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RESUMO 

 
A queima de hidrocarbonetos com oxigênio puro (oxyfuel combustion) remete ao 

processo de combustão no qual o comburente é, via de regra, uma mistura de oxigênio e CO2.  

A técnica permite implementar processos de captura e armazenagem de carbono. Assim, 

objetivos principais deste estudo foram avaliar a oxi-combustão aplicada em plantas de 

cogeração baseadas em motores a gás. Os motores empregam gás de pirólise de resíduos sólidos 

urbanos como combustível. O calor rejeitado pela planta de potência sustenta as reações de 

pirólise do substrato sólido. Para tal, foi desenvolvido um modelo matemático e numérico para 

analisar o desempenho termoeconômico da planta de cogeração. A presença de dióxido de 

carbono nos reagentes reduz a temperatura da mistura após a compressão em aproximadamente 

200 K comparado à combustão convencional, permitindo o motor operar com elevadas taxas 

compressão, ampliando os limites da detonação. As predições numéricas indicaram eficiência 

térmica do motor, operando no modo oxyfuel, sempre superior a 42%, similar a queima do gás 

de pirólise com ar atmosférico. A temperatura de descarga do motor predita pelo modelo varia 

de 512 a 799 °C na oxicombustão comparada a 962 °C da queima com ar atmosférico, sendo 

adequada para sustentar as reações de degradação térmica do combustível derivado de resíduos, 

viabilizando a planta de cogeração. Uma planta CHP-CCS produzindo 200 MW de potência 

elétrica, a um custo aproximado de 510 milhões de dólares, possui tempo de período de retorno 

de investimento em menos de 5 anos, capturando cerca de 1.1 milhões de toneladas de CO2 por 

ano. 

 

 

Palavras-chave: oxi-combustão, oxyfuel, motores de combustão interna, ciclo Otto, motor a gás, 

CHP, análise de viabilidade., gás de pirólise de lixo, RDF.
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ABSTRACT 
 

 

The burning of hydrocarbons with pure oxygen – called oxyfuel combustion – refers to 

the process of combustion in which the oxidizer is, as a rule, a mixture of oxygen and CO2. This 

technique allows the implementation of carbon capture and storage processes. Thus, the main 

objectives of this study were to evaluate oxyfuel in cogeneration plants applied to gas engines. 

The engines use pyrolysis gases from municipal solid waste as fuel. Heat rejected by the power 

plant sustains the pyrolysis reactions of the solid substrate. To this end, a mathematical and 

numerical model were developed to analyze the thermoeconomic performance of the 

cogeneration plant. It was analyzed the influence of CO2 concentration in oxidizer on engine 

exhaust temperature. The presence of carbon dioxide in reactants lowers in-chamber 

temperature during compression and power strokes at around 200 K when compared to 

conventional air combustion, minimizing knock tendency and allowing engine operation at 

higher compression ratios. Numerical predictions pointed a consistent 42% engine’s thermal 

efficiency operating on oxyfuel mode, similar to RDF conventional air combustion. Engine’s 

exhaust temperature obtained from the model varies from 512 to 799 °C on oxyfuel modes 

compared to 962 °C when in Conventional Air Combustion. This temperature level is 

appropriate to sustain refuse-derived fuel thermal decay reactions, thus enabling the 

cogeneration plant. A simulated CHP-CCS powerplant producing 200 MW electric power 

output at an approximate cost of US$ 510 million has a payback period of less than 5 years, 

capturing about 1.1 million tons of CO2 per year.  

 

 

Keywords: oxyfuel, internal combustion engine generator, Otto cycle, gas engine, CHP, feasibility 

analysis, Refuse-derived fuel., RDF.  
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Chapter 1  

1 INTRODUCTION 
 

This chapter is structured in four sections which present, respectively, a brief 

contextualization of the background and motivation related to this study, the research 

objectives, and a preview of the following chapters. 

 

 

1.1 BACKGROUND AND MOTIVATION 

 

As recent environmental concerns due to climate changes become even more relevant, 

other important correlated issues also need attention. On economic scale, the devastating 

COVID-19 pandemic and war on Ukraine accentuated fuel prices and energy generation costs, 

challenges consistently linked to geopolitical factors. 

 

Figure 1 – Venn diagram of the ongoing global energy and environmental concerns. This work 
evaluates a solution addressed to the intersection area.  

 

At every energy calamity following 70’s oil crisis, new research on alternative fuel 

studies emerge aiming to find renewable sources [1]. Nowadays, there is a pressing need for 

reduction in greenhouse gas emissions and advanced burning technologies to reduce NOx, 

carbon monoxide (CO), and hydrocarbons (HC) concentration in the flue gas. The European 
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Union, for instance, has defined ambitious targets for 2030, cutting no less than 40% in 

greenhouse gas emissions (CO2, CH4, N2O, etc.) from 1990 levels, and improving around 32% 

overall energy transformation efficiency [2]. A major issue also linked to pollution is the 

relation with diseases and mutations that could eventually lead to birth defects, respiratory and 

circulatory disorders, and even cancer. [3]  

Another relevant concern for the 21st century is the necessity to improve solid waste 

management and the possibility to transform waste into useful fuel for power generation 

without penalizing long-term environmental perspectives. There is a need, however, to mature 

a set of technologies that could exploit this huge energy source as depicted in Fig. 2. Advanced 

technologies for waste to energy conversion power plants are pyrolysis and plasma gasification. 

 

 

Figure 2 – 2018 Municipal solid waste outlook in million metric tonnes. [4]  

 

 

1.2 STATE-OF-THE-ART – GAS ENGINES for OFC 

 

Engine manufacturers are continuously developing modern Internal Combustion 

Engines for operation on renewable and cleaner fuels. Some of the recent efforts are based on 

pure Hydrogen gas for road vehicles and motorsport applications (e.g., Yamaha Hydrogen 5.0 

V8) and multi-fuel strategy for heavy-duty vehicles and generators (e.g., Cummins fuel-

agnostic engine platforms). 
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Figure 3 – Yamaha Hydrogen 5.0L V8 at left and Cummins X15H at right. 

 

Internal combustion engines could be developed to employ different fuel-delivery and 

ignition strategies to optimize their use. Figure 4 presents the diversity of possibilities for pure 

hydrogen and their mixture with high H2 concentration. Fuel can be delivered via port fuel 

injection, direct injection, or even a combination of both, while ignition strategy will vary 

depending on fuel type and its properties, engine constructive technology, and range of 

applications. Multi-fuel engines present similar strategies as those presented in Figure 4 for 

pure Hydrogen. 

 

 

 
Figure 4 – Simplified diagram of injection and ignition strategies for Hydrogen internal 
combustion engines. Adapted from [5]. 

 

In terms of power generation, Internal Combustion Engines-Generators (ICEGs) still 

play a significant role in developing countries [6] due to their lower cost, larger availability, 

and better fuel flexibility [7] when compared to gas turbines [8]. In Brazil, gas engines have 

been the preferred technology for landfill gas utilization in WtE projects.  
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Table 1 – Gas turbine and gas engines main characteristics for power generation [9]   
GAS TURBINES RECIPROCATING ICE 

High Combined Cycle efficiency High Single Cycle efficiency 

Low Emissions and noise High part-load efficiency 

Power density Fast Start capabilities 

CHP high temperature CHP low temperature 

Inertia Multi-unit approach 

H2 capability Better Fuel-flexibility 

Higher cost Lower cost 

 

Advanced reciprocating engines are potential means of converting alternative fuels and 

synthesis gases into power [7], [8]. Compression Ignited (CI) engines tend to be the preferred 

technology over Spark Ignited (SI) [10]. Figure 5 shows a series of Wärtsila 20V24SG gas 

generator sets in operations in the UTE-LORM in Brazil. These engines can burn a broad range 

of gaseous fuels with thermal efficiency in excess of 40% in single cycle application. Overall 

fuel efficiency can be largely improved by means of combined power cycles utilization or heat 

and power systems. 

