 (Climate Action) (UNITED NATIONS DEPARTMENT OF ECONOMIC AND 

SOCIAL AFFAIRS, 2024).  

This research aims to evaluate a novel system for extending the range of heavy-duty 

transport. The system employs a combined power generation cycle. This cycle is activated when 

the battery State of Charge (SOC) falls below a predefined threshold. For longer distances, 

REEVs utilize the ICE to keep the battery charged, consuming less fuel than conventional 

ICEVs for the following two reasons (DELL; MOSELEY; RAND, 2014): 

1. The engine of an REEV is significantly smaller than that of a conventional ICEV as it 

only needs to meet average power demands because peak power is delivered by the 

battery pack, e.g. accelerations. 

2. The engine of a REEV operates at a constant, highly efficient, rotation speed. 

Ethanol-fueled ICEs present a particularly advantageous solution for range extension in 

Brazil, leveraging the nation's established ethanol infrastructure, representing a significant 

opportunity for investment to decarbonize national transportation. The performance of 

conventional ICE-based range extenders is constrained by their limited thermal efficiency and 

significant energy losses through exhaust gases. To mitigate these inefficiencies, this work 



proposes a novel range-extender architecture, based on a modified Combined Cycle as shown 

in Fig. 2. The proposed architecture, herein referred to as the Carnot Battery Combined Cycle 

(CBCC), integrates an ethanol-fueled ICE, operating on an Otto cycle, with a thermally driven 

power generation subsystem based on a steam Rankine Cycle (RC). The key innovation lies in 

replacing the conventional heat recovery unit (HRU) with a Carnot battery, enabling temporal 

and operational decoupling between the two thermodynamic cycles. 

 

Source: Author’s own elaboration. 

 

In this configuration, the thermal energy from the internal combustion engine (ICE) 

exhaust gases is not transferred directly to the steam cycle. Instead, it is stored in a Thermal 

Energy Storage (TES) system based on either phase change materials (PCM) or sensible heat 

storage media, which form the core of the Carnot battery. The storage medium may consist of 

low-cost materials such as sand saturated with a thermally conductive fluid. During the charging 

phase, exhaust heat is stored as latent and/or sensible thermal energy. During discharge, the 

stored thermal energy is released and serves as the heat source for the steam cycle, driving an 

expander. Steam condensation is carried out in a low-cost direct-contact feedwater condenser. 

This architecture introduces a decoupled power generation strategy, in which the ICE 

and the steam cycle do not operate simultaneously but rather sequentially, depending on the 

SOC of the thermal storage system. As a result, both subsystems can be designed to deliver 

comparable electrical power outputs and, therefore, may share a common electric generator.  

The proposed system offers some advantages and disadvantages, detailed below:  

Figure 2 - The Carnot Battery Combined Cycle (CBCC) range extender, featuring a shared 

electric generator for both the topping and bottoming cycles. 

Figure 2 - The Carnot Battery Combined Cycle (CBCC) range extender, featuring a shared electric 

generator for both the topping and bottoming cycles 



 Temporal decoupling of heat generation and power conversion, improving operational 

flexibility; 

 Enhanced utilization of waste heat, independent of real-time engine operation; 

 Load leveling capability, enabled by the Carnot battery storage; 

 Improved overall system efficiency; 

 Scalability and modularity, governed by the sizing of the integrated system; 

 Heat transfer irreversibilities between the Carnot battery streams; 

 Operation of a modified Rankine cycle, which inherently has low thermal efficiency.  

This configuration represents a significant departure from conventional combined 

cycles, where thermodynamic coupling imposes simultaneous operation constraints. By 

introducing a Carnot battery-mediated interface, the system effectively transforms a traditional 

combined cycle into a hybrid, time-shifted energy conversion platform, suitable for advanced 

range-extender applications. 

This research is justified by its potential to contribute to a more sustainable and efficient 

automotive energy landscape, particularly in the context of low-carbon mobility solutions. 

From a technical and scientific perspective, it investigates the synergistic integration of three 

key concepts: series hybrid electric vehicles, bioethanol as a renewable fuel, and TES. This 

combination remains underexplored in the literature, especially in the context of advanced 

range-extender architectures for heavy-duty trucks. 

By introducing a thermal buffer, the proposed system enables a more controllable and 

dispatchable thermal input and operational flexibility in waste recovery systems. Accordingly, 

this study is guided by the following research questions:  

 RQ1: How does the CBCC affect the overall thermodynamic and exergy 

efficiency of an ethanol-based range extender compared to a baseline configuration? 

 RQ2: How does temporal decoupling enabled by the Carnot battery influence 

system performance, operational flexibility, and thermal management in the proposed CBCC 

architecture? 

 RQ3: How do the design and operating parameters of the PCM-based TES 

system affect energy utilization and the operational behavior of the CBCC architecture? 

To address these questions, the research tests the following hypotheses: 

 H1: The integration of the Carnot battery improves the practical utilization of 

exhaust-gas energy and increases the overall useful energy delivered by the range-extender 



system, while the theoretical exergy content of the exhaust stream remains limited by the 

exhaust thermodynamic state. 

 H2: The performance of the CBCC system is sensitive to the design of the PCM-

based TES system, particularly to storage capacity and heat-transfer characteristics, which 

directly affect energy utilization and operational flexibility. 

Building upon the research questions and hypotheses defined above, the proposed 

architecture adopts a thermodynamic modeling approach to evaluate the proposed CBCC 

architecture under representative operating conditions of an ethanol-fueled range extender. The 

analysis is based on mass and energy balances, complemented by an assessment of the exergy 

content of exhaust gases, in order to quantify the recoverable energy potential and its effective 

conversion into useful work. 

The proposed system is assessed by comparing a baseline configuration, in which 

exhaust gases are not subjected to decoupled thermal recovery, with the CBCC architecture 

incorporating a TES system. Particular emphasis is placed on the role of temporal decoupling 

in enabling controlled heat delivery to the bottoming RC, as well as on the influence of storage 

capacity and thermal characteristics of the energy storage system. 

Through this framework, the study seeks to establish a consistent link between 

thermodynamic potential, system design, and operational behavior, providing a structured basis 

to address RQ1, RQ2, and RQ3 within the scope of the developed model. 

This dissertation contributes by proposing and thermodynamically evaluating a novel 

Carnot Battery Combined Cycle architecture that integrates an ethanol-fueled Otto-cycle range 

extender, TES system, and a steam RC for WHR, to extend the range of electric medium and 

heavy duty trucks with near zero carbon emissions. 

 

2. LITERATURE REVIEW  

This section will present the essential and technical concepts pertinent to this study. It 

provides a preliminary and conceptual framework for foundational comprehension. 

2.1 Range Anxiety and Range Extender Technologies 

2.1.1  Range Anxiety  

Range anxiety is defined as the driver's concern regarding the limited driving range of 

BEVs and the risk of not reaching a charging station before battery depletion. This 

psychological and operational constraint remains one of the primary barriers to the widespread 

adoption of EVs, particularly in heavy-duty and long-haul applications (IEA, 2025c; LI, W. et 



al., 2017). Concurrently, range anxiety can profoundly influence the driving and charging habits 

of EV operators, with significant ramifications for the overall efficiency and stability of the 

electrical grid (NEUBAUER; WOOD, 2014). Nonetheless, there is insufficient research 

regarding the relationship between a perceived daily charging routine, demographic and 

psychological factors, and charging-related variables in relation to range anxiety 

(ZATSARNAJA et al., 2025). 

Although advancements in battery technology have increased energy density and 

vehicle autonomy, several structural challenges persist, including long charging times, limited 

charging infrastructure, and operational inflexibility under high-load conditions. These issues 

are especially critical in freight transport, where route predictability, payload capacity, and 

uptime are essential (IEA, 2025c). 

In heavy-duty vehicles, range anxiety is not only a psychological factor but also a 

logistical constraint, directly affecting fleet operation, route planning, and total cost of 

ownership (TCO). As a result, alternative architectures that mitigate range limitations while 

preserving electrification benefits have gained increasing attention in recent years. 

 

2.1.2  Range Extender Architectures 

Range extender electric vehicles (REEVs) are hybrid systems in which an ICE or 

another onboard energy conversion device is used exclusively to generate electricity, rather 

than directly propel the vehicle. In these systems, the propulsion remains fully electric, while 

the range extender acts as an auxiliary power unit (APU) (CHAN, 2007; OFFER et al., 2010). 

Several technologies have been proposed and implemented as range extenders: 

a) Internal Combustion Engines (ICE-based): The most common solution employs 

reciprocating internal combustion engines operating under Otto or Diesel cycles. These systems 

are widely adopted due to their technological maturity, relatively low cost, and fuel flexibility. 

When decoupled from the drivetrain, ICEs can operate near optimal efficiency conditions, 

improving fuel conversion efficiency compared to conventional vehicles (GUZZELLA; 

SCIARRETTA, 2007). 

b) Gas Turbines: Gas turbines have been investigated as range extenders due to their 

high power density, low vibration, and fuel flexibility. However, their lower efficiency at partial 

loads and high costs limit their practical application in automotive systems (DIXON; HALL, 

2014). 



c) Fuel Cells: Fuel cell systems, particularly hydrogen-based, represent a zero-emission 

alternative. However, challenges related to hydrogen infrastructure, storage, and cost hinder 

their large-scale deployment (STAFFELL et al., 2019). 

Overall, ICE-based range extenders remain the most viable near-term solution, 

particularly when combined with low-carbon fuels such as ethanol, as highlighted in the present 

study. 

In conjunction with architectural studies, certain research examines the disparate effects 

of various control strategies on vehicle performance. Control strategies for range-extended 

power systems can be categorized into rule-based and optimization-based strategies (Wang et 

al., 2017). 

The rule-based control strategy predominantly establishes various control parameters 

and fixed thresholds derived from the performance metrics of the power system and the 

designer's engineering expertise to manage and transition between distinct operating states of 

the vehicle. The primary control variables encompass the SOC of the power battery, the power 

demand of the vehicle, and the instantaneous vehicle speed. Rule-based control strategies can 

be categorized into four types: constant power control strategy, power-following control 

strategy, multi-point control strategy, and fuzzy control strategy (LARSSON; 

JOHANNESSON; EGARDT, 2015; LI, J. et al., 2017). 

Figure 3 illustrates the power dynamics of a typical battery electric vehicle (BEV) 

equipped with a range extender. The state of charge (SOC) evolves according to the vehicle’s 

energy management strategy. Initially, in pure EV mode (CBCC off), the battery discharges 

over time, with small fluctuations due to regenerative braking. When the SOC reaches a 

predefined lower threshold, the vehicle transitions to REEV mode, in which the CBCC unit is 

intermittently activated (on/off) to sustain the charge within a bounded range. Finally, in 

charging mode, the battery is recharged either from the electrical grid or via the CBCC in 

situations where a charging station is not available, such as in remote areas. 



Figure 3 - Dynamics of the state of charge of a REEV architecture. 

 Source: Adapted from Dell, Moseley and Rand (2014) 

 

2.1.3  Otto-Cycle Engines Applied to Range Extenders 

Spark-ignition engines operating under the Otto cycle are particularly suitable for range 

extender applications due to their operational flexibility and compatibility with renewable fuels 

such as ethanol. Ethanol presents a high octane number and high latent heat of vaporization, 

enabling operation at elevated compression ratios (CRs) and improved knock resistance 

(HEYWOOD, 1988).  

Furthermore, the employment of ethanol as a renewable alternative fuel, especially in 

nations such as Brazil with robust ethanol production infrastructure, presents potential for 

diminishing carbon emissions and improving engine efficiency (BENAJES et al., 2019). In 

range extender configurations, the ICE is decoupled from transient driving conditions, allowing 

operation under quasi-steady and optimized regimes. This enables improved brake thermal 

efficiency compared to conventional automotive applications (GUZZELLA; SCIARRETTA, 

2007). 

Thakur et al. (2017) reviewed the influence of key operating parameters, including 

equivalence ratio, intake pressure, and compression ratio (CR), on the performance of spark-

ignition engines, highlighting that their optimization can significantly improve thermal 

efficiency. In addition, Leone et al. (2015) demonstrated that the high octane rating of ethanol 

enables the use of higher compression ratios, leading to further improvements in engine 



efficiency. Furthermore, ethanol-fueled Otto engines present additional advantages in the 

Brazilian context, including the widespread availability of renewable fuel and reduced life-

cycle greenhouse gas emissions, reinforcing their suitability for sustainable hybrid propulsion 

systems. 

 

2.1.4  Thermal Storage Systems 

Thermal energy storage (TES) systems enable the temporal decoupling between heat 

availability and energy demand, thereby improving the utilization of intermittent or 

discontinuous thermal resources. Depending on the storage mechanism, TES technologies are 

generally classified into sensible heat storage, latent heat storage, and thermochemical storage. 

Sensible heat systems store energy by increasing the temperature of a solid or liquid medium, 

whereas latent heat systems exploit the enthalpy associated with a phase transition. 

Thermochemical systems store energy through reversible chemical reactions and generally 

offer higher energy densities, although they involve greater material and system complexity 

(DINCER; ROSEN, 2013; SHARMA et al., 2009). 

Sensible heat storage is technologically mature and commonly employs water, thermal 

oils, molten salts, rocks, concrete, ceramics, or packed-bed materials. The amount of energy 

stored in these systems depends on the mass of the storage medium, its specific heat capacity, 

and the allowable temperature variation. Consequently, sensible storage generally requires a 

relatively large temperature range or storage volume to achieve high storage capacities. 

Nevertheless, its operational simplicity, comparatively low material cost, and absence of phase-

transition-related degradation make it attractive for industrial and solar thermal applications. 

Xu et al. (2017), for example, investigated a sensible TES material consisting of sand 

saturated with a thermally conductive fluid. The objective was to improve the heat-transfer 

performance of conventional low-cost solid media while avoiding some of the thermal-

expansion limitations associated with concrete storage systems. Experimental tests and a 

validated one-dimensional transient enthalpy model indicated that fluid-saturated sand provided 

more effective thermal charging and discharging than dry sand. When evaluated for a 600 MW 

concentrated solar power plant operating between 400 and 500 °C, the proposed medium 

showed favorable energy storage and extraction characteristics. The use of low-cost materials 

and a relatively simple construction was also identified as a potential economic advantage. 

Although this concept does not employ latent heat storage, it illustrates the importance of 



combining storage capacity, heat-transfer performance, operating temperature, and cost when 

selecting a TES technology. 

Latent heat thermal energy storage employs phase change materials (PCMs), which 

absorb or release considerable amounts of thermal energy during a phase transition. Solid–

liquid PCMs are the most widely investigated because they usually provide high latent heat 

while avoiding the large volume variations and containment difficulties associated with liquid–

gas transitions. Since melting and solidification occur within a comparatively narrow 

temperature range, PCM-based systems can store and deliver heat at an approximately constant 

temperature. This characteristic allows higher energy storage density and improved temperature 

control compared with conventional sensible storage systems operating over the same 

temperature interval (AGYENIM et al., 2010; Zalba et al., 2003; SHARMA et al., 2009). 

PCMs have been extensively investigated in solar thermal systems, concentrated solar 

power plants, industrial waste heat recovery, building thermal management, refrigeration, 

electronics cooling, battery thermal control, and vehicle thermal management. Their principal 

advantage is not only the amount of energy stored per unit mass or volume, but also their ability 

to reduce the temporal mismatch between heat generation and heat demand. In waste heat 

recovery applications, this capability is particularly relevant because the thermal source may 

fluctuate considerably with the operating condition of the primary process or engine (MIRÓ; 

GASIA; CABEZA, 2016). 

PCM candidates are commonly classified as organic, inorganic, and eutectic materials. 

Organic PCMs, including paraffins and fatty acids, generally exhibit good chemical stability, 

limited supercooling, and congruent melting. However, they often have relatively low thermal 

conductivity, moderate latent heat per unit volume, and limited suitability for high-temperature 

applications. Inorganic PCMs, including salt hydrates, molten salts, metals, and metallic alloys, 

may provide higher volumetric energy density and broader high-temperature applicability. 

Their practical implementation, however, may be affected by corrosion, phase segregation, 

supercooling, chemical instability, or compatibility problems with containment materials. 

Eutectic mixtures combine two or more components in proportions selected to obtain a specific 

melting temperature and may offer relatively sharp phase transitions and tunable 

thermophysical properties (KENISARIN, 2010; MOHAMED et al., 2017). 

The selection of a PCM must therefore consider more than its latent heat and melting 

temperature. The phase-change temperature should match the temperature level of the heat 

source and the thermal requirements of the downstream process. Other relevant parameters 

include latent heat of fusion, specific heat, density, thermal conductivity, volume change during 



phase transition, vapor pressure, degree of supercooling, phase segregation, chemical stability, 

cycling durability, flammability, toxicity, corrosion behavior, availability, and cost. 

Compatibility between the PCM, heat exchanger, encapsulation, and containment materials is 

particularly important for high-temperature systems, since chemical reactions and corrosion can 

reduce service life and compromise operational safety (Zalba et al., 2003). 

Despite their favorable energy density, many PCMs exhibit low thermal conductivity. 

This limitation can produce slow melting and solidification rates, large internal temperature 

gradients, incomplete utilization of the storage medium, and reduced charging and discharging 

power. Therefore, the performance of a PCM storage system is determined not only by the 

intrinsic properties of the material but also by the design of the heat exchanger and the thermal 

interaction between the heat-transfer fluid and the PCM. Kalapala and Devanuri (2018) 

emphasized that operating conditions and geometric parameters, including heat-transfer-fluid 

temperature, mass flow rate, tube arrangement, heat-transfer area, PCM layer thickness, and 

exchanger configuration, strongly influence melting time, solidification time, thermal 

effectiveness, and overall storage performance. 

Several heat-transfer enhancement techniques have consequently been investigated. 

These include extended surfaces and fins, metal foams, expanded graphite matrices, highly 

conductive particles, nanoparticles, heat pipes, multiple tubes, encapsulation, and cascaded 

arrangements using PCMs with different melting temperatures. Although these techniques can 

improve thermal power and reduce charging and discharging times, they may also decrease the 

mass or volume fraction occupied by the PCM, increase pressure losses, add weight, raise 

manufacturing cost, or introduce additional thermal contact resistances. The thermal design 

therefore involves a compromise between storage density, heat-transfer rate, compactness, 

system mass, complexity, and cost (KALAPALA; DEVANURI, 2018). 

Encapsulation is another important design aspect. Macroencapsulation facilitates 

handling and replacement of the storage material and can increase the heat-transfer surface, 

whereas microencapsulation can improve material distribution and reduce leakage. 

Nevertheless, the encapsulation shell introduces additional thermal resistance and may be 

subjected to mechanical stresses caused by repeated volume changes. Long-term thermal 

cycling tests are thus necessary to evaluate changes in melting temperature, latent heat, 

chemical composition, structural integrity, and heat-transfer performance. 

For high-temperature waste heat recovery, inorganic salts, salt mixtures, metals, and 

metallic alloys are often more appropriate than conventional organic PCMs. High-temperature 

PCMs can be selected to match the temperature of combustion gases and to supply heat to a 



Rankine cycle at a relatively stable temperature. However, their use requires careful evaluation 

of corrosion, containment, thermal expansion, thermal stability, and compatibility with heat 

exchanger materials. Moreover, a high latent heat value alone does not guarantee superior 

system performance; the effective recoverable energy also depends on the heat exchanger 

effectiveness, the temperature difference available during charging and discharging, heat losses, 

and the fraction of the PCM that effectively undergoes phase change. 

In internal combustion engine applications, waste heat recovery has predominantly been 

investigated through directly coupled Rankine or Organic Rankine cycles. In such 

configurations, exhaust-gas heat is transferred directly to the working fluid while the engine is 

operating. Although direct coupling avoids the intermediate storage stage, the Rankine 

subsystem remains dependent on the instantaneous exhaust mass flow rate and temperature. 

Transient vehicle operation may therefore result in unstable evaporation conditions, variable 

working-fluid flow rates, reduced expander efficiency, and complex control requirements. The 

relatively low and highly variable power available from the bottoming cycle can also make the 

selection and operation of pumps, expanders, heat exchangers, and electric generators more 

challenging. 

Applications of PCMs in vehicles have primarily focused on engine warm-up, cabin 

heating, battery temperature control, electronics cooling, and thermal buffering of individual 

components. By contrast, the integration of a high-temperature latent heat storage unit between 

an ethanol-fueled internal combustion engine and a Rankine cycle for electrical power 

generation remains comparatively underexplored. In this arrangement, the PCM does not create 

additional exhaust energy or increase the theoretical exergy available from the engine. Instead, 

it accumulates exhaust heat over an extended charging period and releases it during a shorter 

discharge period, thereby increasing the instantaneous thermal power supplied to the Rankine 

cycle.  

This temporal decoupling represents the principal functional contribution of the thermal 

storage subsystem considered in the present study. It allows the engine and the bottoming cycle 

to operate under different temporal regimes and potentially enables the Rankine subsystem to 

operate closer to a selected design condition. As a result, the storage unit may reduce the direct 

dependence of the Rankine cycle on transient exhaust conditions, increase operational 

flexibility, and permit intermittent operation at a higher power level. Nevertheless, these 

benefits must be assessed together with the additional mass, volume, thermal losses, heat 

exchanger requirements, cost, and control complexity introduced by the PCM storage system. 

 



2.1.4.1   Heat Transfer Between Gaseous Streams and PCM-Based Thermal Storage Systems 

The integration of phase change materials into waste heat recovery systems requires an 

effective thermal interface between the heat source and the storage material. In systems driven 

by hot gaseous streams, such as internal combustion engine exhaust gases, heat is transferred 

sequentially by convection from the gas to the heat-exchanger wall, conduction through the 

wall and containment structure, and conduction and natural convection within the PCM during 

melting. 

The thermal performance of a gas-to-PCM storage system is therefore governed by 

several coupled resistances. On the gas side, the heat-transfer rate depends on exhaust-gas 

temperature, mass flow rate, specific heat capacity, velocity, flow regime, pressure drop, and 

heat-exchanger geometry. On the storage side, the main controlling parameters include PCM 

thermal conductivity, phase-transition temperature, latent heat, thickness of the PCM layer, 

encapsulation geometry, heat-transfer area, viscosity and the evolution of the solid–liquid 

interface. 

Agyenim et al. (2010) emphasized that the main limitation of latent heat thermal energy 

storage systems is frequently not the storage capacity of the PCM, but the rate at which thermal 

energy can be transferred during charging and discharging. The relatively low thermal 

conductivity of many PCMs can lead to long melting and solidification periods and incomplete 

utilization of the storage volume. Kalapala and Devanuri (2018) similarly concluded that heat-

exchanger geometry, heat-transfer-fluid temperature, mass flow rate, tube arrangement, PCM 

thickness, and the use of heat-transfer enhancement techniques strongly affect charging time, 

storage power, and overall system performance. 

During the initial stage of PCM melting, heat transfer is predominantly controlled by 

conduction through the solid material. As melting progresses, buoyancy-driven natural 

convection develops in the liquid PCM and may significantly increase the heat-transfer rate. 

However, this behavior is strongly dependent on exchanger orientation and geometry. During 

solidification, natural convection becomes progressively weaker, and conduction generally 

becomes the dominant heat-transfer mechanism. 

Because gaseous heat-transfer fluids generally have lower density and volumetric heat 

capacity than liquids, gas-to-PCM systems often require relatively large heat-transfer areas, 

extended surfaces, or compact channels to obtain adequate thermal power. Fins, metal foams, 

graphite matrices, heat pipes, multiple tubes, and cascaded PCM arrangements have been 



investigated to reduce thermal resistance and improve PCM utilization. Nevertheless, these 

techniques may increase pressure drop, component mass, manufacturing complexity, and cost. 

Experimental investigations confirm that no single heat-transfer efficiency can be 

universally applied to PCM storage systems. Medrano et al. (2009) evaluated different 

commercial heat exchangers operating as PCM thermal storage units and showed that the 

average charging and discharging powers varied substantially with exchanger type and 

operating conditions. Promoppatum et al. (2017) demonstrated experimentally and numerically 

that the dynamic response of an air–PCM cross-flow heat exchanger depends on PCM transition 

temperature, airflow conditions, and exchanger geometry. 

Studies specifically involving engine exhaust gases also demonstrate a strong 

dependence on the adopted configuration. Johar et al. (2016) developed a shell-and-tube latent 

heat storage unit using erythritol and exhaust gases from a stationary compression-ignition 

engine. The reported maximum charging efficiency was approximately 69.5%, while the 

amount of stored energy varied with engine load and exhaust conditions. Khader et al. (2024) 

experimentally integrated PCM compartments into an exhaust-gas heat exchanger for a micro-

combined heat and power system and observed a substantial increase in the duration of useful 

heat delivery. These studies confirm the technical feasibility of exhaust-gas-driven PCM 

storage but also show that system performance remains highly configuration-specific. 

Several definitions of effectiveness and efficiency are used in the literature. In the 

conventional effectiveness–NTU approach, heat-exchanger effectiveness represents the ratio 

between the actual heat-transfer rate and the maximum thermodynamically possible rate. For a 

PCM undergoing phase change at an approximately constant temperature, the maximum heat-

transfer rate is commonly referenced to the difference between the inlet heat-transfer-fluid 

temperature and the PCM melting temperature. The resulting effectiveness depends on the 

overall heat-transfer coefficient, heat-transfer area, fluid heat-capacity rate, and instantaneous 

phase-change state. 

Other studies define charging efficiency as the ratio between the energy stored in the 

PCM and the energy supplied by the heat-transfer fluid during the charging period. These 

definitions are not directly interchangeable. For example, experimentally reported charging 

efficiencies may include heat losses to the environment, incomplete melting, sensible heating 

of the container, and thermal inertia of auxiliary components, whereas classical heat-exchanger 

effectiveness is primarily associated with the temperature change of the fluid. 

Reported charging efficiencies for PCM systems commonly span a broad range. Zhang 

et al. (2020), for example, reported charging efficiencies between approximately 76.7% and 



90.2% for an enhanced PCM storage system under different inlet-temperature conditions. Amin 

et al. (2012) obtained optimized energy-storage effectiveness values in the range of 

approximately 68–75%. These results indicate that values close to 0.80 are achievable in 

suitably designed systems, but they should not be interpreted as universally representative of 

all PCM heat exchangers.  

For the simplified thermodynamic model developed in the present work, a nominal 

charging effectiveness of 0.80 was adopted. This parameter represents the fraction of the 

temperature-constrained recoverable exhaust heat that is effectively transferred to the PCM. 

The value should therefore be interpreted as an overall charging effectiveness factor rather than 

as a rigorously calculated effectiveness obtained from a detailed ε–NTU or UA-based heat-

exchanger model.  

The adopted value represents a high-performance but non-ideal heat-transfer 

configuration. Its use is consistent with the upper portion of the range reported for enhanced 

PCM storage systems, although direct experimental validation would be required for the 

specific exhaust-gas and LiCl–LiOH configuration proposed in this study. To address this 

uncertainty, the influence of charging effectiveness is evaluated through sensitivity analysis. 

Therefore, the thermal performance of the proposed storage system should not be 

attributed exclusively to the latent heat of the selected PCM. Practical operation will depend on 

the combined effects of PCM properties, gas-side convection, exchanger geometry, thermal 

contact resistance, heat losses, and phase-change dynamics. Future studies should determine 

the required heat-transfer area, overall heat-transfer coefficient, exhaust-side pressure drop, 

PCM temperature distribution, and effective charging and discharging rates through detailed 

numerical and experimental investigation. 

 

2.1.5   State of the Art: Series Hybrid Trucks with Biofuel-Powered Range Extenders 

The decarbonization of road freight transport is characterized by a dual and parallel 

trajectory: the rapid advancement of Battery Electric Trucks (BETs) and the persistent search 

for transitional solutions for segments where full electrification faces structural barriers. The 

ultimate goal for zero tailpipe emissions is BETs, but their widespread use in long-haul freight 

is limited by high initial costs, short range, payload penalties due to large battery packs, and the 

need for ultra-high-power charging infrastructure. Developing economies and specific 

logistical operations face particularly acute challenges, which create a critical niche for 

advanced hybrid architectures. 



Most recent research on hybrid electric trucks (HETs) focuses on parallel or power-split 

arrangements and energy management systems to improve fuel efficiency. A significant yet 

underexplored area exists within series hybrid systems that utilize ICEs only as small, high-

efficiency generators (range extenders) fueled by low-carbon biofuels. By separating the engine 

from the drivetrain, this technology allows the engine to work at its best Brake Specific Fuel 

Consumption (BSFC) level all the time, which makes the process of turning fuel into electricity 

more efficient. This technology, when integrated with a sustainable fuel such as hydrous 

ethanol, can realize significant Well-to-Wheel (WTW) greenhouse gas (GHG) reductions by 

utilizing current gasoline distribution networks and circumventing the grid reliance and mineral 

criticality linked to BETs. 

The author of this study confirmed this gap in the research through bibliometric analysis, 

published in a review article (GOMES et al., 2025) This observation indicates that the 

integrated application of these technologies remains a relatively unexplored research area. 

Although the technical viability of individual components is well-established, a holistic 

assessment of their combined techno-economic and environmental performance, especially for 

medium- and heavy-duty truck applications, is lacking. The review article main findings were:  

• Series hybrids allow for a significant downsizing of the battery pack, reducing 

the vehicle's cost, weight, and lifecycle environmental burden associated with battery 

production; 

• The use of alcohols (e.g., ethanol) in dedicated generator engines benefits from 

their high octane number and heat of vaporization, enabling higher CRs and improved thermal 

efficiency in optimized combustion cycles (e.g., Atkinson or Miller cycles);  

• The potential to integrate ORC systems or thermoelectric generators to recapture 

waste heat from the ICE generator exhaust and coolant presents a further avenue to increase the 

system's overall energy efficiency by 10-15%, a critical factor for total cost of ownership (TCO) 

competitiveness. 

In this context, the present dissertation positions itself at this research frontier. The 

dissertation seeks to enhance the field by developing and analyzing a novel hybrid vehicle 

design that employs a hydrous ethanol-powered range extender and incorporates WHR. The 

study will employ integrated analyses of energy systems, vehicle dynamics, and economic 

variables to assess the system's efficiency, emissions, and cost-effectiveness, particularly in 

regions such as Brazil that possess clean electricity and ample biofuel resources. This 

dissertation seeks to establish a scientifically sound framework for evaluating a practical and 



sustainable transition pathway for the freight sector, bridging the gap between existing ICE 

technology and a completely electric future by resolving the identified gap. 

 

2.1.6   Screw Expanders 

Screw expanders are positive-displacement machines that convert the pressure and 

enthalpy of a working fluid into mechanical power through the rotation of intermeshing helical 

rotors. Unlike turbines, in which power transfer is strongly associated with high fluid velocities, 

screw expanders generate work mainly through the pressure forces acting on the rotor surfaces 

as the confined working-fluid volume increases. Their lower internal fluid velocities make them 

less sensitive to droplet impingement and erosion, allowing operation with two-phase mixtures 

and wet steam conditions that would generally be unsuitable for conventional turbines. 

This characteristic makes screw expanders particularly attractive for small- and 

medium-scale Rankine cycle systems, waste heat recovery, geothermal power generation, and 

other applications involving variable thermal sources. Smith et al. (2011) demonstrated that 

screw expanders can operate with wet steam and proposed their use for recovering energy from 

internal combustion engine exhaust gases. According to the authors, the presence of liquid 

during expansion has a comparatively limited effect on the operating principle and efficiency 

of these machines because the fluid velocities are substantially lower than those found in 

turbomachinery. Therefore, screw expanders may tolerate a progressive reduction in steam 

quality during expansion without the severe blade-erosion problems associated with steam 

turbines. 

Smith et al. (2011) also compared a screw-driven wet-steam Rankine cycle with turbine-

driven Organic Rankine Cycle systems for exhaust-gas heat recovery. The analysis considered 

an isentropic expander efficiency of 75% for the screw expander and indicated that the wet-

steam configuration could achieve power outputs and cycle efficiencies comparable to, or 

higher than, the investigated ORC configurations. Additional advantages included the use of 

water as a low-cost, non-flammable, and environmentally benign working fluid, lower feed-

pump power requirements, and the possibility of direct coupling to conventional generators at 

relatively moderate rotational speeds. 

Despite these advantages, screw expanders are affected by internal leakage, friction, 

pressure losses, thermal deformation, rotor-profile design, built-in volume ratio, rotational 

speed, and clearance between the rotors and casing. Their performance may also decrease when 

the operating pressure ratio differs substantially from the machine’s design value, resulting in 



under-expansion or over-expansion. Furthermore, the relatively low density of steam at low 

exhaust pressures can lead to large volumetric flow rates and consequently increase the required 

expander size. This limitation can be mitigated by selecting a higher condensation pressure, 

using multiple expansion stages, or adapting the expander geometry to the expected operating 

conditions. 

For the PCM–Rankine subsystem investigated in the present study, the screw expander 

provides an appropriate alternative to a conventional turbine because it is suitable for relatively 

low power levels and can accommodate the formation of liquid during expansion. Although the 

working fluid enters the expander in a superheated state in the proposed model, it may leave 

the machine as wet steam. The ability of screw expanders to tolerate two-phase outlet conditions 

therefore supports the adopted Rankine cycle configuration and reduces the need for excessive 

inlet superheating solely to maintain dry steam throughout the expansion process. 

 

2.1.7   Steam cycles with screw expanders 

Positive displacement machines, particularly screw expanders, have emerged as a 

promising alternative to conventional turbines for small- and medium-scale power generation 

systems. Unlike turbomachinery, where energy transfer is primarily associated with high fluid 

velocities and momentum variation, screw expanders operate through volumetric expansion 

caused by pressure forces acting directly on the rotor surfaces. Consequently, fluid velocities 

inside these machines are significantly lower than those observed in turbines, reducing 

aerodynamic losses and sensitivity to two-phase flow effects. 

One of the major advantages of screw expanders is their ability to operate under wet-

steam conditions without severe performance degradation. The presence of liquid droplets 

during expansion has a considerably smaller impact on operation compared to conventional 

steam turbines, which are highly sensitive to blade erosion and flow instability. This 

characteristic makes screw expanders particularly suitable for waste heat recovery systems 

operating with moderate temperatures and low-to-medium pressure ratios. 

In the present work, the bottoming cycle is modeled as a steam Rankine cycle operating 

with moderately superheated steam at the expander inlet and slightly wet steam at the outlet, 

thereby limiting thermal stresses and avoiding unnecessarily high operating temperatures. 

Steam presents several advantages as a working fluid for the proposed application. Even 

at relatively moderate temperatures, water vapor exhibits high specific enthalpy and significant 



energy density compared to many organic working fluids. Furthermore, the pumping work 

required for pressurization remains relatively low due to the liquid-phase compression process. 

Another important consideration in steam-based screw expander systems is the 

condensing pressure. Very low condensing pressures may lead to excessively large volumetric 

flow rates, resulting in increased expander size. In the proposed configuration, the expander 

outlet pressure is maintained at atmospheric conditions, representing a practical compromise 

between maximizing expansion work and ensuring equipment feasibility. The steam condenser 

is designed as an open vessel operating as a direct-contact feedwater heat exchanger as 

illustrated in Fig. 4. 

 

Figure 4 - Rankine cycle based on steam screw expanders. 

Source: Adapted from SMITH et al. (2011) 

 

Therefore, steam screw expanders constitute an attractive solution for PCM-assisted 

waste heat recovery systems, particularly in applications involving intermittent operation and 

thermal energy storage, such as the proposed Carnot Battery Combined Cycle architecture. 

Several studies have demonstrated the suitability of screw expanders for wet-steam 

applications in waste heat recovery systems. According to SMITH et al. (2011), screw 

expanders can operate efficiently under two-phase expansion conditions due to their positive 

displacement characteristics and reduced sensitivity to liquid droplet formation compared to 

conventional turbines.  

Additionally, the presence of moderate liquid fractions during expansion may contribute 

to internal sealing effects between rotor clearances, partially reducing leakage losses and 

improving volumetric performance under certain operating conditions 



The use of moderate superheating in the present work was therefore selected as a 

compromise between improving vapor quality at the expander outlet and avoiding excessively 

high operating temperatures and pressures.  

Furthermore, screw expanders exhibit favorable operational characteristics for 

intermittent and transient operating conditions due to their relatively robust mechanical 

behavior and reduced sensitivity to flow fluctuations. This feature is particularly relevant for 

the proposed PCM-assisted Carnot Battery Combined Cycle, in which the Rankine subsystem 

may operate under non-steady thermal discharge conditions associated with the charging and 

discharging processes of the thermal energy storage system. 

 

3. METHODOLOGY 

3.1 General Modeling Approach 

This work employs a deterministic thermodynamic modeling methodology to evaluate 

the performance of an ethanol-fueled internal combustion engine integrated with a latent 

thermal energy storage (TES) system based on a phase change material (PCM) and a steam 

Rankine cycle (RC) for waste heat recovery (WHR). The proposed research framework and the 

energy flow among the engine, PCM storage unit, and Rankine cycle are illustrated in Figure 

5. The thermodynamic model was developed based on mass, energy, and exergy balances to 

quantify the performance of each subsystem and the overall CBCC. 