 

 
Figure 5 – Wärtsila 20V24SG gas generator sets with a total combined output of 204 MW in 
thermoelectric powerplant UTE-LORM, located in State of Espírito Santo – Brazil. 

 

Large gas engine power plants are potential candidates for the application of Carbon 

Capture and Storage (CCS) technology to reduce carbon dioxide (CO2) emissions from fossil 

fuel power generation [11]. Carbon Capture and Storage (CCS) technology combined with 

more efficient power generation would further reduce CO2 emissions [11]. Renewable energy 
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sources also play a major role to substitute fossil fuels in any combined strategy to decrease 

greenhouse gas emissions. In the Brazilian scenario, renewable fuels such as ethanol capture 

CO2 naturally during sugar-cane plant growth, a process called carbon fixation; CO2 capture 

could also occur in post-combustion [12] processes. NOx emissions, though, claim specific 

treatment such as that based on catalytic converters.  

 

 

Figure 6 – Simplified diagram of carbon capture and underground storage [13].  

There are three main technologies to promote carbon capture: pre-combustion, post-

combustion, and oxyfuel combustion operations. Pre-combustion capture is composed of 

conversion systems that transform fuels into a mix of hydrogen gas and carbon dioxide. The 

principle consists of partially oxidizing fuel (e.g., coal) in oxygen/air and steam under high 

temperature and pressure to obtain synthetic gas (syngas). Syngas is a mixture of carbon 

monoxide (CO), carbon dioxide (CO2), hydrogen (H2), and smaller portions of methane (CH4), 

and can undergo a process called water-gas shift reaction (WGSR) to produce a gaseous mixture 

comprising of H2 and CO2. After removing the CO2, combustion takes place with H2-rich fuel. 

Post-combustion carbon capture removes carbon dioxide from flue gas streams after fuel 

oxidation. This technology is the preferred option for retrofitting existing power plants, capable 

to recover CO2 at a rate of up to 800 tons per day. [14]  

Oxyfuel combustion takes place in an oxygen-enriched gas mix instead of air. Input air 

enters an Air Separation Unit where almost all of the Nitrogen is removed, yielding a stream of 

95% higher oxygen concentration. This work deal with oxyfuel combustion of gaseous fuel 

extracted from the thermal degradation of Refused-Derived Fuel from MSW disposal centers. 

A search on the Science Direct database using the keywords of the present research 
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showed the following result findings: 

“Oxyfuel” – 2,925; 

“Refuse derived fuel” – 16,178; 

“CHP plants” – 23,463; 

“Gas engine” – 210,760; 

“Carbon Capture and Storage” – 138,592 

 

By combining all of these keywords in the advanced search window (find articles with 

these terms) the system returns a list of null articles for that consultation. Therefore, the 

proposed research shows a good deal of novelty. 

 

 

1.3 RESEARCH OBJECTIVES 

 
 

Considering that few researchers have addressed the application of CCS technology in 

CHP plants based on the oxyfuel combustion in WtE projects, this work is mainly focused on 

presenting a mathematical model to predict relevant gas engine data from the burning pyrolysis 

gas from Refuse-Derived Fuels in oxyfuel mode. The main objectives of this work are: 

- to develop a thermodynamic simulation code for oxyfuel combustion (OFC) analysis; 

- to obtain engine performance parameters in different oxidizer composition; 

- to promote basic engine analysis when experimental testing is complex, costly or not 

viable. 

After these goals, the following secondary objectives fulfill the general purpose of the work: 

- investigate the oxyfuel combustion applied to CHP plants; 

- to conduct a feasibility study of CHP plants operating with RDF in oxyfuel combustion 

mode for Carbon Capture and Storage application. 

 

1.4 OUTLINE 

 

This work is structured in five chapters as follows: 

Chapter 2 presents a literature overview regarding the most relevant concepts related to this 

study. It is divided into four sections: 

• A brief historical background of oxyfuel process; 

• Latest research on this theme; 
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• The mathematical model used in this work; 

• How results were validated by comparing theoretical results with an actual engine. 

Chapter 3 contains CHP feasibility study with all results of the different OFC modes gathered 

and calculated.  

Chapter 4 presents an overview of a simulated application of this concept in Brasilia waste 

landfill 

Chapter 5 contains the final remarks of this work along with the recommendations for future 

studies to improve results and address specific events observed during the current study. 
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Chapter 2  

2 CONCEPTS 
 

In this chapter, an overview of the most relevant concepts for the present study is given. 

First, a brief historical background of oxyfuel combustion is presented. Then, the second part 

deals with some of the latest and most relevant studies on OFC. The third part presents the 

mathematical and numerical models developed for this research, along with code validation.  

 

 

2.1    OXYFUEL COMBUSTION 

 

Oxyfuel combustion (OFC) consists in carrying out the combustion process removing 

the nitrogen from the oxidizer. The first application describing its implementation dates back 

to the beginning of the 20th century when French engineers Edmond Fouché and Charles Picard 

developed oxy-acetylene for welding purposes, and later for metal cutting.  

OFC technology applied to reciprocating ICE is quite novel [15] and appears as one of 

the most promising solutions to eliminate pollutants while maintaining energy conversion 

efficiency and providing the expected carbon capture [16]. Oxyfuel combustion concept is not 

new and still there are few works available in the literature [2], [15] applied to gas engines in 

non-conventional fuels. With the removal of nitrogen from the oxidizer, combustion process 

may take place under oxygen-enriched conditions, using the exhaust gas recirculation (EGR) 

of CO2 and water vapor to control the high combustion temperatures to prevent overheating 

issues [17]. Recycling flue gas is also a means to achieve lower flame temperatures in ICE’s 

[18]. Equation 1 and 2 show the main products of air (conventional) and oxyfuel combustion 

of a generic hydrocarbon or alcohol. 

 

C H O + a(O + 3,76N ) → bCO + cH O +  dN + eO  (1) 

 

C H O + a(O +  βCO )  → bCO + cH O (2) 
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Carbon capture is thus facilitated when performing oxyfuel combustion since the water 

in flue gases can be condensed leaving a stream of pure carbon dioxide. For combined cycle 

and cogeneration system, the combustion has to be performed in stoichiometric mode to avoid 

the presence of costly oxygen in the products of the reaction. It is also possible to note that 

nitrogen oxide emissions are eliminated once the combustion process occurs in the absence of 

nitrogen. Figure 7 illustrated the intake and exhaust strokes of an ICE operating in oxyfuel 

mode. OFC oxidizer is generally composed of pure oxygen mixed with recirculated flue gases. 

The reactant mixture comprised of oxygen, fuel and recirculated flue gases enters the engine 

during intake stroke, and products, mostly carbon dioxide and water, leaves the engine during 

exhaust stroke. Carbon dioxide can be stored or converted to carbon-based fuels through 

methods of electro-catalytic CO2 transformation [15].  