Unlike conventional WHR systems, in which the bottoming cycle operates 

simultaneously with the internal combustion engine, the proposed CBCC introduces temporal 

decoupling through latent thermal energy storage. During the charging stage, the internal 

combustion engine operates for a predetermined period, producing electrical power while 

transferring part of the exhaust-gas thermal energy to the PCM, where it is stored as latent heat. 

After the charging process is completed, the engine is switched off and the stored thermal 

energy is discharged to the steam Rankine cycle, which continues generating electrical power 

independently of engine operation. This sequential operating strategy enables the concentration 

of thermal energy into a shorter discharge period, increasing the instantaneous power available 

to the Rankine cycle while decoupling heat recovery from engine operation. This architecture 

represents a novel contribution in the context of ethanol-based range extenders. 

All simulations were conducted utilizing the Engineering Equation Solver (EES), which 

facilitates the resolution of coupled nonlinear algebraic equations through thermodynamic 

property libraries. 



The analysis is performed under steady-state conditions. At this level, transient effects, 

dynamic thermal inertia, and control strategies are not considered. The modeling framework is 

based on the conservation of mass and energy (First Law of Thermodynamics), neglecting 

variations in kinetic and potential energy. Accordingly, the governing equations are expressed 

as: 

Σ 𝑚̇𝑖𝑛 = Σ 𝑚̇𝑜𝑢𝑡 (1) 

Q̇ − Ẇ + Σ 𝑚̇𝑖𝑛ℎ𝑖𝑛 −  Σ 𝑚̇𝑜𝑢𝑡ℎ𝑜𝑢𝑡 = 0, (2) 

 

where 𝑚̇ is the mass flow rate, Q̇ is the heat transfer rate, Ẇ is the work rate, and h is the specific 

enthalpy. These equations constitute the fundamental balance equations applied to each control 

volume of the proposed CBCC, including the internal combustion engine, heat exchangers, 

pump, screw expander, condenser, and PCM thermal storage system. In addition, the Second 

Law of Thermodynamics is applied through exergy balances to evaluate the quality of energy 

flows, quantify irreversibilities, and determine the exergy efficiency of the proposed CBCC 

architecture. The ICE and Rankine subsystems are modeled under steady-state assumptions, 

whereas a simplified pseudo-transient energy accumulation model represents the PCM storage. 

The integrated system is divided into three subsystems: 

 Ethanol-fueled Otto-cycle internal combustion engine; 

 PCM-based TES system; 

 Steam RC with screw expander. 

Each subsystem is described in the following sections. Initially, a commercially 

available ethanol-fueled engine (Toyota 2NR-FBE, 1.5 L) was selected as a representative 

range extender to establish the boundary conditions for the subsequent development of the 

proposed CBCC architecture. The engine was thermodynamically modeled using EES to 

determine its main operating characteristics, including brake power, fuel consumption, exhaust 

gas temperature, exhaust mass flow rate, and the thermal and exergy potential of the exhaust 

stream. These results were subsequently used as boundary conditions for the design and analysis 

of the downstream subsystems, particularly the PCM-based thermal energy storage system and 

the Rankine cycle for waste heat recovery. 

 



Figure 5 – CBCC - ethanol-fueled internal combustion engine integrated with a latent TES 

system based on a PCM and a steam RC for WHR. 

Source: Author’s own elaboration. 

 

In contrast to traditional WHR systems, the TES establishes a temporal sep ration 

between energy acquisition and application. The engine delivers heat consistently at a modest 

rate at high temperature, while the TES facilitates energy storage for subsequent release at an 

elevated thermal power level. This method allows the RC to deliver mechanical power close to 

that of the topping cycle. 

It is crucial to highlight that the system's performance is contingent upon the heat 

transfer efficiency of the TES heat exchanger, including thermal conductivity, surface area, and 

phase-change dynamics when using PCM. 

The thermal storage subsystem was evaluated through two complementary levels of 

modeling. First, an energy-capacity formulation was employed to quantify the thermal energy 

accumulated during the charging period and the corresponding PCM mass. In this preliminary 

approach, the storage system is treated as an ideal thermal buffer, in which the energy 

accumulated in the PCM is calculated as: 



𝐸𝑃𝐶𝑀 = 𝑄̇𝑃𝐶𝑀𝑡𝑐ℎ𝑎𝑟𝑔𝑒, (3) 

where 𝐸𝑃𝐶𝑀 is the energy stored in the PCM (kJ), 𝑄̇𝑃𝐶𝑀PCM is the charging thermal power 

(kW), and 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 is the charging time (s). Assuming that the storage process is dominated by 

latent heat, the PCM mass is determined from: 

𝑚𝑃𝐶𝑀 =
𝐸𝑃𝐶𝑀

Δℎ𝑓𝑢𝑠
, (4) 

where Δℎ𝑓𝑢𝑠 is the latent heat of fusion of the selected PCM (kJ/kg). This preliminary 

formulation is useful for illustrating the temporal decoupling concept because it relates the 

energy recovered from the exhaust gases to the storage capacity independently of the heat-

transfer limitations. Subsequently, the model was refined by introducing a temperature 

constraint between the exhaust gases and the PCM. To ensure a feasible heat transfer during 

the charging process, the exhaust-gas outlet temperature was constrained according to: 

𝑇𝑒𝑥ℎ,𝑜𝑢𝑡 ≥ 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 + Δ𝑇𝑚𝑖𝑛, (5) 

where 𝑇𝑒𝑥ℎ,𝑜𝑢𝑡 is the exhaust-gas outlet temperature, 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 is the effective phase-change 

temperature of the PCM, and Δ𝑇𝑚𝑖𝑛 is the minimum temperature approach adopted in the 

charging heat exchanger. This constraint ensures that heat can only be transferred while a 

sufficient temperature difference exists between the exhaust gases and the PCM. Consequently, 

only the fraction of the exhaust-gas thermal energy above this limiting temperature is 

considered recoverable for thermal storage. Based on this constraint, the recoverable thermal 

power is calculated as: 

𝑄̇𝑟𝑒𝑐 = 𝑚̇𝑒𝑥ℎ𝑐𝑝,𝑒𝑥ℎ(𝑇𝑒𝑥ℎ,𝑖𝑛 − 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 − Δ𝑇𝑚𝑖𝑛) (6) 

The thermal power effectively stored in the PCM is then expressed as: 

𝑄̇𝑃𝐶𝑀 = 𝜖𝐻𝑋𝑄̇𝑟𝑒𝑐, (7) 

where 𝑚̇𝑒𝑥ℎ is the exhaust-gas mass flow rate, 𝑐𝑝,𝑒𝑥ℎ is the specific heat of the exhaust gases, 

𝑇𝑒𝑥ℎ,𝑖𝑛 is the exhaust-gas inlet temperature, 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 is the effective PCM phase-change 

temperature, Δ𝑇𝑚𝑖𝑛 is the minimum temperature approach imposed in the charging heat 

exchanger and 𝜖𝐻𝑋 is the effectiveness of the charging heat exchanger. 

This refined formulation was adopted for the final performance assessment because it 

distinguishes the total thermal energy carried by the exhaust gases from the fraction that can be 



effectively transferred to the PCM at the required temperature level. During the discharge 

process, the thermal power supplied to the Rankine evaporator is obtained by dividing the stored 

energy by the prescribed discharge time: 

𝑄̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝐸𝑃𝐶𝑀

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 , (8) 

which represents the thermal power available to the bottoming cycle. 

In this formulation, the thermal power available for charging is limited by the exhaust-

gas inlet temperature, the effective PCM phase-transition temperature, and a minimum 

temperature approach in the charging heat exchanger. The refined formulation was used for the 

final performance assessment because it distinguishes the total thermal energy carried by the 

exhaust gases from the fraction that can be effectively transferred at the required temperature 

level. 

 

3.2 Internal Combustion Engine Model 

3.2.1  Engine Configuration and Assumptions 

A real four-stroke, spark-ignition internal combustion engine operating according to the 

real Otto cycle at full-load conditions and fueled with hydrated ethanol (C₂H₅OH) was adopted 

as the ICE model. The Otto cycle was selected due to the high octane rating of ethanol, which 

enables operation at elevated compression ratios while maintaining knock resistance, thereby 

allowing the development of a relatively simple engine configuration capable of producing 

substantial power relative to its size. The model was developed under the assumptions of 

steady-state operation, ideal gas behavior for both air and combustion products, complete 

combustion, and a homogeneous air–fuel mixture within the cylinder. Compression and 

expansion processes were represented using a polytropic approach, assuming negligible heat 

transfer during these stages. In addition, mechanical losses associated with friction, pumping, 

and auxiliary components were accounted for through a variable mechanical efficiency 

formulation based on friction mean effective pressure correlations. 

Thermodynamic modeling was based on the solution of a set of equations representing 

a standard four-stroke Otto cycle, following Martins (2013), as illustrated in Fig. 6. Basically, 

the cycle is comprised of a polytropic compression (stage 2 to 3), energy addition at near 

constant volume (state 3 to 4), and polytropic expansion with heat losses to the cylinder wall 

(state 4 to 5) and cylinder exhausting (state 5 to 6). To close the ideal cycle, heat rejection would 

takes place after the flue gas expansion in the turbocharger, process 7-1. Processes 0-1 and 6-7 



take place in the engine turbocharger and 1-2 in the aftercooler. The working fluid in states 1 

to 3 is air, for simplicity and the products of the fuel oxidation comprises the fluid mixture from 

state 4 up to state 7. Process 2 to 3 is irreversible and the expansion from 4 to 5 accounts for 

the heat losses to the cylinder walls. 

In the model, heat transfer to the wall is significant during expansion (εp). Additional 

engines losses related to the exhaust (εexh) and intake (εR\) are also considered, as suggested by 

Martin et al. (2015). 

The thermodynamic model of the baseline ethanol-fueled range extender engine, 

implemented in the EES software system, provide performance data of the ICE-cycle and 

relevant information to design the suggested TES-Rankine WHR system. Appendix 1 includes 

the EES code for modeling the motor. 

 

Figure 6 - Otto cycle and main thermodynamic states in the temperature and entropy chart. 

 

 

 

 

 

 

 

 

 

 

 

Source: Adapted from Martins (2013). 

 

3.2.2 Geometric data of the ICE 

The proposed model employs a four-cylinder spark-ignition engine operating at a 

constant rotational speed. For the initial engine modeling, a widely used model in the country 

was chosen: the Toyota 2NR-FBE engine, a 1.5-liter engine used in the Etios and Yaris models. 

The primary geometric parameters are specified below: 

 Number of cylinders: 4; 

 Bore (B): 72.5 mm; 



 Stroke (S): 90.6 mm; 

The operating parameters are: 

 CR: 14; 

 Turbocharger pressure: 1.5 bar. 

 ϕ (equivalence ratio): 0.8; 

 Engine speed: 4500 rpm. 

 

The displacement volume of each cylinder is determined as follows: 

𝑉𝑑 =
𝜋

4
𝐵2𝑆, (9) 

 

B represents the cylinder bore, whereas S denotes the piston stroke. The total engine 

displacement volume (𝑉𝑑,𝑡𝑜𝑡𝑎𝑙) is calculated by multiplying the displacement of a single 

cylinder by the total number of cylinders. 

The clearance volume is determined from the CR: 

𝑉𝑐 =
𝑉𝑑

𝐶𝑅 − 1
 (10) 

 

The cylinder volume at bottom dead center (𝑉𝐵𝐷𝐶) and top dead center (𝑉𝑇𝐷𝐶) are then 

given by: 

𝑉𝐵𝐷𝐶 =  𝑉𝑑 + 𝑉𝑐 (11) 

𝑉𝑇𝐷𝐶 =  𝑉𝑐 (12) 

 

The geometric parameters delineate the control volumes employed in the 

thermodynamic cycle simulation. 

 

3.2.3 Optimization Procedure – Genetic Method 

A genetic algorithm (GA) optimization procedure was implemented in the Engineering 

Equation Solver (EES) to optimize the thermal energy storage (TES)–Rankine subsystem. In 

the final formulation adopted in this study, the internal combustion engine was treated as a fixed 

thermal source, whereas the GA was applied exclusively to the PCM–Rankine subsystem. This 



approach isolates the influence of the thermal storage and bottoming cycle parameters on the 

overall system performance while maintaining the engine operating conditions unchanged. 

The optimization procedure was developed to determine the operating conditions that 

maximize the thermodynamic performance of the PCM-assisted Rankine cycle while satisfying 

the operating constraints of the screw expander and the thermal energy storage system. The 

optimization variables considered were the Rankine cycle evaporation pressure, condenser 

pressure, superheating degree at the expander inlet, and PCM charging time. 

The genetic algorithm was configured using a population of 4–5 individuals per 

generation, 6–8 generations, and a maximum mutation rate of 5–8%. These parameters were 

selected to provide an adequate balance between computational effort and convergence 

stability, considering the relatively small optimization problem involving four decision 

variables. The following optimization variables were selected: 

 Expander inlet pressure (𝑃1); 

 Expander outlet pressure (𝑃2); 

 Degree of superheating (Δ𝑡𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡). 

These variables were selected because of their strong influence on Rankine cycle 

efficiency, vapor quality during expansion, thermal storage capacity, and operational flexibility. 

The optimization objectives included: 

 Maximization of the thermodynamic performance of the PCM–Rankine 

subsystem (𝑊̇𝑛𝑒𝑡); 

 Maximization of Rankine cycle efficiency (𝜂𝑅𝐶). 

The optimization process follows the steps below: 

1. Initialization: A population of candidate solutions is generated with 

random values of the optimization variables within predefined physical limits; 

2. Evaluation: Each candidate solution is evaluated using the 

thermodynamic PCM–Rankine model developed in EES; 

3. Selection: The best-performing individuals are selected according to the 

objective function value; 

4. Crossover and Mutation: New solutions are generated through 

recombination and mutation operators, maintaining diversity in the search space; 

5. Convergence: The algorithm iterates until convergence criteria are 

satisfied, such as minimal improvement between generations or the maximum number 

of iterations. 



The optimization ranges adopted in the present study are: 

 

800 𝑘𝑃𝑎 ≤ 𝑃1 ≤ 1200 𝑘𝑃𝑎 

110 𝑘𝑃𝑎 ≤ 𝑃2 ≤ 200 𝑘𝑃𝑎 

0 °C ≤ Δ𝑡𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡 ≤ 20 °C 

 

These limits ensure physically realistic operating conditions and prevent excessive 

moisture formation during the expansion process. The upper limit adopted for the expander 

inlet pressure was established based on commercially available screw compressor technology. 

According to technical specifications provided by DENAIR screw compressor systems, 

pressure levels around 12 bar represent a practical operating limit for standard industrial screw 

machines. Since the present study considers the possibility of operating a commercially 

available screw compressor in reverse mode as a screw expander, the optimization range was 

intentionally restricted to values compatible with existing market equipment. This approach 

increases the technological feasibility of the proposed system and avoids optimization results 

that would require custom-designed expansion machinery. 

 

3.2.4 Compilation of results – Genetic Method 

In this work, the optimization strategy follows a weighted-function approach, whereby 

multiple competing objectives are combined into a single scalar objective function through 

weighting factors. This methodology is widely employed in multi-objective optimization 

problems because it allows the evaluation of trade-offs between different performance 

indicators (MARLER; ARORA, 2010). 

In the present study, the weighted objective function was applied to the PCM–Rankine 

subsystem in order to simultaneously maximize electrical power generation and 

thermodynamic efficiency while maintaining suitable operating conditions for the screw 

expander and the thermal storage system. 

The adopted objective function is expressed as: 

 

𝐹 = 0.5 (
𝑊̇𝑅𝐶,𝑛𝑒𝑡

𝑊̇𝑟𝑒𝑓

) + 0.3 (
𝜂𝑅𝐶

𝜂𝑟𝑒𝑓
) + 0.2 (

𝑥2

𝑥𝑟𝑒𝑓
) (13) 

 

Where: 



 𝑊̇𝑅𝐶,𝑛𝑒𝑡 is the net electrical power output of the Rankine cycle; 

 𝜂𝑅𝐶 is the Rankine cycle thermal efficiency; 

 𝑊̇𝑟𝑒𝑓, 𝜂𝑟𝑒𝑓 and 𝑥𝑟𝑒𝑓 are reference normalization values. 

Reference values were selected based on the maximum values obtained during 

preliminary simulations and were used exclusively to normalize the objective function. The 

selected weighting factors were chosen to prioritize power generation while simultaneously 

preserving acceptable vapor quality and operational flexibility. The inclusion of vapor quality 

in the objective function is particularly important for screw expander operation, since excessive 

liquid fractions may negatively affect mechanical performance and volumetric efficiency. 

 

3.2.5 Combustion Stoichiometry and Product Composition 

Ethanol combustion was represented using a specific function implemented in the EES 

code. Accordingly, the reaction considered in the model is expressed as follows: 

𝐶2𝐻6𝑂1 + 𝑎 (𝑂2 + 3,76 𝑁2) → 𝑏𝐶𝑂2 + 𝑑𝐻2𝑂 + 𝑒𝑁2 + 𝑓𝑂2 (14) 

 

The stoichiometric coefficients are determined by the elemental balance of carbon, 

hydrogen, and oxygen. The mass fractions of the combustion products are derived from this 

formulation as follows. The mass fractions are utilized to assess the thermodynamic parameters 

of the exhaust gases via mixture property relations. The equivalency ratio ϕ (equation 18) 

denotes the condition of the air-fuel mixture and may vary from 0.6 to 1.0 in spark ignition 

engines. 

  

3.2.6 Mass Flow Rate Calculations 

Although volumetric formulations are widely used in internal combustion engine 

analysis, they are not adopted in the present work. Instead, the intake process is modeled using 

mass and energy balances, ensuring thermodynamic consistency with the cycle simulation 

implemented in EES. 

𝑚̇𝑎𝑖𝑟 = 𝜂𝑣𝜌𝑖𝑛𝑡𝑎𝑘𝑒𝑉𝑑,𝑡𝑜𝑡𝑎𝑙

𝑁

2
 (15) 

 



This formulation is widely used in internal combustion engine analyses (HEYWOOD, 

1988). However, this approach assumes ideal volumetric filling and neglects thermodynamic 

effects during the intake process. 

In this work, a more detailed approach is adopted based on mass and energy balances, 

following the methodology presented by STONE (1992). The intake process is modeled as an 

open system, where the inducted mass is determined from: 

𝑚𝑖𝑛 =  𝑚𝑎𝑖𝑟 + 𝑚𝑓𝑢𝑒𝑙 (16) 

 

Combined with the first law of thermodynamics: 

𝑚𝑖𝑛ℎ𝑖𝑛 =  𝑃𝑖𝑛𝑡𝑎𝑘𝑒(𝑉2 − 𝑉1) + 𝑚2𝑢2 − 𝑚1𝑢1, (17) 

 

where: 

 𝑚𝑖𝑛 is the mass of the inducted air–fuel mixture during the intake process (kg);  

 ℎ𝑖𝑛 is the specific enthalpy of the inducted mixture at the intake conditions (kJ/kg); 

 𝑃𝑖𝑛𝑡𝑎𝑘𝑒 is the intake manifold pressure (kPa); 

 𝑉1 is the cylinder volume at the beginning of the intake stroke (m³); 

 𝑉2 is the cylinder volume at the end of the intake stroke (m³); 

 𝑚1 is the mass contained in the cylinder at the beginning of the intake process (kg); 

 𝑚2 is the mass contained in the cylinder at the end of the intake process (kg); 

 𝑢1 is the specific internal energy of the cylinder contents at the beginning of the intake 

process (kJ/kg); 

  𝑢2 is the specific internal energy of the cylinder contents at the end of the intake 

process (kJ/kg). 

Equation 17 allows the intake mass to be determined consistently with the 

thermodynamic state of the working fluid, improving the accuracy of the model. The separation 

between air and fuel is performed using the oxidizer-to-fuel ratio (OF), defined as: 

𝑂𝐹 =  
𝑚𝑎𝑖𝑟

𝑚𝑓𝑢𝑒𝑙
 (18) 

 

Based on the chemical composition of the fuel, the stoichiometric oxidizer-to-fuel ratio 

(𝑂𝐹𝑠𝑡) defines the exact amount of air required for complete combustion. 



In contrast, the actual oxidizer-to-fuel ratio (𝑂𝐹𝑎𝑐𝑡) corresponds to the real operating 

condition of the engine and is calculated from the target equivalence ratio (𝜙): 

𝜙 =
𝑂𝐹𝑠𝑡

𝑂𝐹𝑎𝑐𝑡
 (19) 

 

This formulation allows direct control of the air–fuel mixture in the model. In this study, 

a range of 0.7 to 1.0 was investigated. Lower equivalence ratio favors decreased engine exhaust 

gas temperature and  power at slightly improved thermal efficiency relative to the 

stoichiometric condition.  

During the intake process, fresh air enters the cylinder at the intake pressure and 

temperature provided by the turbocharging system. The mass entering the cylinder is 

determined from the energy balance: 

𝑚𝑖𝑛ℎ𝑖𝑛 = 𝑃(𝑉𝐵𝑇𝐶 − 𝑉TDC) + 𝑚2𝑢2 −  𝑚1𝑢1 (20) 

 

The mass in the cylinder is given by 𝑚1 = 𝑉𝑇𝐷𝐶/𝜈1,  for state 1 and  𝑚2 = 𝑉𝐵𝑇𝐶/𝜈2 for 

state 2. 

The compression stroke is modeled as a polytropic process: 

𝑃3𝑉3

𝑛𝑐𝑜𝑚𝑝 = 𝑃2𝑉2

𝑛𝑐𝑜𝑚𝑝
 (21) 

 

The polytropic exponent 𝑛𝑐𝑜𝑚𝑝 is approximated from the ratio of specific heats of air 

considering a non-adiabatic process and can be estimated from  

𝑛𝑐𝑜𝑚𝑝 = 𝑓1

𝑐𝑝

𝑐𝑣
 (22) 

 

The parameter f1 may vary between 0.93 and 0.98, indicating that the process is not 

perfectly adiabatic. Its value should be determined iteratively, adjusting it until the model 

predictions closely match the actual engine performance, when such data are available. 

The work associated with compression is calculated from: 

𝑊𝑐𝑜𝑚𝑝 =
𝑃3𝑉3 −  𝑃2𝑉2

1 − 𝑛𝑐𝑜𝑚𝑝
 (23) 

 



The combustion process is modeled as a constant-volume heat addition process 

occurring near top dead center. The energy balance during combustion is given by: 

𝑄𝑖𝑛 = 𝑚4𝑢4 − 𝑚3𝑢3 (24) 

 

The internal energy of the combustion products is evaluated as a mixture of the 

individual species contributions weighted by their mass fractions. 

The expansion stroke (state 4 → state 5) is modeled as a polytropic process: 

 

𝑃5𝑉5

𝑛𝑒𝑥𝑝 = 𝑃4𝑉4

𝑛𝑒𝑥𝑝
 (25) 

 

The expansion process (state 4 → state 5) is modeled as a polytrophic transformation: 

𝑃𝑉𝑛𝑒𝑥𝑝 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (26) 

 

In conventional simplified models, the polytrophic exponent is typically assumed based 

on literature values for burned gases. However, in the present work, the exponent is not fixed a 

priori. Instead, the effective polytrophic behavior emerges implicitly from the combined 

solution of the pressure–volume relation and the energy balance: 

0 = 𝑊𝑒𝑥𝑝 + 𝑄𝑒𝑥𝑝 + 𝑚5𝑢5 − 𝑚4𝑢4 (27) 

 

The cycle energy balance is given by the ratio of relevant parameter to the energy input 

to the cycle (QLHV). The relative contribution are giving by the indicated engine efficiency 

(𝜂𝑖𝑛𝑑 = 𝑊𝑖𝑛𝑑 𝑄𝐿𝐻𝑉⁄ ), engine cooling losses through cylinder walls (𝜀𝑃 = 𝑄𝑒𝑥𝑝 𝑄𝐿𝑉𝐻⁄ ), losses 

to the engine exhaust (𝜀𝐸 = 𝑄𝑒𝑥ℎ 𝑄𝐿𝐻𝑉⁄ ), and intake breathing losses (𝜀𝑅 = 𝑊𝑅 𝑄𝐿𝐻𝑉⁄ ). Losses 

from the exhaust (𝜀𝐸) are estimated from the relative entalphy of the state 7 in Fig. 6. For a 

turbo-charge engine, intake losses (𝜀𝑅) are negligible.  

As in Martin et al. (2015), cooling losses depend on the charging coefficient (r), mean 

piston velocity (w), piston diameter (D), and the engine compression ratio (χ),  

 

𝜀𝑃 = 0.015(𝑟𝑤𝐷)−0.2(𝜒0,8 + 3𝜒−0.4) (28) 

 



By combining the heat losses to the cylinder walls with the energy balance during 

expansion, the polytropic exponent (𝜂𝑒𝑥𝑝). can be determined. This approach allows the 

expansion process to account for heat transfer effects and variations in thermodynamic 

properties of the combustion products, leading to a more realistic representation of the in-

cylinder process compared to constant-exponent assumptions. 

𝑊𝑒𝑥𝑝 =
𝑃5𝑉5 − 𝑃4𝑉4

1 − 𝑛𝑒𝑥𝑝
 (29) 

 

This process represents the main work-producing stage of the engine. 

During the exhaust process, the burned gases are discharged from the cylinder to the 

exhaust manifold. 

At state 6, the gas temperature is taken as the exhaust temperature, (Texh) Its value is 

obtained from the entropy balance under the assumption that the residual gases inside the 

cylinder undergo an isentropic process. The exhaust mass flow rate is obtained from the overall 

mass balance of the engine: 

𝑚̇𝑒𝑥ℎ = 𝑚̇𝑎𝑖𝑟 + 𝑚̇𝑓𝑢𝑒𝑙 (30) 

 

Assuming steady-state operation and negligible mass accumulation inside the control 

volume. 

 

3.2.7 Brake Power Calculation 

The net work per cycle produced by the engine is obtained from the difference between 

expansion and compression work: 

𝑊𝑛𝑒𝑡 =  𝑊𝑒𝑥𝑝 + 𝑊𝑐𝑜𝑚𝑝 (31) 

 

The engine power output is determined from the number of thermodynamic cycles 

occurring per unit time. For a four-stroke engine, each cylinder completes one cycle every two 

crankshaft revolutions. Therefore, the brake power is calculated as 

𝑊̇𝑛𝑒𝑡 = 𝑊𝑛𝑒𝑡

𝑁𝑐𝑦𝑙

2. 𝑝𝑒𝑟𝑖𝑜𝑑
 (32) 

 

Where: 

 𝑁𝑐𝑦𝑙 is the number of cylinders; 



 N is the engine rotational speed in revolutions per second; 

Brake power is subsequently obtained by applying the mechanical efficiency to account 

for friction and auxiliary losses. 

𝑊̇𝑏𝑟𝑎𝑘𝑒 = 𝜂𝑚𝑒𝑐 . 𝑊̇𝑛𝑒𝑡 (33) 

 

In this work, the friction mean effective pressure is estimated using an empirical 

correlation that includes contributions from baseline friction, cylinder pressure effects, and 

piston speed. This approach allows the mechanical efficiency to vary with engine operating 

conditions, providing a more realistic representation compared to constant-efficiency 

assumptions. 

The mechanical efficiency, in terms of mean pressures can be estimated by 

𝜂𝑚𝑒𝑐 = 1 − 𝑃𝑓 𝑃𝑖⁄  (34) 

 

In equation 34, mean piston friction pressure due to piston rings and lubrication is given 

by 

𝑃𝑓 = 𝑃𝑓,0 + 𝑘𝑠(2𝑃𝑐 + 𝑃𝑖)𝑘𝑤 𝑤 𝐷⁄  (35) 

 

For liquid fuels, 𝑃𝑓,0, is taken as 70 kPa, and ks and kw are, respectively, 0.02 and 0.7 

kPa-s (Martins, 2013). The mean compression and indicated pressures are given, respectively, 

by 

𝑃𝑐 = 𝑟𝑝0(𝑇1 𝑇0⁄ ) (𝜒𝜉 − 1) 𝜉⁄  (36) 

𝑃𝑖 = 𝜂𝑖𝑛𝑑𝑟𝜌0 𝜙𝐿𝐻𝑉 𝑂𝐹𝑠𝑡𝑜𝑖⁄ , (37) 

 

where 𝜌0 is the density of the fresh charge (air–fuel mixture) at the intake conditions, evaluated 

from the intake pressure and temperature using the ideal gas equation and 

𝜉 = 0.277 + 0.06[1 − 𝜙 + (1 − 0.1𝜒0.5)(1 − 𝜙)2.5] (38) 

 

The convenience factor is the exponent of the compression ratio in the Otto cycle 

thermal efficiency for different equivalence ratio (Martin et al., 2015). 

 



3.2.8 Exhaust Gas and Heat Availability 

Based on the thermodynamic state at the end of the exhaust process, the exhaust-gas 

temperature is calculated as follows: 

𝑇𝑒𝑥ℎ =  𝑇6 (39) 

 

The thermal power available in the exhaust gases is calculated using the sensible 

enthalpy difference relative to the ambient reference temperature: 

𝑄̇𝑒𝑥ℎ = 𝑚̇𝑒𝑥ℎ𝑐𝑝,𝑒𝑥ℎ(𝑇𝑒𝑥ℎ − 𝑇𝑟𝑒𝑓) (40) 

 

Where 𝑐𝑝,𝑒𝑥ℎ is the specific heat capacity of the combustion product mixture and 𝑇ref is 

the reference temperature of 363 K (90 °C), which represents a practical lower limit for effective 

heat recovery in thermal systems (MORAN; SHAPIRO; BAILEY, 2018; SAIDUR; AHAMED; 

MASJUKI, 2010). 𝑇ref = 363 K was adopted as the practical lower temperature limit for heat 

recovery, which represents a practical lower limit for efficient heat recovery rather than the 

environmental dead state, whereas 𝑇0 = 298 K represents the environmental dead-state 

condition used in exergy calculations. This heat stream represents the energy source used for 

charging the phase change material thermal storage system and for driving the RC subsystem. 

 

3.3 Engine Efficiency 

The chemical energy supplied by the fuel is determined from the fuel mass flow rate 

and the lower heating value (LHV). The LHV value of hydrous ethanol, used in the engine 

modeling, is 26.36 MJ/kg.(ANP, 2025). 

𝑄̇𝑓𝑢𝑒𝑙 = 𝑚̇𝑓𝑢𝑒𝑙. 𝐿𝐻𝑉 (41) 

 

The brake thermal efficiency of the engine is defined as: 

𝜂𝑏𝑡ℎ =
𝑊̇𝑏𝑟𝑎𝑘𝑒

𝑄̇𝑓𝑢𝑒𝑙

 (42) 

 

This parameter quantifies the fraction of fuel chemical energy converted into useful 

mechanical power. 

 

 



3.4 Exergy Analysis 

Exergy is defined as the maximum theoretical useful work that can be obtained from a 

system as it comes into equilibrium with a reference environment. Unlike energy, which is 

conserved, exergy is destroyed due to irreversibility associated with real processes, such as heat 

transfer across finite temperature differences, friction, and mixing. 

Flow exergy can be separated into physical and chemical components. Within the scope 

of this study, physical exergy is used to assess the thermal potential of the exhaust gases for 

waste heat recovery, whereas chemical exergy is considered in the calculation of fuel exergy. 

In internal combustion engines, a significant fraction of the fuel chemical energy is 

rejected through the exhaust gases. However, only part of this energy is thermodynamically 

available for conversion into useful work. The exergy analysis provides a more realistic 

measure of the recoverable energy potential compared to a simple energy balance. 

Exergy analyses of internal combustion engines reported by Heywood (2018), 

Rakopoulos and Giakoumis (2006), and Caton (2018) have shown that the ratio of exhaust-gas 

exergy to exhaust-gas thermal energy generally lies between 40% and 60%, depending 

primarily on exhaust temperature, engine load, and combustion characteristics. This indicates 

that, although a considerable amount of thermal energy remains in the exhaust gases, only part 

of this energy can be converted into useful work because of the limitations imposed by the 

Second Law of Thermodynamics. 

Therefore, exergy analysis is an essential tool for evaluating the real potential of WHR 

systems, such as RCs, particularly when coupled with TES systems. 

In ICEs, a significant portion of the fuel’s chemical exergy is degraded during 

combustion and rejected through exhaust gases and cooling systems. Therefore, exergy analysis 

enables the identification of true efficiency limits and highlights opportunities for improving 

energy utilization, particularly in WHR applications (DINCER; ROSEN, 2013). 

The exergy analysis of the exhaust gases was performed to evaluate the thermodynamic 

quality of the energy available for recovery. The physical exergy of the exhaust gas stream was 

calculated using: 

𝐸̇𝑥 = 𝑚̇[(ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0)] (43) 

 

Where ℎ and 𝑠 are the specific enthalpy and entropy of the flow; ℎ0 and 𝑠0 are the 

properties evaluated at environmental conditions; 𝑇0 is the ambient temperature; and 𝑚̇ is the 

mass flow rate. The thermodynamic properties of the exhaust gases were derived using mixture 



relations based on the composition of the combustion products. The reference environment was 

established at 𝑇0 = 298 K and 𝑃0 = 1 atm. 

Exergy efficiency is calculated using the equation below and represents the ratio 

between the useful mechanical work delivered by the engine (brake power) and the chemical 

exergy of the fuel supplied to the system. Unlike conventional thermal efficiency, which is 

based solely on energy conservation, exergy efficiency accounts for the quality of energy and 

the irreversibilities associated with real processes, providing a more realistic measure of system 

performance (DINCER; ROSEN, 2013; MORAN; SHAPIRO; BAILEY, 2018). 

𝜂𝑒𝑥 =
𝑊̇𝑏𝑟𝑎𝑘𝑒

𝐸𝑥̇𝑓𝑢𝑒𝑙

 (44) 

 

Where 𝑊̇𝑏𝑟𝑎𝑘𝑒 is the brake power output of the engine and 𝐸𝑥̇𝑓𝑢𝑒𝑙 is the rate of chemical 

exergy supplied by the fuel. The chemical exergy of the fuel can be estimated as a function of 

its lower heating value (LHV), adjusted by a correction factor that accounts for the fuel 

composition (SZARGUT; MORRIS; STEWARD, 1988). 

In ICEs, the exergy efficiency is typically lower than the corresponding thermal 

efficiency due to the significant exergy destruction occurring during combustion, heat transfer, 

and fluid flow processes. These irreversibilities degrade the ability of the system to convert the 

available work potential into useful output. Consequently, exergy efficiency serves as a key 

indicator for identifying performance limitations and guiding the improvement of energy 

conversion systems, particularly in applications involving WHR and advanced thermodynamic 

cycles (DINCER; ROSEN, 2013; HEYWOOD, 1988). 

In the context of the present study, the exergy efficiency is used to evaluate the 

effectiveness of the ethanol-fueled range extender and to quantify the potential benefits of 

integrating the CBCC, especially in terms of improved utilization of the fuel’s thermodynamic 

potential. 

Based on the sensible enthalpy difference between the exhaust gases and the reference 

state, the exhaust-energy rate was calculated according to Equation 40. To further assess the 

thermodynamic quality of this energy stream, the ratio between exergy and energy was 

introduced as a performance indicator: 

 

𝐸̇𝑥𝑓𝑢𝑒𝑙
= 𝑚̇𝑓𝑢𝑒𝑙 . 𝛽 ⋅ 𝐿𝐻𝑉 (45) 



𝜓 =
𝐸̇𝑥𝑒𝑥ℎ

𝑄̇𝑒𝑥ℎ

 (46) 

 

Where the physical exergy rate of the exhaust gases is evaluated according to Szargut, 

Morris, and Steward (1988), and the corresponding thermal energy rate is obtained from the 

exhaust sensible enthalpy difference. This dimensionless parameter, often referred to as the 

exergy-to-energy ratio, represents the fraction of the exhaust thermal energy that is theoretically 

convertible into useful work under ideal reversible conditions. 

For high-temperature exhaust gases, this ratio tends to be relatively high, indicating a 

greater potential for energy recovery. However, as the exhaust temperature approaches the 

ambient level, the exergy content decreases significantly, even if the energy content remains 

substantial. It should be emphasized that the exergy-to-energy ratio represents a theoretical 

upper limit for useful work recovery and does not correspond to the actual recoverable power 

of the system (DINCER; ROSEN, 2013). 

In the context of the present study, the parameter ψ is used to evaluate the suitability of 

the exhaust gases as a heat source for the PCM-based thermal storage system and the subsequent 

RC. It provides a more realistic measure of the recoverable energy potential and supports the 

assessment of the effectiveness of the proposed CBCC architecture in utilizing waste heat. 

The Exergy efficiency of the cycle is defined as: 

𝜂𝑒𝑥 =
𝑊̇𝑅𝐶,𝑛𝑒𝑡

𝐸𝑥̇𝑠𝑜𝑢𝑟𝑐𝑒

 (47) 

 

Exergy analysis allows evaluating the thermodynamic quality of the recovered heat and 

identifying irreversibilities within the system (DINCER, ROSEN, 2013). 