 
 

 

     

Figure 7 – Oxyfuel concept applied to reciprocating internal combustion engine. 

 

2.2   RELATED RESEARCH   

 

Serrano et al. [19] provided a theoretical and experimental evaluation of spark-ignition 

premixed oxyfuel for future CO2 captive power plants. In that work, the authors stated that the 

engine should be operated in near-stoichiometric conditions. Another issue addressed referred 

to EGR dilution rates which ranged between 60% and 70% to avoid in-cylinder temperature 

excess after the compression stroke, to further avoid undesired knocking that could potentially 

lead to mechanical failure, and also to ensure combustion stability. 

Wu et al. [20] applied water direct injection combined with oxyfuel to investigate its 

potential for thermal cycle efficiency improvements. Water was heated up through engine 

Fuel 

Pure Oxygen (min. 
95 %) 

CO2 

H2O 
Recirculated flue 

gases 
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coolant and exhaust gas before being injected into the cylinder. Waste heat was recovered, and, 

under appropriate test conditions, thermal efficiency increased from 33% to 53%. 

Shudo et al. [21] evaluated the characteristics of the combustion and the exhaust 

emissions from a spark ignition engine fueled with several kinds of gases selected simulating 

pyrolysis products of shredder dust (WtE). In that study, fuels with heating values as low as 

5.02 MJ/m³ were successfully used in internal combustion engines. Another remark was that 

waste-pyrolysis gases containing a large amount of inert gas emitted low NOx in lean 

combustion mode (λ = 1.5). 

Fiore et al. [22] reviewed the use of residual forest activities or wastes from the 

agricultural industry for power and heat generation to supply energy to peripheral areas with 

minimum pollutant emissions. The work addressed a broad range of technologies, such as, dual-

fuel compression ignition engines, homogeneous charge spark ignition engines and direct 

injection spark ignition engines under syngas operating conditions from both experimental and 

numerical points of views. The performance and the emissions of the engines were examined 

and discussed showing that syngas composition was the most important parameter for the 

performance of different engines. 

German company Spanner Re² GmbH developed CO2-neutral biomass power plants 

across Europe, in ranges from 500 kW to 2 MW. In Latvia, a cascade of 20 engines burns syngas 

obtained from the thermal gasification of dry wood for heat and power applications (Fig. 8)   

 

 

Figure 8 – Spanner Re² GmbH CHP plant located in Valka, Latvia. 

 

The use of fuel gases from renewable sources is a promising technology for heat and 

power generation at near zero carbon emissions. The large-scale implementation of such 

technologies, including renewable hydrogen, will take time. Oxyfuel combustion of gaseous 
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fuel obtained from thermal conversion of carbon-based energy feedstocks, either by pyrolysis 

or gasification, is a promising intermediate technology towards a hydrogen-based power 

production economy. 

 
 

2.3     MATHEMATICAL and NUMERICAL MODEL 

 

The proposed model is based on an energy balance applied to the main processes of the 

engine in which the indicated efficiency (𝜂 ) is obtained after inferring cycle losses from 

intake work (𝜀 ), heat transfer to the walls (𝜀 ), and exhaust gases energy (𝜀 ) as defined 

by Martin [23]. It will be shown later in the chapter that the indicated efficiency helps define 

effective efficiency (𝜂 ) once mechanical efficiency (𝜂 ), which tracks the cylinder friction 

losses, is calculated. Therefore, all the relevant engine losses are taking into consideration in 

Eq. (3). As such, the model can be referred as a Global Energy Balance Model (GEBM) given 

by 

𝜂 + 𝜀 + 𝜀 + 𝜀 = 1 (3) 

 

Figure 9 illustrates the main processes along the Otto cycle in a temperature versus 

entropy chart.  

 
Figure 9 – Temperature-Entropy (T-S) diagram of an Ideal Otto Cycle [23]. 

 

Theoretical four stroke naturally aspirated Otto Cycle can be inferred by the following 

areas:  

 The total area A+B+C under red contour is the heat supplied to the engine (𝜂 ); 
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 Area A corresponds to the ideal work delivery by the engine, without 

considering the intake work losses; 

 Area B corresponds to rejected heat during exhaust stroke (𝜀 ); 

 The C area corresponds to heat loss due to engine cooling during power stroke 

expansion (𝜀 ).  

 

The terms in Eq. (3) are non-dimensional and are obtained after dividing a given 

thermodynamic process area (Ai) by the total area (heat addition =∑ 𝐴 ), such that 𝜀 =

𝐴 /𝐴( ), 𝜀 = 𝐴 /𝐴( ) and 𝜂 = 𝐴 /𝐴( ) . The internal engine efficiency (𝜂 ) 

needs further formulation to include the intake stroke work relation (𝜀 ) giving by the green 

area in Fig. 10. The engine net work (indicated power) is given by the balance between the 

relative power stroke (𝜂 ) and the relative intake work (𝜀 ) such that 𝜂 =  𝜂 − 𝜀 .  

 

 
Figure 10 – Intake breathing work (green line) in Pressure-Volume (P-V) diagram of an ideal Otto 
cycle [23]. 

 

Figure 11 shows a turbocharged Otto Cycle in the T-S diagram. While compression 

stroke is still the same from 1 to 2, as well as heat release from 2 to 3, the end of power stroke 

must be altered to allow the flue gases to flow through the exhaust valve (4-5*) and run the 

turbine (5-6). Therefore, engine exhaust must take place at higher pressure (p4). Since the 

turbine expansion process is not reversible, some entropy is generated between 5-6. Entropy is 

also generated when the flue gases exit the cylinder engine. Process 5* to 5 refers the flue gas 
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cooling along the exhaust pipe. On compressor side, intake occurs at ambient pressure (p0) and 

temperature (T0), from t stage “0”. Compressor then raises, non-isentropically, air pressure to 

state 1*. Then, intercooling reduces the temperature of the pressurized air to T1, prior to the 

compression stroke 1-2. 

 

 
Figure 11 – Temperature-Entropy (T-S) diagram of a turbocharged Otto Cycle [23]. 

An overview of the model is displayed in Figure 12. Since the GEBM model does not 

give the thermodynamic states along the cycle, an auxiliary simplified model was also 

developed to overcome such constraint. For combined heat and power applications the engine 

exhaust temperature is a necessary information for process heating. Exhaust temperature can 

be inferred by the energy content in the flue gases, from the GEBM model or by an auxiliary 

model that provides the thermodynamic properties stated along the cycle. This simplified model 

helps to validate the GEBM model results and set the limits for the thermodynamic properties 

along the cycle. 

As it can be seen from Fig. 12, the model can handle a broad range of conventional Otto-

cycle fuels, and others, such as landfill gas, biogas, syngas, pyrolysis gas, natural gas, etc. 

As for the oxidizer, the model is able to deal with conventional air combustion (lean and 

stoichiometric) and oxyfuel applications in a broad range of oxygen dilution by carbon dioxide 

and water. In this work the relative mass proportion of oxidizer were 75% CO2 and 25% O2 

(75/25), 80% CO2 and 20% O2 (80/20), 85% CO2 and 15% O2 (85/15). In addition to the 

reactants, the model also need data from the geometric and operating engine conditions, such 

as compression and equivalence ratios, engine rpm, and so on, as depicted in Fig. 12. 
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Figure 12 – Diagram of modelling conditions in Engineering Equation Solver software.  