 

3.5 Thermal Storage Model 

Part of the thermal energy available in the engine exhaust gases was recovered and 

stored in a phase change material (PCM)-based thermal energy storage system. The PCM acts 

as a thermal buffer by absorbing heat during engine operation and subsequently releasing the 

stored energy to the bottoming Rankine cycle. This intermediate storage stage enables temporal 

decoupling between exhaust-heat generation and power conversion. 

In the proposed configuration, the exhaust-gas stream downstream of the engine exhaust 

turbine is used as the heat source during the PCM charging process. The storage model assumes 

that the thermal energy effectively transferred from the exhaust gases to the storage medium is 



predominantly stored as latent heat during the phase transition. Sensible heating of the PCM, 

containment structure, heat exchanger, insulation, and auxiliary components was not explicitly 

included in the storage-capacity calculation. 

For the present model, a binary mixture containing 32 mol% lithium chloride (LiCl) and 

68 mol% lithium hydroxide (LiOH) was adopted as the PCM. Selection of this composition 

was supported by the experimental characterization reported by Hassan et al. (2023). The 

authors investigated several LiCl–LiOH compositions and identified the 32 mol% LiCl–68 

mol% LiOH mixture as a suitable candidate for medium-temperature latent heat thermal energy 

storage because of its phase-change temperature range (269°C – 292°C) and relatively high 

heat of fusion (379 kJ/kg). 

Because the adopted composition is a near-eutectic, phase change occurs over a 

temperature interval rather than at a single temperature. For the simplified thermodynamic 

model, the phase transition was represented by an effective PCM temperature of 280 °C, which 

lies within the experimentally reported melting interval. 

Useful latent thermal energy stored in the PCM was determined from the active mass of 

storage material and the adopted heat of fusion. Conversely, the required PCM mass was 

calculated from the useful thermal energy accumulated during the charging period. The amount 

of stored energy was obtained from the effective thermal power transferred from the exhaust 

gases to the PCM and the prescribed charging duration. 

After accounting for the adopted charging effectiveness, effective charging power 

corresponds to the fraction of the temperature-constrained recoverable exhaust heat that is 

transferred to the storage material. Therefore, the latent-energy balance determines the active 

PCM mass required to store the recovered energy, but it does not determine the rate at which 

heat can be transferred between the exhaust gases and the PCM. 

Thermal feasibility of the charging process was assessed separately using the 

temperature-constrained heat-transfer formulation presented in Section 3.6. This distinction is 

important because a material may exhibit high latent heat and adequate storage capacity while 

still presenting insufficient charging or discharging power because of low thermal conductivity, 

limited heat-transfer area, or inadequate exchanger geometry. 

According to the reported thermal-cycling tests, the LiCl–LiOH mixture exhibited only 

limited variation in melting temperature and was therefore considered thermally stable within 

the operating range relevant to the present model. Nevertheless, the material is hygroscopic, 

and practical implementation would require appropriate sealing, moisture control, corrosion-

resistant containment, and compatibility assessment between the salt mixture and the heat-



exchanger materials. These aspects were not explicitly modeled and should be investigated 

experimentally in future studies. 

It should also be noted that the calculated PCM mass represents only the active storage 

material. The total mass and volume of a practical thermal storage unit would additionally 

include the heat exchanger, containment vessel, insulation, piping, structural supports, and 

auxiliary components. 

 

3.6 Heat Transfer Modeling for the PCM System 

Heat transfer between the exhaust gases and the thermal storage medium was 

represented using a lumped-parameter formulation. Rather than explicitly resolving heat-

exchanger geometry, local temperature distributions, or the transient phase-change front, the 

model estimates the thermal power available for PCM charging from the exhaust-gas 

temperature level and an assumed heat-transfer effectiveness. 

Accordingly, three distinct thermal quantities are considered in the present formulation: 

the total exhaust thermal power relative to the reference state, the thermally recoverable power 

established by the temperature constraint between the heat source and the storage medium, and 

the effective charging power obtained after applying the heat-transfer effectiveness. 

After, the minimum allowable exhaust-gas outlet temperature was defined as: 

𝑇𝑒𝑥ℎ,𝑜𝑢𝑡,𝑚𝑖𝑛 = 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 + Δ𝑇𝑚𝑖𝑛,𝑐ℎ𝑎𝑟𝑔𝑒, (48) 

 

where 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 is the effective phase-transition temperature adopted for the storage material 

and Δ𝑇𝑚𝑖𝑛,𝑐ℎ𝑎𝑟𝑔𝑒 is the minimum temperature approach in the exhaust-to-storage heat 

exchanger. 

The thermally recoverable exhaust power was then estimated as: 

𝑄𝑒𝑥ℎ,𝑟𝑒𝑐𝑜𝑟𝑣𝑒𝑎𝑏𝑙𝑒 = 𝑚̇𝑒𝑥ℎ. 𝑐𝑝𝑒𝑥ℎ,𝑎𝑣𝑔
. (𝑇𝑒𝑥ℎ,𝑖𝑛 − 𝑇𝑒𝑥ℎ,𝑜𝑢𝑡,𝑚𝑖𝑛) (49) 

 

Where 𝑐𝑝𝑒𝑥ℎ,𝑎𝑣𝑔
 represents the average specific heat capacity of the exhaust-gas mixture 

over the considered temperature interval. 

However, not all of this recoverable heat is effectively transferred to the PCM. To 

represent real-world limitations of the heat exchanger, we introduce an effectiveness factor. The 

actual heat stored in the PCM during charging is then: 



𝑄𝑐ℎ𝑎𝑟𝑔𝑒 = 𝜀𝐻𝑥,𝑐ℎ𝑎𝑟𝑔𝑒 . 𝑄𝑒𝑥ℎ,𝑟𝑒𝑐𝑜𝑟𝑣𝑒𝑎𝑏𝑙𝑒 (50) 

 

The parameter 𝜀𝐻𝑥,𝑐ℎ𝑎𝑟𝑔𝑒 represents how efficiently the heat exchanger transfers heat 

from the exhaust gases to the PCM. In this study, a value of 0.80 was assumed, meaning that 

80% of the recoverable heat is effectively stored. This nominal overall charging effectiveness 

of 0.80 adopted in the baseline model. This parameter represents the fraction of the temperature-

constrained recoverable exhaust heat that is effectively transferred to and stored in the PCM. It 

accounts, in a lumped manner, for unmodeled heat-transfer resistances, incomplete PCM 

utilization, and thermal losses. The adopted value lies within the range reported for enhanced 

PCM thermal storage systems, although the literature does not provide a universal effectiveness 

value applicable to all gas-to-PCM configurations. Consequently, the value of 0.80 was treated 

as a design assumption and evaluated through sensitivity analysis rather than as an 

experimentally validated property of the proposed heat exchanger. 

The present formulation distinguishes three different thermal quantities: the total 

exhaust thermal power relative to the reference state, the thermally recoverable power 

determined by the source–storage temperature constraint, and the effective charging power after 

application of the heat-transfer effectiveness. The model does not explicitly resolve the heat-

transfer area, overall heat-transfer coefficient, local PCM temperature distribution, or moving 

phase front. Therefore, the calculated charging power represents a nominal thermodynamic 

estimate that requires subsequent heat-exchanger design and experimental validation. 

 

3.7 Rankine Cycle Model 

The power output of the Rankine cycle was evaluated at three different levels. First, the 

thermodynamic net power of the cycle was calculated as the difference between the expander 

power and the pump consumption. This quantity represents the ideal mechanical power 

available from the cycle and is defined as 𝑊̇𝑅𝐶,𝑛𝑒𝑡  

Unlike conventional Rankine cycles employing surface condensers, the proposed 

configuration utilizes a direct-contact feedwater reservoir. The wet steam discharged from the 

screw expander enters the reservoir and condenses through direct interaction with the liquid 

inventory contained within the vessel. The resulting condensate is subsequently pressurized by 

the feedwater pump and recirculated to the PCM heater. This arrangement simplifies the system 

architecture by integrating condensation, condensate collection, and feedwater storage into a 

single component. 



Subsequently, mechanical losses associated with bearings, seals, transmission 

components, and the screw expander mechanical efficiency were considered, resulting in the 

shaft mechanical power (𝑊̇𝑚𝑒𝑐ℎ). 

Finally, the electrical power delivered to the vehicle electrical system was obtained by 

applying the generator efficiency to the shaft power, resulting in the net electrical output 

(𝑊̇𝑒𝑙𝑒𝑐𝑡). 

This distinction allows the separation between thermodynamic cycle performance, 

mechanical conversion losses, and electrical conversion losses, providing a more realistic 

assessment of the practical power generation capability of the proposed CBCC architecture. 

The bottoming cycle employed in the proposed architecture is a steam Rankine cycle 

integrated with a PCM-based thermal energy storage system. The primary objective of this 

subsystem is to recover a portion of the thermal energy available in the exhaust gases of the 

internal combustion engine and convert it into useful electrical power through a screw 

expander-generator assembly.  

Figure 7 presents the schematic diagram of the proposed PCM-assisted Rankine cycle. 

The system receives thermal energy from the PCM thermal storage unit during the discharge 

process and converts part of this energy into useful mechanical and electrical power through 

the expansion of steam in a screw expander. 

Source: Author’s own elaboration. 

 

Figure 7 - PCM-assisted Rankine cycle with screw expander and direct-contact feedwater reservoir. 

Figure 5 - PCM-assisted Rankine cycle with screw expander and direct-contact feedwater reservoir. 

 



The Rankine cycle was modeled under steady-state conditions, with variations in kinetic 

and potential energy neglected. The pump and screw expander were represented using 

isentropic efficiencies to account for the principal irreversibilities associated with the 

compression and expansion processes. The condensation process was assumed to occur in a 

direct-contact feedwater reservoir operating at the expander outlet pressure. This component 

simultaneously performs the functions of steam condensation, condensate collection, and 

feedwater storage upstream of the pump.  

Unlike conventional waste heat recovery systems directly coupled to the exhaust gas 

stream, the proposed architecture operates in a temporally decoupled configuration. Thermal 

energy from the engine exhaust gases is initially accumulated in the PCM-based thermal storage 

system and subsequently released to the Rankine cycle during the discharge period. 

Consequently, the Rankine subsystem operates intermittently rather than continuously, 

allowing the thermal energy collected over a relatively long charging period to be delivered at 

a higher thermal power level over a shorter discharge period. 

Water was selected as the Rankine-cycle working fluid because of its favorable 

thermodynamic properties, high latent heat of vaporization, low feed-pump power requirement, 

low cost, environmental compatibility, and suitability for medium- and high-temperature 

thermal energy storage applications. The selected PCM consists of a binary mixture containing 

32 mol% LiCl and 68 mol% LiOH. This composition undergoes phase transition over an 

experimentally reported temperature interval of approximately 269–292 °C, with a latent heat 

of fusion of approximately 379 kJ/kg. 

The phase-transition temperature range of the selected PCM is compatible with the 

thermal requirements of the Rankine subsystem, providing the temperature potential required 

for steam generation during the storage discharge process. The final expander inlet conditions, 

including the degree of steam superheating, are not prescribed at this stage but are determined 

through the optimization procedure described in the subsequent sections. 

Because the selected mixture exhibits a melting interval rather than a single melting 

temperature, the thermal storage model represents its phase-transition behavior using an 

effective phase-change temperature or an equivalent enthalpy-based approximation. This 

simplification allows the latent storage capacity to be incorporated into the thermodynamic 

model while acknowledging that the actual charging and discharging processes occur 

progressively between the solidus and liquidus temperatures. 

The integrated TES–Rankine subsystem was designed considering a fixed nominal 

PCM discharge time of 300 s. The thermal power supplied to the Rankine cycle was therefore 



determined from the useful thermal energy stored in the PCM and the prescribed discharge 

duration. Accordingly, neither the Rankine-cycle net power output nor the steam mass flow rate 

was imposed as a design target. Both quantities were calculated by the thermodynamic model 

according to the thermal power available during the discharge process. 

The principal design assumptions and operating parameters adopted for the integrated 

TES–Rankine subsystem are summarized in Table 1. 

 

Table 1 - Rankine Cycle - Design Assumptions 

Parameter Symbol 
Adopted value or 

treatment 

Expander inlet pressure P1 Optimization variable 

Expander outlet pressure P2 Optimization variable  

Degree of steam superheating ΔT𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡 Optimization variable 

Expander isentropic efficiency η𝑒𝑥𝑝 0.75 

Pump isentropic efficiency η𝑝𝑢𝑚𝑝 0.65 

Expander mechanical efficiency η𝑚𝑒𝑐ℎ,𝑒𝑥𝑝 0.95 

Generator efficiency η𝑔𝑒𝑛 0.95 

Effective PCM transition temperature T𝑃𝐶𝑀,𝑒𝑓𝑓 280 °C 

Minimum charging temperature approach ΔT𝑚𝑖𝑛,𝑐ℎ𝑎𝑟𝑔𝑒 20 K 

Charging heat-transfer effectiveness ε𝐻𝑋,𝑐ℎ𝑎𝑟𝑔𝑒 0.80 

PCM charging time t𝑐ℎ𝑎𝑟𝑔𝑒 1800 s 

Nominal PCM discharge time t𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 300 s 

Rankine-cycle working fluid - Water/steam 

Expander inlet condition - Superheated steam 

Expander outlet condition - 
Wet steam, calculated by 

the model 

 

The expander inlet pressure, expander outlet pressure, and degree of superheating were 

treated as optimization variables. Therefore, no fixed expander inlet state was prescribed. 

Instead, the optimization procedure determined the combination of pressure and superheating 



that maximized the thermodynamic performance of the Rankine subsystem while respecting 

the adopted pressure and temperature bounds. 

The steam entering the screw expander was assumed to be in the superheated region. Its 

temperature was calculated as the saturation temperature corresponding to the optimized inlet 

pressure plus the optimized superheating increment (ΔT𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡), in order to supply 

superheated steam to the expander at a temperature slightly above saturation. During expansion, 

the working fluid was allowed to enter the two-phase region. Therefore, the vapor quality at the 

expander outlet was determined as a model result rather than imposed as a fixed design 

condition. 

The thermal power released during the PCM discharge was obtained by dividing the 

total stored thermal energy by the chosen discharge time: 

Q̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
E𝑃𝐶𝑀

t𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 (51) 

 

A shorter discharge period increases the instantaneous thermal power delivered to the 

Rankine cycle without increasing the total stored energy.  

It is important to note that the physically achievable discharge power also depends on 

the rate of heat transfer between the PCM and the working fluid. This rate is influenced by 

factors such as the thermal conductivity of the PCM, the geometry of the heat exchanger, the 

available heat-transfer area, the phase-change behavior, and the minimum temperature 

difference between the PCM and the steam. Since these aspects were not modeled using a 

detailed heat-exchanger approach (e.g., based on overall heat transfer coefficient and heat 

exchanger area), the calculated discharge power should be interpreted as a nominal 

thermodynamic estimate that requires further validation through heat-exchanger design and 

experimental analysis. 

To ensure a realistic representation of the proposed PCM-assisted Rankine cycle, 

pressure losses were considered in both the evaporator and condenser. The thermodynamic 

model also incorporates realistic pump and screw expander efficiencies, together with pressure 

drops associated with heat exchangers and connecting piping. 

Unlike conventional Rankine cycle analyses based on fixed operating conditions, the 

present study employed a genetic algorithm to optimize the principal operating parameters of 

the PCM–Rankine subsystem. The optimization procedure was applied to determine the most 

suitable combination of expander inlet pressure, degree of superheating, and outlet vapor 



quality capable of maximizing the thermodynamic performance of the cycle while maintaining 

feasible operating conditions for the screw expander. 

The optimization variables and the respective search ranges adopted during the genetic 

algorithm optimization in this study are summarized in Table 2. 

Table 2 - Rankine Cycle – Optimization variables 

Parameter Optimization Range 

Expander inlet pressure (𝑃1) 8-12 bar 

Expander outlet (𝑃2) 1.1 - 2.0 bar 

Degree of superheating (ΔT𝑠ℎ) 0-20 °C 

 

The steam entering the expander was assumed to be in the superheated region. 

Therefore, the inlet thermodynamic state was defined by the optimized pressure and the 

optimized degree of superheating above the saturation temperature. During expansion, the 

working fluid may enter the two-phase region, and the vapor quality at the expander outlet was 

calculated as part of the optimization procedure rather than being imposed as a predefined 

condition. 

The use of superheated steam at the expander inlet improves thermodynamic 

performance and reduces excessive moisture formation during expansion. However, the 

optimization process intentionally allows the outlet state to reach the wet-steam region because 

screw expanders are capable of operating with moderate liquid fractions without severe 

efficiency penalties (SMITH et al. 2011).  

The condenser pressure range was selected based on saturation temperatures close to 

100 °C, as recommended by Smith et al. (2011) for steam screw expander systems. Operating 

near atmospheric pressure provides a practical compromise between maximizing expansion 

work and limiting excessive volumetric flow rates at the expander outlet. 

The optimized operating conditions were subsequently used in the thermodynamic and 

exergy analyses presented in the following sections. 

The power output of the expander is calculated as: 

𝑊̇𝑒𝑥𝑝 = 𝑚̇𝑠𝑡(ℎ1 − ℎ2) (52) 

 

The real expansion process is modeled using an isentropic efficiency: 



𝜂𝑒𝑥𝑝 =
ℎ1 − ℎ2

ℎ1 − ℎ2,𝑠
= 0.75 (53) 

 

Where ℎ2,𝑠 is the enthalpy at the end of an isentropic expansion. An expander efficiency 

of 𝜂𝑒𝑥𝑝 = 0.75 was adopted, consistent with values reported for screw expanders operating 

with wet steam (SMITH et al. 2011). 

The pump pressurizes the liquid water withdrawn from the direct-contact feedwater 

reservoir and delivers it to the PCM heater. Since the reservoir operates at the expander outlet 

pressure, the pump inlet state was assumed to correspond to saturated or slightly subcooled 

liquid conditions. The pump work is given by: 

𝑊̇𝑝𝑢𝑚𝑝 = 𝑚̇𝑠𝑡(ℎ4 − ℎ3) (54) 

 

The pump efficiency is defined as: 

𝜂𝑝𝑢𝑚𝑝 =
ℎ4𝑠 − ℎ3

ℎ4 − ℎ3
= 0.65 (55) 

 

A pump efficiency of 𝜂𝑝𝑢𝑚𝑝 = 0.65 was assumed, based on typical values for small-

scale Rankine systems (ÇENGEL; BOLES, 2019). 

In the refined TES–Rankine formulation, the steam mass flow rate is determined from 

the thermal power available during the TES discharge period rather than from a prescribed 

Rankine-cycle power output. Therefore, the net power generated by the bottoming cycle 

becomes a result of the available discharge heat rate and the thermodynamic states of the 

working fluid. 

The thermal power supplied to the Rankine-cycle evaporator during TES discharge is 

given by: 

𝑄̇𝑖𝑛,𝑅𝐶 = 𝑄̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (56) 

 

The specific heat input required by the Rankine cycle is calculated as: 

𝑞𝑖𝑛,𝑅𝐶 = ℎ1 − ℎ4 (57) 

 

Where ℎ1 is the specific enthalpy at the screw-expander inlet and ℎ4 is the specific 

enthalpy at the pump outlet. This enthalpy difference includes the sensible heating, evaporation, 



and superheating processes occurring before expansion. The steam mass flow rate is then 

obtained from: 

𝑚̇𝑠𝑡𝑒𝑎𝑚 =
𝑄̇𝑖𝑛,𝑅𝐶

ℎ1 − ℎ4
 (58) 

 

The power produced by the screw expander is calculated as: 

𝑊̇𝑒𝑥𝑝 = 𝑚̇𝑠𝑡𝑒𝑎𝑚(ℎ1 − ℎ2) (59) 

 

Where ℎ2 is the specific enthalpy at the expander outlet after accounting for the adopted 

expander isentropic efficiency. The pump power consumption is calculated as: 

 

𝑊̇𝑝𝑢𝑚𝑝 = 𝑚̇𝑠𝑡𝑒𝑎𝑚(ℎ4 − ℎ3) (60) 

 

Where ℎ3 and ℎ4 are the specific enthalpies at the pump inlet and outlet, respectively. 

The thermodynamic net power output of the Rankine cycle is therefore calculated as: 

 

𝑊̇𝑅𝐶,𝑛𝑒𝑡 = 𝑚̇𝑠𝑡𝑒𝑎𝑚[(ℎ1 − ℎ2) − (ℎ4 − ℎ3)] (61) 

 

The specific net work of the Rankine cycle is defined as: 

𝑤𝑅𝐶,𝑛𝑒𝑡 = (ℎ1 − ℎ2) − (ℎ4 − ℎ3) (62) 

 

Therefore: 

𝑊̇𝑅𝐶,𝑛𝑒𝑡 = 𝑚̇𝑠𝑡𝑒𝑎𝑚. 𝑤𝑅𝐶,𝑛𝑒𝑡 (63) 

 

The thermodynamic net power does not include the mechanical losses of the screw 

expander or the electrical conversion losses of the generator. The useful mechanical shaft power 

is calculated as: 

 

𝑊̇𝑠ℎ𝑎𝑓𝑡,𝑅𝐶 = 𝜂𝑚𝑒𝑐ℎ,𝑒𝑥𝑝. 𝑊̇𝑅𝐶,𝑛𝑒𝑡 (64) 

 

The electrical power generated by the Rankine subsystem is then calculated as: 



 

𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶 = 𝜂𝑔𝑒𝑛. 𝑊̇𝑠ℎ𝑎𝑓𝑡,𝑅𝐶 (65) 

 

Combining both efficiencies: 

 

𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶 = 𝜂𝑚𝑒𝑐ℎ,𝑒𝑥𝑝. 𝜂𝑔𝑒𝑛. 𝑊̇𝑅𝐶,𝑛𝑒𝑡 (66) 

 

Accordingly, the effective electrical power output of the Rankine subsystem is 

determined by the thermal power released by the TES, the resulting steam mass flow rate, the 

specific net work of the cycle, and the mechanical and electrical conversion efficiencies. The 

nominal power target adopted during the preliminary design stage is therefore not imposed in 

the refined model. 

The thermal input required by the Rankine cycle is determined from the steam mass 

flow rate and the enthalpy rise between the pump outlet and the screw-expander inlet: 

 

𝑄̇𝑖𝑛,𝑅𝐶 = 𝑚̇𝑠𝑡𝑒𝑎𝑚(ℎ1 − ℎ4) (67) 

 

For the TES-assisted configuration, this thermal requirement must be supplied by the 

storage system during the discharge period. The nominal discharge power is calculated by 

dividing the thermal energy stored in the PCM by the selected discharge time: 

 

𝑄̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝐸𝑃𝐶𝑀

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 (68) 

 

The thermal energy accumulated during the charging period is calculated as: 

 

𝐸𝑃𝐶𝑀 = 𝑄̇𝑐ℎ𝑎𝑟𝑔𝑒. 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 (69) 

 

This relation can also be written as: 

 

𝑄̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑄̇𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 (70) 



 

This equation represents the temporal concentration of the thermal energy stored in the 

TES. When the discharge time is shorter than the charging time, the instantaneous thermal 

power supplied to the Rankine cycle becomes greater than the thermal charging rate. However, 

the total amount of stored energy does not increase. For the simplified TES–Rankine coupling 

adopted in the thermodynamic model: 

 

𝑄̇𝑖𝑛,𝑅𝐶 = 𝑄̇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (71) 

 

Nevertheless, this equality represents a nominal energy-based operating condition. In an 

actual system, the thermal power supplied to the Rankine cycle would also be constrained by 

the heat-transfer capability of the PCM-to-steam heat exchanger: 

 

𝑄̇𝑖𝑛,𝑅𝐶 ≤ 𝑈. 𝐴𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 . Δ𝑇𝑙𝑚,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (72) 

 

Where U is the overall heat-transfer coefficient, 𝐴𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the effective heat-transfer 

area, and Δ𝑇𝑙𝑚,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the logarithmic mean temperature difference during discharge. The 

expander inlet temperature must also remain below the effective PCM temperature by a 

minimum temperature difference: 

𝑇1 ≤ 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 − Δ𝑇𝑚𝑖𝑛,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (73) 

 

Where 𝑇1 is the steam temperature at the expander inlet and Δ𝑇𝑚𝑖𝑛,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 is the 

minimum temperature difference required to transfer heat from the PCM to the water–steam 

stream. 

Since the heat-exchanger geometry, overall heat-transfer coefficient, local PCM 

temperature distribution, and solidification front were not explicitly modeled, the calculated 

discharge power represents a nominal thermodynamic estimate. Therefore, the practical 

feasibility of the predicted thermal and electrical power levels should be confirmed by transient 

numerical simulations and future experimental investigations. 

The RC efficiency is calculated by the ratio of net work delivered to required input heat. 

Therefore, the following equation gives us this important parameter, which shows the quality 

of the modeled cycle. 



𝜂𝑅𝐶 =
𝑊̇𝑅𝐶,𝑛𝑒𝑡

𝑄̇𝑖𝑛,𝑅𝐶

 (74) 

 

3.8 Integration with Exhaust Heat Recovery 

The integration between the engine exhaust gases, the TES subsystem, and the Rankine 

cycle was evaluated through two different heat-recovery configurations: a directly coupled 

Rankine cycle and a TES-assisted Rankine cycle. 

The total thermal power carried by the exhaust gases relative to the environmental 

reference condition is denoted by 𝑄̇𝑒𝑥ℎ. 

However, the total exhaust thermal power does not correspond entirely to heat that can 

be transferred to the PCM. The recoverable exhaust power is limited by the minimum exhaust-

gas outlet temperature required to maintain a finite temperature difference between the exhaust 

gases and the PCM. The minimum allowable exhaust-gas outlet temperature is defined as: 

𝑇𝑒𝑥ℎ,𝑜𝑢𝑡,𝑚𝑖𝑛 = 𝑇𝑃𝐶𝑀,𝑒𝑓𝑓 + Δ𝑇𝑚𝑖𝑛,𝑐ℎ𝑎𝑟𝑔𝑒 (75) 

 

The thermally recoverable exhaust power is calculated as: 

𝑄̇𝑒𝑥ℎ,𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 = 𝑚̇𝑒𝑥ℎ. 𝑐𝑝𝑒𝑥ℎ,𝑎𝑣𝑔
[𝑇𝑒𝑥ℎ,𝑖𝑛 − 𝑇𝑒𝑥ℎ,𝑜𝑢𝑡,𝑚𝑖𝑛] (76) 

  

The effective thermal power transferred from the exhaust gases to the storage subsystem 

is then obtained by applying the charging heat-transfer effectiveness, according to equation 50. 

 

3.8.1 Directly coupled Rankine-cycle  

In the directly coupled configuration, the recoverable exhaust heat is transferred directly 

to the Rankine cycle while the engine is operating. Therefore: 

𝑄̇𝑖𝑛,𝑅𝐶,𝑑𝑖𝑟𝑒𝑐𝑡 = 𝑄̇𝑐ℎ𝑎𝑟𝑔𝑒 (77) 

 

The corresponding steam mass flow rate is calculated as: 

𝑚̇𝑠𝑡𝑒𝑎𝑚,𝑑𝑖𝑟𝑒𝑐𝑡 =
𝑄̇𝑖𝑛,𝑅𝐶,𝑑𝑖𝑟𝑒𝑐𝑡

ℎ1 − ℎ4
 (78) 

 

The thermodynamic net power of the directly coupled Rankine cycle is: 



𝑊̇𝑅𝐶,𝑛𝑒𝑡,𝑑𝑖𝑟𝑒𝑐𝑡 = 𝑚̇𝑠𝑡𝑒𝑎𝑚,𝑑𝑖𝑟𝑒𝑐𝑡. 𝑤𝑅𝐶,𝑛𝑒𝑡 (79) 

 

The corresponding electrical power is: 

𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶,𝑑𝑖𝑟𝑒𝑐𝑡 = 𝜂𝑚𝑒𝑐ℎ,𝑒𝑥𝑝. 𝜂𝑔𝑒𝑛. 𝑊̇𝑅𝐶,𝑛𝑒𝑡,𝑑𝑖𝑟𝑒𝑐𝑡 (80) 

 

The directly coupled configuration operates while the engine is running, but its power 

output is constrained by the instantaneous recoverable exhaust heat rate. Consequently, this 

configuration generally produces a comparatively low continuous power output.  

 

3.8.2 TES-assisted Rankine-cycle configuration 

In the TES-assisted configuration, the recoverable exhaust heat is accumulated during 

the charging period: 

𝐸𝑃𝐶𝑀 = 𝑄̇𝑐ℎ𝑎𝑟𝑔𝑒. 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 (81) 

 

The stored energy is subsequently released over the selected discharge period: 

 

𝑄̇𝑖𝑛,𝑅𝐶,𝑇𝐸𝑆 =
𝐸𝑃𝐶𝑀

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 (82) 

 

This relation can also be written: 

𝑄̇𝑖𝑛,𝑅𝐶,𝑇𝐸𝑆 = 𝑄̇𝑐ℎ𝑎𝑟𝑔𝑒.
𝑡𝑐ℎ𝑎𝑟𝑔𝑒

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 (83) 

 

The corresponding steam mass flow rate is: 

𝑚̇𝑠𝑡𝑒𝑎𝑚,𝑇𝐸𝑆 =
𝑄̇𝑖𝑛,𝑅𝐶,𝑇𝐸𝑆

ℎ1 − ℎ4
 (84) 

 

The thermodynamic net power of the TES-assisted Rankine cycle is: 

𝑊̇𝑅𝐶,𝑛𝑒𝑡,𝑇𝐸𝑆 = 𝑚̇𝑠𝑡𝑒𝑎𝑚,𝑇𝐸𝑆. 𝑤𝑅𝐶,𝑛𝑒𝑡 (85) 

 

The corresponding electrical power is: 



𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶,𝑇𝐸𝑆 = 𝜂𝑚𝑒𝑐ℎ,𝑒𝑥𝑝. 𝜂𝑔𝑒𝑛. 𝑊̇𝑅𝐶,𝑛𝑒𝑡,𝑇𝐸𝑆 (86) 

 

The nominal thermal-power amplification factor produced by temporal decoupling is 

defined as: 

𝐹𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 =
𝑄̇𝑖𝑛,𝑅𝐶,𝑇𝐸𝑆

𝑄̇𝑖𝑛,𝑅𝐶,𝑑𝑖𝑟𝑒𝑐𝑡

 (87) 

 

 

3.9 Global System Efficiency 

The global efficiency of the integrated system must be evaluated using a consistent 

temporal basis. Since the internal combustion engine operates during the TES charging period 

and the Rankine subsystem subsequently operates during the discharge period, the 

instantaneous Rankine-cycle power cannot be added directly to the engine power without 

considering the duration of each operating stage. 

 

The brake thermal efficiency of the engine is calculated as: 

𝜂𝑒𝑛𝑔𝑖𝑛𝑒 =
𝑊̇𝑒𝑛𝑔𝑖𝑛𝑒

𝑄̇𝑓𝑢𝑒𝑙

 (88) 

 

where 𝑊̇𝑒𝑛𝑔𝑖𝑛𝑒 is the engine brake power and 𝑄̇𝑓𝑢𝑒𝑙 is the fuel energy input rate. The 

fuel energy supplied during the charging period is: 

𝐸𝑓𝑢𝑒𝑙 = 𝑄̇𝑓𝑢𝑒𝑙. 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 (89) 

 

The useful mechanical energy produced by the engine during the same period is: 

𝐸𝑒𝑛𝑔𝑖𝑛𝑒 = 𝑊̇𝑒𝑛𝑔𝑖𝑛𝑒 . 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 (90) 

 

The electrical energy generated by the TES-assisted Rankine cycle during the discharge 

period is: 

𝐸𝑅𝐶,𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶,𝑇𝐸𝑆. 𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (91) 

 

The global energy efficiency of the complete charge–discharge cycle is therefore 

calculated as: 



𝜂𝑔𝑙𝑜𝑏𝑎𝑙,𝑇𝐸𝑆 =
(𝐸𝑒𝑛𝑔𝑖𝑛𝑒 + 𝐸𝑅𝐶,𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)

𝐸𝑓𝑢𝑒𝑙
 (92) 

 

Substituting the corresponding energy terms: 

𝜂𝑔𝑙𝑜𝑏𝑎𝑙,𝑇𝐸𝑆 =
(𝑊̇𝑒𝑛𝑔𝑖𝑛𝑒. 𝑡𝑐ℎ𝑎𝑟𝑔𝑒 + 𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶,𝑇𝐸𝑆. 𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒)

𝑄̇𝑓𝑢𝑒𝑙

 (93) 

 

For the directly coupled Rankine cycle, the global efficiency is calculated as: 

 

𝜂𝑔𝑙𝑜𝑏𝑎𝑙,𝑑𝑖𝑟𝑒𝑐𝑡 =
(𝑊̇𝑒𝑛𝑔𝑖𝑛𝑒 + 𝑊̇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐,𝑅𝐶,𝑑𝑖𝑟𝑒𝑐𝑡)

𝑄̇𝑓𝑢𝑒𝑙

 (94) 

 

If the direct and TES-assisted configurations recover the same quantity of exhaust 

energy and no additional storage losses are considered, their cycle-averaged global efficiencies 

are theoretically equivalent. The principal difference lies in the power-delivery profile. The 

directly coupled configuration produces a lower continuous power output, whereas the TES-

assisted configuration produces a higher intermittent power output. 

The absolute increase in global efficiency relative to the engine-only configuration is 

calculated as: 

Δ𝜂𝑔𝑙𝑜𝑏𝑎𝑙,𝑟𝑒𝑙 = [
(𝜂𝑔𝑙𝑜𝑏𝑎𝑙 − 𝜂𝑒𝑛𝑔𝑖𝑛𝑒)

𝜂𝑒𝑛𝑔𝑖𝑛𝑒
] . 100 (95) 

 

The distinction between absolute improvement and relative improvement must be 

maintained. For example, an increase from 39.1% to 40.5% corresponds to an absolute increase 

of approximately 1.4 percentage points, but to a relative improvement of approximately 3.6%. 

The global efficiency reported for the TES-assisted system therefore represents the 

complete charge–discharge energy balance and not the apparent instantaneous efficiency 

observed during the high-power TES discharge period. 

 

4. RESULTS AND DISCUSSION 

This section presents and discusses the main results obtained from the thermodynamic 

modeling of the proposed CBCC applied to an ethanol-based range extender. The analysis is 

structured to directly address the research questions defined in the Introduction, focusing on 

three key aspects: (i) the thermodynamic and exergy-based performance of the system (RQ1), 



(ii) the implications of temporal decoupling enabled by TES (RQ2), and (iii) the influence of 

PCM-based storage design on energy utilization and system behavior (RQ3). 

The analysis begins with the evaluation of the ICE operating point selected as the 

thermal source for the proposed system. In the final configuration, the ICE was treated as a 

fixed boundary condition, while the optimization procedure was applied to the PCM–Rankine 

subsystem. The engine results provide the baseline operating parameters used in the 

thermodynamic modeling of the integrated CBCC system. 

Following this, the energy and exergy distributions of the optimized engine are analyzed 

in order to quantify the magnitude and quality of the exhaust gas energy available for recovery. 

These results establish the theoretical limits and practical constraints associated with waste heat 

utilization and provide the necessary inputs for the design of the PCM-based thermal storage 

system. 

Subsequently, the performance of the Rankine bottoming cycle supplied by the PCM-

based thermal storage is evaluated, highlighting its contribution to additional power generation 

and its impact on overall system efficiency. Particular attention is given to the limitations of 

directly coupled configurations and the performance improvements enabled by TES. 

Finally, the role of the PCM-based TES system is examined in terms of its capacity to 

enable temporal decoupling between heat generation and power conversion. A parametric 

analysis is conducted to evaluate the influence of key design parameters, such as thermal 

effectiveness and charging time, on energy utilization and system behavior. The results are 

interpreted considering the assumptions and limitations of the adopted model, ensuring 

consistency with the hypotheses formulated for the CBCC architecture. 

 

4.1 Internal Combustion Engine Performance 

The thermodynamic model of the ethanol-fueled range extender was developed based 

on the Toyota 2NR-FBE engine, a commercially available 1.5-L spark-ignition engine widely 

used in the Brazilian market. The engine was operated under steady-state conditions with a 

compression ratio of 14 and an intake pressure of 150 kPa. 

Unlike the preliminary analyses performed during the development stage of this work, 

the internal combustion engine was not optimized in the final configuration of the proposed 

system. Instead, the engine was treated as a fixed thermal source supplying exhaust energy to 

the PCM-based thermal storage system. This approach is consistent with the primary objective 



of the present study, which focuses on the optimization and performance evaluation of the 

PCM–Rankine subsystem integrated into the Carnot Battery Combined Cycle (CBCC). 

The EES model combines combustion stoichiometry, mass and energy balances, 

polytropic compression and expansion, and a calculated mechanical efficiency. The complete 

engine code is provided in Appendix 1. Table 2 summarizes the operating parameters used 

throughout the remainder of the analysis. These values were subsequently used as boundary 

conditions for the PCM charging process and for the thermodynamic analysis of the Rankine 

cycle subsystem. 

 

Table 3 - Summary of engine performance parameters used as boundary conditions for the PCM–

Rankine subsystem. 