 

The terms in Eq. (1) are obtained by modeling the processes interactions during the 

cycle [23]. Engine cooling losses through the walls, as function of charging coefficient (r), 

mean piston speed (w), cylinder diameter (D) and compression ratio (), are calculated from  

 

𝜀 = 0.015(𝑟𝑤𝐷) , (𝜒 , + 3 𝜒 , ) (4) 

 

The charging coefficient (𝑟) is given by 

  

𝑟 = 𝜂 𝜂
�̇� ℎ

�̇� ℎ

𝑇

𝑇
  

 

(5) 

 

For gaseous fuels, intake losses 𝜀 , as a function of pressure difference between intake 

and exhaust (𝛥𝑃 ), the charging coefficient (𝑟), the volumetric stoichiometric ratio (𝑉 ), 

the equivalence ratio (𝜙), the mixture density (𝜌 ), the fuel lower heating value (𝐿𝐻𝑉) and the 

volumetric stoichiometric ratio (𝑚 ). The losses are computed by 

 

𝜀 =  
𝛥𝑃

𝑟𝜌
𝑉

𝑉 + 𝜙
𝜙

𝐿𝐻𝑉
𝑚

 
 

(6) 
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where 𝛥𝑃  the difference between exhaust and intake pressures is given by 

 

𝛥𝑃 =  𝑃 −  𝑃  (7) 

 

Losses from the exhaust are calculated by 

 

𝜀 =  
1

𝜒
−  𝜀

2

𝜒 + 1
  

(8) 

 

 Where the convenience factor 𝜉 is obtained by the following equation 

 

𝜉 = −
log(1 − 𝜂 )

log (𝜒)
 

(9) 

 

For 0 ≤  𝜀 ≤ 0.015 

 

𝜉 =  0.277 + 0.06(1 − 𝜙 + (1 − 0.1𝜒 . )(1 − 𝜙) , ) (10) 

  

The effective power is given by the brake mean effective pressure (�̅� ) and engine 

geometric (𝑉 ), design (N) and operating regime (rpm) using 

 

𝑃 =  �̅� 𝑉
𝑟𝑝𝑚

𝑁
 (11) 

 

The brake mean effective pressure is given by 

 

�̅� =  𝜂 𝑟𝜌
𝐴𝐹𝑅

(𝐴𝐹𝑅 + 𝜙)

𝜙𝐿𝐻𝑉

𝐴𝐹𝑅
 

(12) 

 

In Eq. (12), 𝜂  is the engine brake efficiency, air to fuel ratio in volumetric (𝐴𝐹𝑅 ) 

and mass basis (𝐴𝐹𝑅 ). 

To complete the terms in Eq. (3) it is necessary to infer the engine indicated efficiency 

(𝜂 ), related to the mechanical (𝜂 ) and effective counterparts, given by 

 

𝜂 =  𝜂 𝜂  (13) 
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Engine mechanical efficiency is inferred by 

 

𝜂 = 1 −  
�̅�

�̅�
 

(14) 

 

In Eq. (15), �̅�  is the engine mean friction pressure and �̅�  is the mean indicated pressure. 

Engine mean friction pressure is obtained from  

 

�̅� = �̅� , + 𝑘 (2�̅� +  �̅� )𝑘
𝑤

𝐷
 (15) 

 

�̅� = 𝜂 𝑟𝜌  
𝐴𝐹𝑅

(𝐴𝐹𝑅 + 𝜙)

𝜙𝐿𝐻𝑉

𝐴𝐹𝑅
 

(16) 

 

In four stroke engines used as generators, �̅� = 70 𝑘𝑃𝑎, 𝑘 = 0,02 𝑘𝑃𝑎, 𝑘 =

0,70 𝑘𝑃𝑎,  �̅� = 700 𝑘𝑃𝑎 . [23] 

Brake specific fuel consumption is given by 

 

𝑆𝐹𝐶 =  
1

𝜂 𝐿𝐻𝑉
 

(17) 

 

The auxiliary model, referred as State Thermodynamic Model (STM) calculates the 

thermodynamic properties along the ideal Otto cycle. It is helpful in characterizing the limits of 

the main thermodynamic properties, such as temperature and pressure. 

First, the stoichiometric equation for a given fuel and oxidizer composition is calculated 

using the oxyfuel combustion reaction presented in Eq. (2). 

 

 

Figure 13 – From left to right: thermodynamic states 1, 2, 3 and 4 of an Ideal Otto cycle, 
corresponding to those shown in the Fig 7. [24] 
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The main equations of the STM model follows that for a four stroke Otto Cycle. 

Cylinder and engine total displacement are calculated by 

 

𝑉 =
𝜋𝐷 ℎ

4
 

(18) 

 

𝑉 =  𝑉 ∙ 𝑛   (19) 

 

Compression ratio is given by 

 

𝜒 =  
𝑉

𝑉
 

(20) 

 

Where 𝑉  is the volume (displacement) at the bottom dead center, while 𝑉  is that at top 

dead center.  

The code was developed to deal a broad range of fuels such as syngas, pyrolysis gas, 

landfill gas, gasoline, ethanol and a mix of those. Fuel composition, therefore, must be given in 

terms of volume of mass fraction. Carbon dioxide may also appear as a component in the fuel 

gas, when pyrolysis and gasification are executed in carbonaceous energy feedstocks. 

In this case, CO2 in flue gases may be from exhaust recirculation, carbon oxidation or 

the fuel itself (reactant). Oxidizer mass compositions in the reactant mixture, in kg, are 

calculated using equations 21 to 23, for oxyfuel, oxy-enriched and conventional combustion 

processes in the ICE.  

𝑚 = (𝑛 +  𝛽𝑛 )𝑀𝑊  (21) 

 

𝑚 = (𝑛 +  𝑛 𝛤)𝑀𝑊  (22) 

 

𝑚 = 𝑛 𝑀𝑊  (23) 

 

𝑚 =  𝑛 (𝛽 +  𝛼 +  1) (24) 

 

In conventional air combustion, 𝛼 = 3,76 since this is the nitrogen mole fraction in 

atmospheric air, and 𝛼 = 0 for CO2 and O2 oxidizer mix. In oxyfuel application, the CO2 

concentration in the oxidizer mix is given by the parameter 𝛽, with 𝛼 = 0. In fact, the oxygen 

separation unit is not 100% efficient and some traces of nitrogen can be found in the oxygen 
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stream. 

Considering a steady-state condition typical of electric generators powered by ICE, 

equivalence ratio ϕ is always equal to or less than one. STM code then returns the key 

thermodynamic properties of products in states 3 and 4, from a given fuel and oxidizer mix 

input (states 1 and 2). The system equivalence ratio is given by 

   

ϕ =  
𝐴𝐹

𝐴𝐹
 

(25) 

 

where stoichiometric air to fuel ratio is that when no traces of fuel and oxidizer can be found in 

the products of the combustion and is given by 

𝐴𝐹 =
𝑚

𝑚
 

(26) 

 

The actual air to fuel ratio is given by 

 

𝐴𝐹 =
𝑚

𝑚
 (27) 

 

In the simulated case of oxyfuel combustion, the reaction is performed in stoichiometric 

conditions, therefore, total mass of the reactant mixture is given by  

 

𝑚 = 𝑚  +  𝑚  (28) 

 

The entire code underwent a thorough mass conservation check based on chemical 

balance between reactants and products. The products of stoichiometric combustion, using air 

or pure oxygen as oxidizer, were calculated after balancing carbon (C), hydrogen (H), oxygen 

(O), and nitrogen (N) among reactants and products. The code then returns the products (CO2, 

H2O, N2) of the stoichiometric combustion.  The mass of any product species is calculated using  

 

𝑚 =  𝑛 𝑀𝑊  (29) 

 

Total mass of the products of the reaction, neglecting minor species, is given by 

 

𝑚 =  𝑚 + 𝑚 + 𝑚  (30) 
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 Products of lean combustion are calculated in similar manner, but including oxygen in 

flue gases’ parcel.  

The program was designed to compute the four thermodynamic states of the theoretical 

Otto Cycle. First state consists to that at the end of the mixture intake, prior to the compression 

at 180 degrees of crankshaft. Intake volume at BDC, state 1, is given by Eq. (4).  

For a given temperature, pressure and volume, the ideal gas returns the number of moles 

of the mixture (𝑛 ) that fill the entire cylinder after intake stroke. 

 

𝑃 𝑉 =  𝑛 𝑅 𝑇  (31) 

 

The code returns other key thermodynamic properties such as specific heats of the 

reactants, defined by the following equations 

 

𝑐 =  𝑌 𝑐 , (𝑇 ) (32) 

  

 

𝑐 =  𝑌 𝑐 , (𝑇 ) (33) 

                               

The ratio of specific heats that gives polytropic coefficient for the adiabatic compression 

and expansion processes is readily obtained from  

    

𝛾(𝑇 ) =  
𝑐 (𝑇 )

𝑐 (𝑇 )
 

(34) 

     

It is important to remind that CO2 and H2O are the only products of the stoichiometric 

hydrocarbon combustion. Therefore, the ratio of specific heat of the mixture is strongly 

dependent on temperature, thus influencing engine’s overall efficiency. 

Internal energy of the thermodynamic system at state 1 is given by 

    

𝑈 =  𝑚 𝑢 (𝑇 ) (35) 
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Properties at second thermodynamic state, at the end of compression stroke (TDC) must 

be inferred after applying conservation of energy for the process, thus   

   

𝑄 +  𝑊 =  𝑈 − 𝑈  (36) 

 

For an adiabatic compression (𝑄 = 0,0), adiabatic compression work is obtained from  

                                     

𝑊 =  
𝑅

(�̅� − 1)
(𝑇 − 𝑇 ) 

(37) 

                   

 In Eq. (36), the ratio of specific heats is averaged between thermodynamic states 1 and 

2. Temperature at the end of the process is obtained from the following relation 

 

𝑃 𝑉 =  𝑃 𝑉  (38) 

  

In combination with the ideal gas law 

   

𝑃 𝑣 =  𝑅𝑇  (39) 

 

With two independent properties determined, thus characterizing the thermodynamic 

state, the code may provide all the remaining thermodynamic properties. 

Third thermodynamic state occurs at TDC following the combustion reaction at 

constant volume. This state is determined by considering no work transfer along the process. 

Heat added to the system is equivalent to the enthalpy of reaction of the mixture. 

 Based on stoichiometric relations the code returns fraction of oxyfuel combustion 

products (CO2, H2O) and other properties at state 3.  

 

𝑌 =  
𝑚

𝑚
= 0 

(40) 

 

𝑈 =  𝑚 𝑢 (𝑇 ) (41) 
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 Since the volume at the end of volumetric expansion is equivalent to that prior to 

compression, then  

 

𝑉 = 𝑉  (42) 

 

First law applied to expansion process (power stroke) 3 to 4 is given by 

 

𝑄 +  𝑊 = 𝑈 − 𝑈   (43) 

 

 𝑄 = 0.0 since this process is adiabatic with the following PV relation  

 

𝑃 𝑉 =  𝑃 𝑉  (44) 

 

  where the expansion work is inferred by 

 

𝑊 =  
𝑅

(�̅� − 1)
(𝑇 − 𝑇 ) 

(45) 

 

 Temperature 𝑇  was calculated using ideal gas law. As a result, state properties for the 

end of compression are obtained. 

  

𝑃 𝑣 =  𝑅𝑇  (46) 

 

The GEBM and STM models comprised of 45 equations were implemented in the 

Engineering Equation Platform (EES), for prediction analysis. EES is an equation-solving 

program able to integrate thousands of coupled non-linear algebraic and differential equations. 

It also incorporates a high-accuracy thermodynamic and transport property database for a large 

number of chemical species. Additional equations related to the thermodynamic state of gases 

are obtained from the NASA polynomials (ideal gases) stored in the internal function library of 

the EES platform. For numerical integration, EES applied a variant of the trapezoid rule along 

with a predictor-corrector algorithm. In EES, iteration stops when the relative residual of a 

variable is less than 1.0E-6, or the change in variables during successive iterations is reduced 

below 1.0E-9. 
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2.4 VALIDATION 

 

The GEBM was validated comparing data of actual engine generator for a given 

operating condition. Table 2 lists main engine characteristics and operating conditions. 

Validation results were obtained by inserting in EES simulation platform the technical 

data from a single unit 2 MW Caterpillar G3520E [26] generator set and corresponding catalog 

reference information. Some of the engine’s data used as inputs into EES software are presented 

in Table 2, while the complete datasheet is located in the Appendix section of this work.   

 
Table 2 – Some engine data used in GEBM simulation and validation. 

PARAMETERS INPUT 

Engine speed 1500 rpm 

Compression ratio 11.9:1 

Fuel Natural Gas 

Fuel flow 509 Nm³/h 

Piston Bore 170 mm 

Crankshaft Stroke 190 mm 

Total engine displacement 86 L 

 

Table 3 presents the numerical predictions and the performance data of the G3520 

engine. It could be noted that similar results were obtained for natural gas fuel operating at 

equivalence ratio ϕ = 0.57 and for conventional air combustion (CAC) when compared with 

data from the manufacturer’s datasheet. The code slightly underestimated engine thermal 

efficiency by less than 3 pp. Numerical predictions deviation from the G3520 engine for specific 

fuel consumption, power output, heat rejection, and exhaust gas temperature are less than 15%.  

The proposed model is capable of reproducing with good level of confidence basic 

operating conditions of an actual engine. Therefore, relevant engine data can be obtained for 

combined heat and power assessments. The model was then applied for oxyfuel combustion 

scenarios, the main purpose of this dissertation. 

 
Table 3 – Code validation 

 
 

 

 

 

 

PARAMETER GEBM 
ϕ=0.57 

G3520 
ϕ=0.57 

Thermal efficiency (%) 42.4 45.3 
Exhaust gas temperature (°C) 496 430 
SFC (g/kWh) 250 251 
Exhaust heat rejection (kW) 1682 1462 
Power output (kW) 2085 2100 
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Table 4 shows some of data obtained from the three OFC scenarios for the Caterpillar 

G3520E engine using both GEBM and STM models. 