Parameter Value 

Engine Model Toyota 2NR - FBE 

Displacement 1.5 L 

Compression Ratio 14 

Intake Pressure (𝑃𝑖𝑛𝑡𝑎𝑘𝑒) 150 kPa 

Fuel mass flow rate (𝑚̇𝑓𝑢𝑒𝑙) 0.0066 kg/s 

Fuel exergy rate (𝐸𝑥̇𝑓𝑢𝑒𝑙) 184.4 kW 

Fuel energy rate (𝑄̇𝑓𝑢𝑒𝑙) 177.3 kW 

Net Power Rate (𝑊̇𝑛𝑒𝑡) 69.38 kW 

Mechanical efficiency (𝜂𝑚𝑒𝑐) 0.84 

Exhaust mass flow rate (𝑚̇𝑜𝑢𝑡) 0.0805 kg/s 

Exhaust energy rate (𝑄̇𝑒𝑥ℎ) 47.92 kW 

Exhaust exergy rate (𝐸𝑥̇𝑒𝑥ℎ) 27.56 kW 

 

The engine produced 69.38 kW of brake power from a fuel energy input of 177.3 kW, 

corresponding to a brake thermal efficiency of 39.13%. The exhaust stream carried 47.92 kW 

of sensible thermal power relative to the adopted reference state and 27.56 kW of physical 

exergy. These values establish the thermal and exergetic limits for the PCM-Rankine 

subsystem. 



The 47.92 kW exhaust value is not equivalent to the heat that can be transferred to the 

PCM. Recoverability also depends on the exhaust temperature, the PCM phase-transition 

temperature, and the minimum temperature difference required across the charging heat 

exchanger. This distinction is quantified in Sections 4.2 and 4.3. 

The exhaust thermal power represents the total thermal resource carried by the exhaust 

gases relative to the reference state. However, only part of this quantity can be transferred to 

the PCM because the charging process is limited by the exhaust-gas temperature, the PCM 

phase-transition temperature, and the minimum temperature difference required in the heat 

exchanger. The thermally recoverable fraction is evaluated in Section 4.3. 

 

4.2 Energy and Exergy Availability of Exhaust Gases 

Exhaust heat is one of the main energy-loss pathways in spark-ignition engines and a 

relevant source for waste heat recovery. At the selected operating point, the exhaust thermal 

power was 47.92 kW, equivalent to 27.03% of the fuel energy input. This fraction lies within 

the range commonly reported for spark-ignition engines and depends on engine load, speed, 

mixture composition, and compression ratio (HEYWOOD, 1988; STONE, 1992; IRAN; 

CHEM; NOUROZI, 2021). 

 

Table 4 - Energy distribution 

Energy flow Value (kW) Fraction (%) 

Fuel Energy 177.3 100 

Brake Power 69.38 39.13 

Exhaust energy 47.92 27.03 

Cooling + losses 60.0 33.84 

 

The exhaust thermal power was evaluated between the exhaust-gas inlet temperature of 

approximately 573 °C and an outlet reference temperature of 90 °C, adopted as the minimum 

practical exhaust-gas temperature for heat recovery to maintain an adequate temperature driving 

force and avoid operational limitations commonly considered in waste heat recovery systems 

(Shu et al., 2013). This value describes the total sensible heat above the reference state, but it 

cannot be used directly as the charging input because heat transfer to a PCM at approximately 

280 °C requires a finite temperature difference. 



With a minimum charging approach of 20°C, the exhaust outlet temperature was 

constrained to 300 °C. Cooling the exhaust only from 573 °C to this limit yields 25.27 kW of 

thermally recoverable power. Applying the charging heat-transfer effectiveness of 0.80 reduces 

the effective PCM input to 20.22 kW. Figure 8 summarizes the engine energy distribution and 

shows how the exhaust stream is divided into thermally recoverable heat, heat below the usable 

temperature level, effective PCM charging, and heat-transfer losses. 

The exhaust physical exergy was 27.56 kW, giving an exergy-to-energy ratio of 57.5%. 

The obtained result is consistent with values reported in the literature, where the exergy-to-

energy ratio of internal combustion engine exhaust gases typically ranges between 45% and 

60%, depending on engine operating conditions, fuel type, and exhaust temperature 

(POZZATO; RIZZO; ONORI, 2021; SANDU; MAZILU, 2019). 

This ratio indicates the theoretical work potential of the exhaust stream rather than the 

electrical power that can be recovered in practice. Finite-temperature heat transfer, incomplete 

exhaust cooling, pressure losses, thermal storage, expansion, and electromechanical conversion 

reduce the useful output below this upper limit (DINCER; ROSEN, 2013) 

Source: Author’s own elaboration using EES simulation. 

 

 

Figure 8 - Energy distribution in the engine modeling. 



4.3 Heat Recovery Performance and PCM Effectiveness 

The refined heat-recovery model separates total exhaust thermal power from the fraction 

that is compatible with the PCM temperature level. For the selected PCM transition temperature 

of 280 °C and a 20°C minimum charging approach, the exhaust outlet temperature cannot fall 

below 300 °C. The resulting thermally recoverable power is 25.27 kW (as detailed in Figure 7), 

substantially lower than the total exhaust thermal power of 47.92 kW. 

A nominal charging heat-transfer effectiveness of 0.80 (Zhang et al. (2020) was applied 

to this recoverable fraction, resulting in 20.22 kW transferred to the PCM. Of the total exhaust 

thermal power, 22.65 kW remains below the selected usable temperature level, while 

approximately 5.05 kW of the recoverable fraction is not transferred because of the assumed 

heat-exchanger effectiveness. 

The effectiveness value is a system-level modeling assumption rather than an 

experimentally validated characteristic of the proposed exchanger. It represents convection, 

conduction, contact resistance, and phase-change limitations in a single parameter. Its influence 

is examined in Section 4.10, while detailed determination of the exchanger area, overall heat-

transfer coefficient, and transient phase front is left for future work. 

4.4 PCM Thermal Storage Sizing 

The PCM storage unit accumulates the effective exhaust heat during engine operation 

and supplies the Rankine cycle during a subsequent discharge period. At the baseline charging 

power of 20.22 kW and a charging duration of 1800 s, the stored thermal energy is 36.39 MJ. 

Assuming storage predominantly through latent heat and a fusion enthalpy of 379 kJ/kg, the 

required PCM mass is 96.02 kg. Table 5 summarizes the main parameters adopted for the PCM 

thermal storage sizing. 

 

Table 5 - PCM modeling results 

Parameter Value 

Total exhaust thermal power 47.92 kW 

Thermally recoverable exhaust power 25.27 kW 

Effective PCM charging power 20.22 kW 

Latent heat of fusion 379 kJ/kg 

Charging time 1800 s 



Parameter Value 

Stored thermal energy 36,518 kJ 

Required PCM mass 96.02 kg 

 

The calculated mass is a thermodynamic estimate for the active storage material. A 

practical vehicular system would also include the heat exchanger, containment, insulation, 

structural supports, and allowances for volume change, corrosion, and incomplete phase 

transformation. Sensible energy in the PCM and containment was not included in the baseline 

sizing. 

The storage unit does not create additional exhaust energy. Its function is to shift the 

recovered heat in time, allowing a low continuous charging rate to be released at a higher rate 

during Rankine-cycle operation. The feasibility of this power concentration depends on the 

discharge-side heat-transfer capability. 

 

4.5 Genetic Optimization of the PCM–Rankine Subsystem 

A genetic algorithm implemented in EES was used to identify the Rankine-cycle 

operating point that provides the best performance within the selected equipment and thermal 

constraints. The objective function combines electrical output, electrical conversion efficiency, 

and expander outlet vapor quality, with penalties for insufficient outlet quality or violation of 

the minimum temperature difference between the PCM and the steam stream. 

The charging and discharge durations were fixed at 1800 s and 300 s, respectively. The 

optimization variables were the expander inlet pressure, expander outlet pressure, and degree 

of superheating, as listed in Table 6. 

Table 6 - Optimization variables 

Parameter Lower Bound Upper Bound 

Expander inlet pressure (P1) 800 kPa 1200 kPa 

Expander outlet pressure (P2) 110 kPa 200 kPa 

Degree of superheating (ΔT𝑠ℎ) 0 °C 20 °C 

 

The upper limit adopted for the expander inlet pressure (1200 kPa) was established 

based on commercially available screw machinery. According to technical specifications 

provided by DENAIR screw compressor systems, operating pressures around 12 bar represent 



a practical limit for standard industrial screw machines. Superheating was limited to 20 °C to 

preserve an adequate temperature difference between the 280 °C PCM and the steam stream, 

reduce the sensible heat demand, and remain consistent with the simplified discharge heat-

transfer model. The optimal operating conditions obtained from three independent optimization 

runs are summarized in Table 7. 

 

Table 7 - Optimal operation parameters 

Parameter Optimized Value (1) Optimized Value (2) Optimized Value (3) 

Expander inlet pressure (P1) 1200 kPa 1200 kPa 1200 kPa 

Expander outlet pressure (P2) 110.1 kPa 110.1 kPa 110.6 kPa 

Degree of superheating (ΔT𝑠ℎ) 19.6 °C 20.0 °C 19.1 °C 

Objective function 0.7734 0.7736 0.7725 

 

The solution converged to the upper bounds for inlet pressure and superheating and to 

the lower bound for outlet pressure. Within the prescribed search space, these conditions 

maximize the available expansion work while maintaining a positive discharge temperature 

approach of approximately 72 K. The optimum is therefore the best solution within the imposed 

practical limits, not an unconstrained thermodynamic maximum. 

The outlet vapor quality of 0.9306 corresponds to a liquid mass fraction of about 6.9%. 

This wet-steam condition is consistent with the positive-displacement screw-expander concept 

adopted in the model, although machine-specific leakage, built-in volume ratio, rotor 

clearances, and liquid tolerance would require experimental verification (SMITH et al. 2011). 

It is important to note that the optimal solution consistently converged to the upper pressure 

limit of 1200 kPa. This behavior suggests that additional performance improvements could 

potentially be achieved at higher operating pressures. However, the pressure range was 

deliberately restricted to ensure compatibility with commercially available screw machinery. 

Consequently, the obtained optimum should be interpreted as the best solution within the 

practical operating limits imposed by currently available industrial equipment. 

The optimized operating conditions obtained in this section are subsequently employed 

in the detailed thermodynamic, exergy, and global efficiency analyses presented in the 

following sections. 

 



4.6 Performance of the Optimized Rankine Cycle 

The Rankine cycle constitutes the power-conversion stage of the proposed Carnot 

Battery Combined Cycle, converting the thermal energy stored in the PCM into mechanical and 

electrical power. Unlike a conventional waste heat recovery configuration directly coupled to 

the engine exhaust, the TES-assisted Rankine cycle operates during a separate discharge period 

and is therefore not directly constrained by the instantaneous exhaust heat rate. 

The stored energy of 36.39 MJ is released over 300 s, providing a nominal thermal input 

of 121.30 kW to the Rankine cycle. Because the mass flow rate is determined from this available 

heat and the optimized cycle states, the resulting power is heat-limited rather than imposed as 

a target. 

The steam mass flow rate is determined from the thermal power supplied during 

discharge and from the specific energy required to heat, evaporate, and condition the working 

fluid. Based on the optimized thermodynamic states obtained from the EES model, the expander 

power, pump consumption, net cycle power, mechanical shaft power, electrical output, 

Rankine-cycle efficiency, and expander outlet vapor quality are evaluated. 

The optimized operating condition should be interpreted as a heat-limited result rather 

than a prescribed power target. In other words, the net power of the Rankine cycle is obtained 

from the thermal energy effectively stored and subsequently released by the PCM, together with 

the optimized specific performance of the cycle. 

Table 8 presents a compilation of the main thermodynamic and performance results 

obtained after the optimization procedure. 

 

Table 8 - Summary of optimized Rankine cycle performance 

Parameter Value 

Expander inlet enthalpy (h₁) 2836  kJ/kg 

Expander outlet enthalpy (h₂) 2523 kJ/kg 

Pump inlet enthalpy (h₃) 428.9 kJ/kg 

Pump outlet enthalpy (h₄) 430.9 kJ/kg 

RC mass flow rate (ṁ_st) 0.0504 kg/s 



Parameter Value 

Expander outlet quality (x2) 0.930 

Expander power (Ẇ_exp) 15.78 kW 

Pump power (Ẇ_pump) 0.09 kW 

Thermodynamic net RC power (Ẇ_net,RC) 15.69 kW 

Thermal power required in the evaporator (Q̇_in,R) 121.30 kW 

Screw expander efficiency  (𝜂𝑒𝑥𝑝) 0.75 

Pump efficiency (𝜂𝑝𝑢𝑚𝑝) 0.65 

Screw expander mechanical efficiency (𝜂𝑚𝑒𝑐,𝑒𝑥𝑝) 0.95 

Electrical generator efficiency (𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) 0.95 

Mechanical shaft power (Ẇ_real,exp) 14.9 kW 

Electrical generator output (Ẇ_electric) 14.1 kW 

RC efficiency (𝜂𝑅𝐶) 12.93 % 

 

4.7 Exergy Efficiency and Energy Quality 

The exergy analysis provides a measure of the thermodynamic quality of the exhaust 

heat and establishes the theoretical upper limit for useful work production. The engine model 

predicted a total exhaust thermal power of 47.92 kW and a physical exhaust exergy rate of 27.56 

kW. The ratio between these quantities is approximately 57.5%, indicating that slightly more 

than half of the exhaust thermal energy retains theoretical useful-work potential under ideal 

reversible conditions. 

However, the total exhaust thermal power should not be interpreted as the heat entirely 

available for PCM charging. After accounting for the effective PCM transition temperature and 

the minimum temperature difference required during charging, the thermally recoverable 

exhaust power was limited to approximately 25.27 kW. Applying the charging heat-transfer 

effectiveness of 0.80 reduced the effective charging power to approximately 20.22 kW. 



Therefore, the thermal energy available in the exhaust gases can be interpreted in three 

successive stages. First, the exhaust gases carry a total thermal power of 47.92 kW relative to 

the adopted reference temperature. Second, only 25.27 kW are thermodynamically recoverable, 

corresponding to the fraction of exhaust-gas thermal energy available above the effective PCM 

phase-change temperature, while satisfying the minimum temperature approach imposed in the 

charging heat exchanger. Finally, after accounting for the assumed heat-transfer effectiveness, 

approximately 20.22 kW are effectively transferred to the PCM and stored as latent heat during 

the charging process.  

The PCM does not increase the amount of exhaust exergy. Its contribution is to 

redistribute the recovered thermal energy over time, enabling the Rankine cycle to operate 

intermittently at a higher instantaneous power level. 

The exergy efficiency of the PCM–Rankine subsystem must be evaluated using a 

common time basis. It is not appropriate to compare the instantaneous electrical power 

generated during the 300 s discharge period directly with the exhaust exergy rate available 

during the 1800 s charging period. 

Over the complete charging period, the exhaust stream provides approximately 49.61 

MJ of physical exergy. The electrical energy generated by the Rankine subsystem must be 

calculated from the revised electrical output multiplied by the 300 s discharge duration. The 

cycle-based exergy efficiency is then obtained by comparing this electrical energy with the 

exhaust exergy supplied during charging. 

Over the complete charge–discharge sequence, the exhaust stream supplied 

approximately 49.61 MJ of physical exergy, while the Rankine subsystem generated 

approximately 4.25 MJ of electrical energy. Accordingly, the cycle-based exergy efficiency of 

the PCM–Rankine subsystem was approximately 8.56%. This value represents the fraction of 

the exhaust physical exergy converted into electrical energy over a consistent temporal basis. 

A more detailed analysis could evaluate the exergy effectively transferred to the PCM 

and the exergy destruction during charging and discharge. However, this would require a more 

detailed representation of the heat exchangers and of the temperature evolution of the storage 

material. Within the simplified model adopted in this study, the energy-based comparison over 

the complete charge–discharge cycle provides a more consistent system-level indicator. 

 

 

 

 



4.8 Global System Efficiency 

Global system efficiency was evaluated over the complete charge–discharge sequence 

because the internal combustion engine and the Rankine subsystem operate during different 

time intervals. While the engine operates throughout the 1800 s thermal-storage charging 

period, the Rankine cycle operates subsequently during the 300 s PCM discharge period. A 

consistent comparison must therefore be based on the total useful energy produced by both 

subsystems relative to the fuel energy supplied during engine operation. 

At the selected operating condition, the ethanol-fueled engine produces 69.38 kW of 

brake power from a fuel-energy input rate of 177.30 kW, resulting in a brake thermal efficiency 

of 39.13%. During the charging period, the engine simultaneously generates useful mechanical 

energy and supplies exhaust heat to the PCM storage system. Once charging is completed, part 

of the stored thermal energy is converted into mechanical power by the Rankine subsystem 

during the subsequent discharge period. 

For consistency, the global efficiency was calculated on a mechanical-energy basis. 

Accordingly, the brake energy produced by the engine during the 1800 s charging period was 

added to the mechanical shaft energy delivered by the Rankine cycle during the 300 s discharge 

period. This combined useful energy was then divided by the total fuel energy supplied to the 

engine during the charging interval. 

Using the calculated engine and Rankine-cycle outputs, the integrated CBCC 

architecture achieved a global mechanical efficiency of approximately 40.53%. Compared with 

the engine-only brake thermal efficiency of 39.13%, this result represents an absolute increase 

of approximately 1.40 percentage points and a relative improvement of approximately 3.58%. 

An equivalent interpretation may be obtained by distributing the intermittent Rankine-

cycle shaft output over the complete 1800 s charging interval. Since the Rankine subsystem 

operates for 300 s, its cycle-averaged mechanical contribution corresponds to the discharge 

shaft power multiplied by the discharge-to-charge time ratio. This treatment prevents the 

relatively high instantaneous Rankine output from being interpreted as a continuous 

contribution throughout the entire engine operating period. 

Distinguishing instantaneous power from cycle-averaged power is essential when 

assessing the integrated system. Although the PCM-assisted Rankine cycle delivers 

approximately 14.91 kW of shaft power during discharge, this output is available for only one-

sixth of the engine operating duration. Consequently, the improvement in global efficiency 



remains modest even though the instantaneous bottoming-cycle power is substantially higher 

than that of the directly coupled configuration. 

When additional thermal-storage and discharge losses are neglected, the directly 

coupled and TES-assisted configurations recover approximately the same amount of exhaust 

energy over a complete operating sequence. Their cycle-averaged efficiencies are therefore 

expected to remain similar when the same thermodynamic states and conversion efficiencies 

are adopted. The principal distinction lies in the temporal delivery of the recovered energy: the 

directly coupled Rankine cycle provides a lower continuous output while the engine is 

operating, whereas the TES-assisted configuration provides a higher intermittent output after 

the charging stage. 