 

Table 4 – Gas engine oxyfuel simulations for natural gas. 
 OFC 75/25 OFC 80/20 OFC 85/15 

Parameter GEBM STM GEBM STM GEBM STM 

Thermal efficiency -  𝜂  (%) 43.2 46.1 42.7 46.1 42.1 46.2 
𝑇  (K) 1119 1026 968 970 804 1016 
Engine power output (kW) 2217 2441 2200 2196 2172 1770 
SFC (g/kWh) 227 228 222 228 231 228 
 

 

It can be noted that the STM model yields higher thermal efficiencies (𝜂 ) when 

compared to GEBM predictions. Thus, from a thermal efficiency standpoint, GEBM model is 

somehow conservative when compared to the STM model. The expected thermal effciency of 

the G3520E engine is above 45%. Therefore, the STM model over predicts this parameter while 

the GEBM model underestimated the performance of the engine. However, the STM model is 

almost insensitive to the oxidizer composition. Such drawback was not observed for the GEBM 

model. Exhaust gas temperature predictions for both models are somehow comparable, except 

for the 85/15 scenario. For 80/20, the difference between the results from the models is 

negligible. For OFC 75/25 oxidizer composition the deviation was of about 8% increasing to 

about 26% for OFC 85/15. This situation is the same for power output, where 80/20 presented 

near identical results for both GEBM and STM models. Power output is 10% higher for STM 

in OFC 75/25, while is 20% lower for 85/15 case. Despite those differences, brake specific fuel 

consumption could be approached by either model considering the highest variation was less 

than 2.5%. Therefore, for oxyfuel applications the GEBM model seems a better and appropriate 

tool for CHP studies under Carbon Capture and Storage technology. 
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Chapter 3  

3 CHP STUDY 
 

As previously mentioned, this study is a follow-up to the design of a combined heat and 

power (CHP) plant operating with Refuse Derived Fuels (RDF) under oxyfuel combustion 

mode. More specifically, it aims to evaluate the viability of this technology when CHP plant is 

based on Internal Combustion Engine Generators (gas engines). 

This chapter is divided into three sections. First it is presented the proposed Combined 

Heat and Power Plant for the combustion of pyrolysis gas from RDF. Then, an overview of the 

three oxyfuel cases is shown and evaluated. A feasibility analysis is carried out with results 

from the three proposed oxidizer mixture composition (OFC’s) 

 

3.1 COMBINED HEAT AND POWER PLANT  

 

Waste management is a major concern in environmental policies around the world. The 

concept in this work presents a route to use Refuse Derived Fuel in Combined Heat and Power 

plant with near-zero carbon dioxide emissions. 

 

   

Figure 14 – From left to right: waste plant treatment in Brazil, picture from São Paulo City Hall. 
At the center, processed waste batch. At right, hand-size RDF fuel pellets.  

 

Municipal solid waste generally termed trash or garbage represents an unwanted item 

constantly supplied by humans, being a continuous challenge due to expanding population. The 

combustible substance pretreated waste parcel is called Refuse-derived fuel, composed of 50% 

to 80% plastic and paper, while the remaining fractions are contributed by organics, wood, and 

textile [4]. Waste is separated, screened, and subsequently undergoing a drying process before 
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reaching a pelletizing machine, or other mechanical transformation. 

Figure 15 presents a simplified diagram of the proposed Combined Heat and Power 

(CHP) plant. The main fuel byproduct is the pyrolysis gas to feed the power engine generators. 

The remaining yields such as char and bio-oil can be further employed for energy 

transformation or as a feedstock for the chemical industry, for instance. 

  

 

 
Figure 15 – Simplified diagram of proposed Oxyfuel CHP plant.  

 

The processes displayed in Fig. 15 are: 

1) Refuse Derived Fuel enters the screw pyrolysis reactor yielding char, and high 

temperature gas; 

2) The gas mix moves to a condenser where it separates into a high-quality pyrolysis 

gas and bio-oil; 

3) Pyrolysis gas is sent to the engine’s intake to be further mixed with the oxidizer 

composed of carbon dioxide and pure oxygen from an oxygen separation plant;  

5) Flue gas is transported to the pyrolysis reactor to sustain the RDF thermal 

degradation; 

6) After passing through the pyrolysis reactor, flue gases enter a water condensation 

unit in which CO2 is separated to be further storage; 

7) Part of the carbon dioxide is stored underground while the remaining share is 

directed to the engine’s intake (exhaust gas recirculation). 

 

 

1 
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The proposed CHP plant is feasible if RDF pyrolysis can be attained considering flue 

gas energy content as well as the temperature level that exits the gas engine. Table 9 will further 

presents that the predicted exhaust gas temperature from the GEBM model is in the range of 

512 to 799 °C, therefore, suitable for RDF pyrolysis [27]. 

 

 

3.2 OFC SIMULATIONS 
 

According to Rayca et. al. [27] gas from RDF has a calorific value between 15 and 30 

MJ/Nm³, appropriate for OFC technology in terms of energy density and composition. The 

pyrolysis gas obtained from RDF is a mix of varying concentrations of CO, CO2, CH4, H2, and 

other minor constituents. The mathematical model presented in Chapter 2 allows the user to 

simulate oxyfuel combustion with different fuel composition. The main fuel composition 

simulated in this work and the lower heating value of pyrolysis gas composition are presented 

in Table 5. 

 

Table 5 – Pyrolysis gas composition (RDF) – main species concentration (%) [27]. 
Main species 

concentration 

Concentration (% v/v) 

CO 29,67 

CH4 11,67 

C2H4 5,177 

H2 12,37 

CO2 2,821 

C3H6 1,75 

C2H6 1,399 

N2 35,143 

LHV 13666 kJ/kg 

 

 

It must be noted that pure oxygen should not be wasted in combustion process, 

considering the associated cost to its production. Therefore, the oxyfuel combustion must take 

place at stoichiometric condition [19]. For proper comparison, the burning regimes are set 

stoichiometric, for oxyfuel (OFC) and conventional air combustion (CAC). Table 6 presents 

oxidizer composition, in mass base, for both combustion modes. 
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Table 6 – OFC simulated cases composition and conventional air combustion 

OFC CAC 

CO2 O2 N2 O2 

75/80/85 25/20/15 75.5 23.5 

 

Table 7 lists main input data for the models. The four stroke turbocharged engine 

running with pyrolysis gas with a compression ratio of 11.9/1. Once characterized, the main 

parameters to infer engine cooling and friction losses are provided. Also, the necessary data to 

calculate engine intake losses are given along with the main operation conditions. 

 
 

Table 7 – Major input data in Engineering Equation Solver software.  

Input data 

𝑝𝑚𝑓  for 4 stroke engines [23] 70 [kPa] 

𝑘  for 4 stroke engines [23] 0.02 

𝑘  for 4 stroke engines [23] 0,4 [kPa-s] 

𝑇  300 [K] 

𝑃  1.0 [bar] 

𝑇  288 [K] 

Compression ratio (𝜒) [26] 11.9/1 

Piston mean speed (w)  9,5 [m/s] 

Engine speed (rpm) [26] 1.500 

Piston bore (D) [26] 0,170 [m] 

Atmospheric pressure (P) 1.0 [bar] 

Oxidizer temperature (T) 273 [K] 

Turbocharger pressure [26] 

 (equivalence ratio) 

Engine net power 

3.92 [bar] 

1.0 

2.1 MW 

 
 

Table 8 details the reactant and product composition for stoichiometric oxyfuel and 

conventional air combustion for 200 MW engine set with properties presented in Table 6.  

For each of the simulated scenarios, oxidizer mass flow increases as oxygen dilution 

increases. The amount of oxidizer for oxyfuel combustion is larger compared to that for 

conventional air combustion. The latter claims 535,913 kg/h of air, while 631,140 kg/h is 

needed for OFC 75/25 oxyfuel combustion mode. 
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Table 8 – Main constituents of the OFC and CAC burning modes for a for 200 MW power plant. 
 OFC 75/25 OFC 80/20 OFC 85/15 CAC 

Intake oxidizer mass flow (kg/h) 631,140 800,264 1,082,474 536,913 

CO2 (intake kg/h) 507,991 677,146 959,349 -  

O2 (intake kg/h) 123,149 123,117 123,125 125,148 

N2 (intake kg/h) 52,024 52,024 52,024 411765 

Fuel mass (intake kg/h) 127,500 127,500 127,500 127,500 

Exhaust mass flow (kg/h) 758,640 927,764 1,209,974 664,413 

CO2 (exhaust kg/h) 647,114 816,458 1,099,000 139,063 

CO2 (exhaust %) 85.29 88 90.8 20.9 

H2O (exhaust %) 6.98 5.7 4.3 17.1 

N2 (exhaust %) 

CO2 captured (kg/h) 

7.73 

139,123 

6.3 

139,312 

4.9 

139,651 

61,9 

0,0 

 

The very small concentration of nitrogen in oxyfuel mode occurs due to the process of 

oxygen extraction from air, which is not 100% accomplished. The high concentration of carbon 

dioxide in flue gas after oxyfuel combustion is appropriate for carbon capture and storage 

application. For instance, in OFC 75/25 prediction, 139,123 kg/h out of 647,114 kg/h in exhaust 

gas can be captured and sent to storage. A great majority is recirculated to allow the oxyfuel 

combustion process. Similar figures are observed for OFC 80/20 and OFC 85/15.  

Figure 16 shows the recirculated mass flow of carbon dioxide and that in the flue gas 

from oxyfuel combustion mode. The mass flow varies from about 507,991 to 959,349 kg/h. The 

mass flow of CO2 in the exhaust gas varies from 647,114 to 1,099000 kg/h. The difference is 

the amount that is needed to be captured and stored, as depicted in Fig. 16. Yearly, the CHP-

CCS plant would capture bear 1.1 million tons of CO2. 

 
Figure 16 – Carbon dioxide mass flow balance for the simulated OFC conditions. 
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For OFC 75/25, 80/20 and 85/15, 85.29%, 88% and 90.8% respectively of exhaust 

emissions correspond to carbon dioxide that will be further stored underground. Carbon dioxide 

generated during the combustion for each case is around 139,000 kg/h. Based on these figures, 

the CO2 emission factor for all OFC combustion modes and conventional air combustion is 

about 690 g/kWh which is slightly higher than that from a natural gas open cycle power plant 

(~500 g/kWh). 

Of great relevance is the mass flow of oxygen for the oxyfuel mode of combustion. The 

oxygen mass flow is at the order of 123,149 kg/h for a combined generator set with a total 

output of near 200 MW engine. Therefore, the specific oxygen consumption is about 615 

g/kWh. The energy claimed by the oxygen separation plant varies from 0.1 to 0.3 MWh/ton of 

O2 generated. The overall thermal efficiency of the plant will be reduced accordingly. 

For the same power input and engine operational conditions, slightly differences in 

exhaust gas concentrations of H2O and CO2 were observed by varying the oxidizer composition 

in OFC mode, as presented in Table 8. 

 

Table 9 – Numerical predictions for OFC and CAC burning modes in stoichiometric conditions. 
 OFC 75/25 OFC 80/20 OFC 85/15 CAC 

Exhaust temperature (°C) 799,5 663,1 512,6 961,8 

Heat rejection to exhaust (kW) 188,662 183,566 175,064 189,728 

Power output (kW) 200,079 198,434 195,709 198,762 

SFC (g/kWh) 637.2 642.5 651.5 641.5 

Thermal efficiency (%) 42.93 42.57 41.99 42.67 

 

Major differences in engine performance under oxyfuel and air combustion are observed 

in exhaust gas temperature as displayed in Table 9. This was expected due to higher specific 

heat of carbon dioxide in comparison to that of nitrogen and the much higher concentration 

compared to water vapor as shown in Fig. 17. At temperatures above 2000 K the heat capacity 

of the carbon dioxide is almost twice as that of the nitrogen. For the same maximum engine 

pressure and heat addition, the expected in cylinder peak temperature would be much lower for 

the oxyfuel combustion products. Even at the onset of ignition, after compression stroke, the 

reactant mixture will have much lower temperature at oxyfuel combustion mode than that for 

conventional air combustion, thus reducing the possibility of engine knocking. 

Predicted exhaust temperature in oxyfuel combustion varies from 512 to 799 °C, 

compared to 961 °C for conventional air engine operation. The amount of heat rejected and 
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engine power output, however, are somehow similar for all the combustion modes being about 

183.6 MW for the former and 190 MW for the latter. 

 

Figure 17 – Heat capacity comparison. [28] 

Specific fuel consumptions and engine thermal efficiency are also quite similar for all 

the cases studied, including the conventional air combustion process. 

 According to Rayca et al [27], RDF pyrolysis may take place in the temperature range 

of 400 °C and 900 °C. The exhaust gas temperatures shown in Table 9 varied from about 512 

to 799 °C, when operating in the oxyfuel mode. The amount of heat and temperature of flue 

gases are, therefore, suitable to sustain pyrolysis reactions inside a combined heat and power 

operation system. For high pyrolysis temperature, 75/25 mixture for oxyfuel combustion would 

be more appropriate for the CHP plant. 

Considering a heat of pyrolysis of about 2,500 kJ/kg, and a 30% gas yields from the 

thermal degradation of RDF, the reactor claims 295,139 kW of thermal power to sustain the gas 

production process. The power rejected in exhaust gas amounts 188,662 kW, less than the 

needed to perform the thermal degradation process. That, however, could be accomplished by 

burning about 14 ton/h of RDF derived char, with calorific value of 28,000 kJ/kg.  

Therefore, the CHP plant is feasible from a technical point of view. In addition, the plant 

operation under oxyfuel technology would release almost zero emissions of CO2. Based on 

these figures we suggest another performance parameter, called total pyro-gas production factor 

that, for the 72/25 oxyfuel mode, totalizes 639 g/kWh. 

Table 10 presents the predicted temperature from the STM model for similar intake 

conditions (T1 = 25 °C and P1 = 1 atm). Thermodynamic state 2 refers to the end of the 

compression stroke at top dead center and state 3 is that after the heat addition (combustion) in 

a constant volume process, therefore, at TDC. Thermodynamic state 4 is that at the bottom dead 
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center, after the compression stroke. At the end of compression stroke, OFC simulation present 

lower temperatures compared to conventional air combustion. The same behavior was observed 

during the beginning of heat release. According to Van Blarigan et al [2], higher chamber 

temperature may cause piston damage and decrease engine longevity, along with knocking 

tendency. At the end of the combustion process, the temperature for the OFC operation modes 

varied from 2,700 to 3,036 K, lower than that for CAC, which peaked 3,253 K.  