 

4.9 Temporal decoupling (Carnot Battery) 

Temporal decoupling between exhaust-heat recovery and power generation represents 

the main functional contribution of the PCM-based Carnot Battery. Under the steady-state 

engine condition considered in this study, the exhaust stream provides an approximately 

constant thermal source. Rather than compensating for short-term exhaust fluctuations, the 

storage subsystem accumulates the thermally recoverable exhaust energy over an extended 

period and subsequently releases it over a shorter interval. 

In the directly coupled configuration, the Rankine cycle receives approximately 20.22 

kW of thermal power while the engine is operating. Under the optimized thermodynamic 

conditions, this thermal input produces a steam mass flow rate of approximately 0.00819 kg/s. 

As a result, the directly coupled cycle generates approximately 2.615 kW of thermodynamic 

net power, 2.484 kW of mechanical shaft power, and 2.36 kW of electrical output after 

generator losses. 

With thermal storage, the same effective charging power is supplied to the PCM over a 

period of 1800 s, resulting in approximately 36.39 MJ of stored thermal energy. Releasing this 

energy over a fixed discharge period of 300 s increases the nominal thermal input to the Rankine 

cycle to approximately 121.30 kW. 

At this higher discharge power, the optimized Rankine cycle operates with a steam mass 

flow rate of approximately 0.05043 kg/s and produces 15.69 kW of thermodynamic net power. 

After accounting for the mechanical efficiency of the screw-expander assembly, the available 

shaft power reaches approximately 14.91 kW. Application of the generator efficiency results in 

an electrical output of approximately 14.16 kW. 



Comparison of the two configurations indicates a thermal- and power-concentration 

factor of approximately six. Relative to direct coupling, the TES-assisted system supplies nearly 

six times more thermal power to the Rankine cycle and consequently produces approximately 

six times more thermodynamic, mechanical, and electrical power. This increased output is 

available, however, for only one-sixth of the charging duration. 

Despite the substantial difference in instantaneous power, the total thermal energy 

supplied to the Rankine cycle remains approximately unchanged when additional storage and 

discharge losses are neglected. Direct coupling provides approximately 20.22 kW over 1800 s, 

whereas the TES-assisted configuration provides approximately 121.30 kW over 300 s. Both 

cases therefore correspond to approximately 36.39 MJ of recovered thermal energy. 

Because both configurations were evaluated using the same optimized thermodynamic 

states, the Rankine-cycle efficiency remains approximately 12.93%. After mechanical and 

generator losses, the effective electrical conversion efficiency is approximately 11.67%. Thus, 

the higher instantaneous electrical output of the TES-assisted configuration results primarily 

from the increased thermal input during discharge rather than from an improvement in the 

intrinsic efficiency of the Rankine cycle. 

 

Figure 9 - Comparison between conventional direct waste heat recovery and PCM-assisted temporal 

decoupling in the proposed Carnot Battery Combined Cycle architecture. 

Source: Author’s own elaboration. 

 



Beyond power concentration, temporal decoupling provides additional operational 

flexibility by allowing the engine and the bottoming cycle to operate sequentially. Such an 

arrangement reduces the direct dependence of the Rankine subsystem on real-time engine 

operation and may facilitate operation closer to a selected design point. Nevertheless, the 

practical realization of this benefit depends on the ability of the thermal storage unit and heat 

exchanger to deliver the calculated discharge power within the prescribed 300 s interval. 

 

4.10 Influence of PCM Design Parameters 

The storage response is governed by the PCM transition temperature, latent heat, heat-

transfer effectiveness, charging duration, and discharge duration. These parameters affect 

different aspects of the system and should not be evaluated in isolation. 

A lower transition temperature increases the exhaust temperature interval available for 

heat recovery, but it also lowers the temperature level supplied to the Rankine cycle and may 

restrict steam superheating. Conversely, a higher transition temperature improves heat quality 

while reducing the recoverable fraction. The selected value of 280 °C represents a compromise 

between these effects. 

Table 9 shows the effect of charging effectiveness for a fixed 1800 s charging period 

and 300 s discharge period. The reported PCM mass is the mass required to store the full latent-

energy amount in each scenario; if the installed mass were fixed, lower effectiveness would 

instead produce a lower state of charge. 

Table 9 - Influence of charging effectiveness on PCM storage performance 

Charging  
effectiveness 

Charging power  Stored energy 
Required PCM 

mass 
 Thermal input during 

300s discharge 

0.4 10.11 kW 18.19 MJ 48.01 kg 60.65 kW 

0.5 12.64 kW 22.74 MJ 60.01 kg 75.81 kW 

0.6 15.16 kW 27.29 MJ 72.01 kg 90.97 kW 

0.7 17.69 kW 31.84 MJ 84.01 kg 106.13 kW 

0.8 20.22 kW 36.39 MJ 96.02 kg 121.30 kW 

 

The results are nearly linear because the model applies a constant effectiveness to a 

fixed thermally recoverable heat rate. Doubling effectiveness from 0.40 to 0.80 doubles the 

charging power, stored energy, latent-storage requirement, and nominal discharge power. 

Table 10 evaluates charging duration at the baseline effectiveness of 0.80. The PCM 

mass again represents the capacity required to absorb all available heat. For a fixed 96.02 kg 



storage unit, charging beyond 1800 s would require sensible storage, partial heat rejection, or a 

larger PCM inventory once complete melting is reached. 

Table 10 - Influence of charging time on PCM storage performance 

Charging  
effectiveness 

Stored energy Required PCM mass 
 Thermal input during 

300s discharge 

900 s 18.19 MJ 48.01 kg 60.65 kW 

1200 s 24.26 MJ 64.01 kg 80.86 kW 

1800 s 36.39 MJ 96.02 kg 121.30 kW 

2400 s 48.52 MJ 128.02 kg 161.73 kW 

3000 s 60.65 MJ 160.02 kg 202.16 kW 

3600 s 72.78 MJ 192.03 kg 242.59 kW 

 

Discharge duration changes power but not stored energy. Shorter discharge periods 

increase Rankine-cycle input and output, but also require greater heat-transfer area and higher 

internal PCM heat flux. Latent heat mainly determines the required active-material mass; it 

does not, by itself, guarantee a high charging or discharge rate. 

 

4.11 Practical Implications for Heavy-Duty Electric Trucks 

The proposed CBCC architecture was also evaluated from the perspective of its 

potential application as an onboard range extender for heavy-duty battery-electric trucks. 

Current commercial electric trucks commonly employ battery capacities between 

approximately 400 and 600 kWh. Therefore, a nominal battery capacity of 500 kWh was 

adopted as a representative case for the present practical assessment. 

For example, the Volvo FH Electric is available with installed battery capacities 

between 360 and 540 kWh, while the Mercedes-Benz eActros 600 employs a total installed 

capacity of 621 kWh. Therefore, the selected capacity represents a realistic order of magnitude 

for long-haul and regional heavy-duty electric-truck applications (VOLVO TRUCKS, 2022; 

DAIMLER TRUCK, 2024). 

During each CBCC operating cycle, the internal combustion engine produces 69.38 kW 

of brake power for 1800 s, while the PCM is charged by the recoverable exhaust heat. After the 

charging phase, the Rankine subsystem operates for 300 s and delivers approximately 14.91 

kW of mechanical shaft power or 14.16 kW of electrical power. 

On a mechanical-energy basis, the ICE produces approximately 34.69 kWh during the 

1800 s operating period, whereas the Rankine subsystem contributes approximately 1.24 kWh 

during its 300 s discharge period. Therefore, each complete 1800 s operating sequence provides 



approximately 35.93 kWh, corresponding to an average mechanical power of approximately 

61.6 kW. 

Under these idealized conditions, approximately 8.1 h would be required to provide an 

amount of energy equivalent to the full nominal capacity of a 500 kWh battery pack. However, 

this value does not include the electrical conversion losses of the ICE generator or the charging 

losses of the battery. 

Assuming a generator efficiency of 95% for the ICE and using the calculated Rankine-

cycle electrical output of 14.16 kW, the average electrical power supplied by the CBCC is 

approximately 58.5 kW. This results in a theoretical charging time of approximately 8.5 h. 

When an additional battery-charging efficiency of approximately 95% is considered, the 

estimated time increases to approximately 9.0 h. 

These values represent the time required to supply 500 kWh under stationary conditions 

or in the absence of traction demand. During vehicle operation, the battery state of charge will 

depend on the balance between the electrical power produced by the CBCC and the 

instantaneous power consumed by the traction system and auxiliary loads. Consequently, the 

proposed system should be interpreted primarily as a range extender capable of reducing the 

battery discharge rate rather than as a high-power fast-charging system. 

Vehicle mass is another relevant consideration. Battery mass represents one of the 

principal practical constraints associated with heavy-duty vehicle electrification. NREL 

vehicle-technology scenarios consider pack-level battery masses ranging from approximately 

2.50 to 4.70 kg/kWh, depending on the assumed technological development level. For a 

nominal 500 kWh battery, this range corresponds to approximately 1.25–2.35 t. An 

intermediate assumption of 4.03 kg/kWh results in a battery-pack mass of approximately 2.02 

t. These values include the pack-level contribution rather than only the electrochemical cells 

and are therefore more appropriate for a preliminary vehicle-level mass assessment 

(BROOKER et al., 2020). 

A conventional heavy-duty diesel tractor has a representative mass of approximately 7.4 

t. Removing the diesel engine, transmission, and driveline and replacing them with an electric 

driveline results in an estimated battery-electric tractor mass of approximately 5.85 t before the 

battery pack is installed. 

For a 500 kWh battery, the pack mass may vary from approximately 2.0 to 3.6 t, 

depending on the adopted pack-level energy density. An intermediate value of approximately 

2.5 t results in a battery-electric tractor mass of approximately 8.35 t, or about 0.95 t more than 

the representative diesel configuration. 



The mass of the proposed CBCC range extender was estimated from its principal 

components, including the 1.5-L ethanol engine, generator, exhaust heat exchanger, PCM, 

containment and insulation, Rankine-cycle equipment, condenser, pumps, piping, cooling 

system, controls, and fuel storage. Since the mechanical layout has not yet been developed in 

detail, a preliminary range of approximately 0.7–1.2 t was obtained, with a central estimate 

close to 0.9 t. 

Using this intermediate estimate, the complete battery-electric truck equipped with a 

500 kWh battery and the proposed CBCC would have a tractor mass of approximately 9.25 t. 

This corresponds to an increase of approximately 1.85 t relative to the representative diesel 

tractor. 

The additional mass must be considered together with the operational benefits of the 

range extender. The CBCC may reduce dependence on external charging infrastructure, extend 

vehicle operation in remote routes, and enable the use of a smaller battery in applications where 

the range extender is available for prolonged operation. In practice, the most advantageous 

configuration may therefore involve reducing the battery capacity rather than adding the CBCC 

to a full-size 500 kWh battery pack. 

For example, replacing part of the battery capacity with the range extender could 

partially offset the mass of the CBCC. At a representative pack-level specific energy of 0.20 

kWh/kg, each 100 kWh reduction in battery capacity would reduce vehicle mass by 

approximately 500 kg. Consequently, reducing the battery from 500 to 300 kWh could save 

approximately 1.0 t, which would be comparable to the estimated mass of the complete CBCC 

system. 

This result suggests that the practical value of the proposed architecture lies not only in 

recharging a large onboard battery, but also in enabling battery downsizing while maintaining 

operational range and flexibility. Nevertheless, a definitive assessment requires detailed 

mechanical design, component selection, vehicle packaging analysis, fuel-storage sizing, and 

evaluation of the resulting payload capacity. 

 

5 CONCLUSIONS 

This dissertation presented a thermodynamic and exergy-based assessment of a Carnot 

Battery Combined Cycle (CBCC) architecture for an ethanol-fueled range extender intended 

for heavy-duty electrified transport. The proposed configuration integrates an Otto-cycle 

internal combustion engine, a phase change material (PCM)-based thermal energy storage 



system, and a wet-steam Rankine cycle equipped with a screw expander. In the final model, the 

engine was treated as a fixed thermal source, while the operating conditions of the PCM–

Rankine subsystem were optimized within practical equipment and thermal constraints. 

The engine model predicted a brake power output of 69.38 kW from a fuel-energy input 

of 177.30 kW, corresponding to a brake thermal efficiency of 39.13%. The exhaust gases 

carried 47.92 kW of thermal power and 27.56 kW of physical exergy, resulting in an exergy-

to-energy ratio of approximately 57.5%. These results confirm that the exhaust stream contains 

a relevant amount of recoverable energy, while the exergy value establishes the theoretical limit 

for useful-work production. After accounting for the PCM transition temperature and the 

minimum charging temperature approach, the thermally recoverable exhaust power was limited 

to approximately 25.27 kW. With a charging effectiveness of 0.80, the effective thermal power 

transferred to the PCM was approximately 20.22 kW. 

For the baseline storage design, the PCM charging and discharge times were fixed at 

1800 s and 300 s, respectively. Under these conditions, approximately 36.39 MJ of thermal 

energy were stored. Considering a latent heat of fusion of 379 kJ/kg, the required active PCM 

mass was estimated at 96.02 kg. This value represents only the phase-change material and does 

not include the additional mass and volume associated with the heat exchanger, containment, 

insulation, structural supports, piping, and auxiliary equipment. 

The genetic optimization was applied to the expander inlet pressure, expander outlet 

pressure, and degree of superheating. Within the prescribed search space, the optimum 

converged to an inlet pressure of approximately 1200 kPa, an outlet pressure of approximately 

110.1 kPa, and a superheating degree close to 20 °C. The expander outlet vapor quality was 

approximately 0.9306, which is compatible with the wet-steam operating capability assumed 

for the screw expander. Because the solution reached the upper bounds for inlet pressure and 

superheating and the lower bound for outlet pressure, the result should be interpreted as the 

optimum within the adopted practical constraints rather than as an unconstrained 

thermodynamic maximum. 

During the 300 s discharge period, the stored energy supplied a nominal thermal input 

of 121.30 kW to the Rankine cycle. The resulting steam mass flow rate was approximately 

0.0504 kg/s. The optimized cycle produced 15.69 kW of thermodynamic net power, 

approximately 14.9 kW of mechanical shaft power, and approximately 14.16 kW of electrical 

output after generator losses. The Rankine-cycle thermal efficiency was approximately 12.93%, 

while the effective electrical conversion efficiency was approximately 11.67%. These outputs 



were determined from the thermal energy available during discharge and were not imposed as 

nominal power targets. 

Regarding RQ1, the CBCC increased the useful energy obtained from the fuel by 

converting part of the exhaust heat into electrical energy. When the complete charge–discharge 

sequence is evaluated on a consistent time basis, the global efficiency increases from 39.13% 

for the engine alone to approximately 40.53% for the integrated system. This corresponds to an 

absolute improvement of approximately 1.4 % and a relative improvement of approximately 

3.6%. The improvement results from waste-heat conversion rather than from any increase in 

the exergy originally contained in the exhaust gases. 

Regarding RQ2, the principal contribution of the PCM-based Carnot Battery is temporal 

decoupling and power concentration. In the directly coupled configuration, the Rankine cycle 

receives approximately 20.22 kW of thermal power and produces approximately 2.615 kW of 

thermodynamic net power and 2.36 kW of electrical power while the engine is operating. In the 

TES-assisted configuration, the same amount of recovered thermal energy is accumulated over 

1800 s and released over 300 s, increasing the instantaneous thermal and electrical power levels 

by a factor of approximately six. However, the TES-assisted subsystem operates for only one-

sixth of the charging duration. Therefore, neglecting additional storage and discharge losses, 

the total recovered energy remains essentially unchanged; the principal benefit is the ability to 

deliver it at a higher, controllable, and dispatchable power level. 

Regarding RQ3, the results confirmed that the operational behavior of the CBCC is 

strongly influenced by PCM and heat-transfer design parameters. Charging effectiveness and 

charging duration determine the amount of energy stored and the required PCM capacity, 

whereas discharge duration determines the instantaneous thermal power supplied to the 

Rankine cycle. The PCM transition temperature establishes a compromise between the amount 

of exhaust heat that can be recovered and the temperature level available for steam generation 

and superheating. Latent heat mainly influences the required active-material mass, but it does 

not, by itself, guarantee adequate charging or discharge power. Consequently, storage-material 

selection and heat-exchanger design must be evaluated together. 

Within the assumptions of the developed model, the two hypotheses proposed in this 

dissertation were supported. The results support H1 by showing that thermal storage improves 

the practical utilization and dispatchability of exhaust heat and increases the total useful output 

of the range-extender system, while the theoretical exhaust exergy remains determined by the 

exhaust thermodynamic state. The results also support H2 by demonstrating the sensitivity of 



the CBCC to storage capacity, charging effectiveness, charging duration, discharge duration, 

and heat-transfer limitations. 

From a vehicle-level perspective, the proposed CBCC should be interpreted primarily 

as a range-extending and battery-discharge-rate-reduction system rather than as an onboard 

fast-charging device. The estimated charging time for delivering an amount of electrical energy 

equivalent to a 500 kWh battery capacity is several hours under idealized stationary conditions. 

Moreover, the additional mass of the CBCC must be considered in the vehicle design. Its 

practical advantage may therefore be greater when the range extender enables a reduction in 

installed battery capacity, partially offsetting the mass of the engine, thermal storage, Rankine-

cycle equipment, and associated auxiliaries. 

The main limitations of this study arise from the steady-state thermodynamic 

formulation and the simplified treatment of thermal storage. The model does not explicitly 

resolve transient PCM melting and solidification, the spatial temperature distribution within the 

storage unit, the overall heat-transfer coefficient, the required heat-transfer area, exhaust-side 

pressure losses, thermal losses during storage, or the detailed off-design performance of the 

screw expander. Vehicle dynamics, supervisory control, packaging, durability, corrosion, 

safety, cost, and experimental validation were also outside the scope of the present work. 

Future research should therefore develop a transient PCM and heat-exchanger model 

based on detailed geometry and UA or effectiveness–NTU relationships, including pressure 

drop, thermal losses, incomplete phase change, and cycling degradation. Experimental studies 

should validate the charging and discharge rates and determine whether the nominal 121.30 kW 

thermal transfer during the 300 s discharge period is physically achievable. Further work should 

also evaluate expander off-design behavior, integrated control strategies, vehicle duty cycles, 

battery downsizing, component packaging, mass, cost, and lifecycle environmental 

performance. Overall, the proposed CBCC does not increase the theoretical energy or exergy 

available in the engine exhaust; instead, it provides a means of storing, concentrating, and 

dispatching part of that resource, thereby improving operational flexibility and modestly 

increasing the cycle-averaged efficiency of ethanol-based range extenders. 
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