 

Table 10 – Numerical predictions from the STM model for in OFC and CAC configuration. 
In-chamber 

temperatures 

Piston 

position 

CAC OFC 

75/25 

OFC 

80/20 

OFC 

85/15 

T2 TDC  791 K 651 K 645 K 637 K 

T3 TDC  3,253 K 3,036 K 2,707 K 2,700 K 

T4 BDC  1,784 K 2,022 K 1,796 K 1,786 K 

 

 

 

3.3 FEASIBILITY ANALYSIS 

 

A comprehensive cost analysis should be performed to check the plant’s economic 

feasibility. An expanded overview of powerplant’s concept presented in Figure 12 is displayed 

in Figure 15, along with other supporting facilities. 

For cost predictions, oxygen would be provided by a production plant based on 

cryogenic distillation process, due to its high purity (> 95%) and lower cost when compared to 

pressure swing adsorption [29].  

 Some assumptions were made to approach the simulation to an actual intended 

feasibility analysis. First, it was considered a large-scale state-of-the-art thermoelectric power 

plant, similar to the Brazilian UTE-LORM, comprised of 24 Wärtsilä 20V34SG gas generator 

sets with a total combined output of 204 MW [30]. The analysis also refers to an oxyfuel 

technology implementation on a CHP plant on a 24/7 service. 

The payback of the simulated concept is obtained by collecting necessary data from 

related works and estimates of energy consumption of the associated processes:  CPU flue gas 

compression (MWe); CPU CO2 compression (MWe); Net CPU power consumption (MWe); 

and ASU power consumption (MWe).  
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Figure 18 – Expanded facilities containing CCS processes. 

  

The total energy consumption of the operation processes is presented in Eq. (47). 

 

I = E + F + G + H (47) 

  

Daily total consumption is given by  

 

K = IJ (48) 

 
Oxygen cost is given by the product of exhaust flow times its production cost 

 

O = 0.045N (49) 

    

where US$ 0.045/kg corresponds to the price of pure oxygen (>95%) obtained from 

cryogenic distillation process [29]. 

 Daily facility cost is given by 

 

P = KL + 24(M + O) (50) 
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Annual operational costs are obtained by  

 

R = 365P  (51) 

      

Annual cost is the sum of power plant construction cost (US$), Storage plant 

construction (US$) and daily cost. 

 

Q = B + C + 365P (52) 

    

 Total costs per MWh is 

 

S =
P

K
 

(53) 

    

 Daily exhaust mass flow is 

 

T = 24(CO  net)  (54) 

    

 The fixed carbon credit used in this analysis is US$ 36,00 per stored tone. Therefore,  

 

U = fixed carbon credit at US$ 36,00   (55) 

 

Carbon credit of exhaust CO2 is given by 

 

V = TU  (56) 

 Daily carbon credit income is  

W = 24V (57) 

  

 Annual electric energy sales in US$/ year is obtained by 

 

AES = 8760LA (58) 

 

Annual income ‘X ’is expressed by the combination of carbon credit income and 

electricity sales, where 
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X = 365W + AES (59) 

  

Annual revenue of the proposed facility is the difference between annual carbon income 

and annual operational costs, given by 

 

Y = X − R (60) 

   

An average daily revenue could be expressed as 

 

Z =
Y

365
 

(61) 

     

 Finally, the payback period is given by 

 

Payback =
B + C

Y
 

 

(62) 

The following costs were computed: 

1) 204 MW power plant construction approximate cost is US$ 102 million, considering 

500 US$/kW (Wärtsilä); 

2) CCS facility construction cost for natural gas power plant is US$ 172.38 million 

considering 845 US$/kW, along with ASU’s plant cost estimated in US$ 230 

million. 

3) Pyrolysis plant cost is about US$ 13 million considering US$ 4,700 per kg/h of 

waste processes and 2,708 kg/h of RDF (30% gas yield); 

4) Operational costs [32], [34], [35]: 

a. Flue gas compression and purification unit (CPU) power consumption 

b. CO2 compression unit power consumption 

c. Air Separation Unit (ASU) power consumption 

d. Fuel cost 

e. Pure oxygen cost  

5) Carbon credit [36], [37]   

 

Table 11 summarizes the cost predictions for the proposed CHP plant under CCS 

technology. The electric power output 200 MW, considering 24 Wärtsilä 20V34SG gas 
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generator sets operating under oxyfuel combustion using pyrolysis gas from RDF. The CHP-

CCS plant would cost less than US$ 512 million, including the gas engines generators, pyrolysis 

plant, cryogenic air separation unit, and the carbon capture system. 

 

Table 11 – Detailed information of the 75/25 OFC scenario.  

Parameter 
OFC  
75/25 

A   Power Output (MW)  200 
B   CHP plant construction cost (US$) + ASU 

 
339.8 
 C   CO2 Capture plant construction (M US$)  172.4 

D   Operation conditions -  
E   CPU flue gas compression (MWe) 14.03 
F   CPU CO2 compression (MWe) 5.21 
G   Net CPU power consumption (MWe) 16.9 
H   ASU power consumption (MWe) 22.57 
I    Total (MWe) 58.71 
J    Operating hours 24 
K   Total per day (MWh) 1,409 
L   Electricity cost (USD/MWh) 100 
M   Fuel cost (US$/h) 1,439 
N   O2 intake (kg/h) 123,149 
O   O2 cost (US$/h) 5541,71 
P   Daily cost (US$/day) 308,363 
Q   Cost for 1st year (M US$/year) 624.7 
R   Annual operational costs (M US$/year) 112,5 
S   Total costs per MWh (US$/MWh) 218.85 
T   Capture CO2 mass flow (CO2 ton/h) 139.12 
U   Carbon credit (US$/ton) 36 
V   Carbon credit of exhaust CO2 (US$/h) 5.008 
W   Carbon credit income (US$/day) 120.202 
AES  Annual Electricity sales (M US$/year) 175,2 
X   Annual Carbon income (M US$/year) 219,078 
Y   Annual revenue (M US$/year) 106.4 
Z   Daily revenue (US$/day)1 291.75 
Revenue per MWh (US$/MWh) 207.06 
Payback (Years) 4.82 

 

 Applying an oxidizer mix of 75% carbon dioxide and 25% of pure oxygen, the total cost 

of this plant was estimated in 512 million dollars, similar to the other scenarios of OFC 

technology. Carbon dioxide captured and stored for this 75/25 oxyfuel combustion mode in 

excess of 3,339 metric tons per day, or about 1.22 million of tons per year. Figure 20 shows the 

costs associated with installation and operation of the CHP-CCS plant along with the revenue 

from the power output. 
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Figure 19 – Break-even point for OFC 75/25. 

  

 As it can be seen, the estimated time for the break-even is less than six years, considering 

the simplified economic analysis. Tozlu et al. [38] performed detailed techno-economic 

assessment on municipal solid waste-based district heating and electricity production indicating 

that the CHP plant based on gas turbine would need 4.99 years to break even.  

One of the oldest Brazilian waste landfills is located less than 15 miles from the Capital 

of Brazil (Fig. 20). In 2015 only, it received around 2.8 thousand metric tons of municipal waste 

and around 6 to 8 thousand tons of construction waste (wood, steel, bricks) daily. [39]  

 

Figure 20 – Brasília’s old waste landfill. [40] 
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The landfill comprised an area of 201 acres and terminated in 2016 as the world’s 

second-largest waste landfill having about 40 (forty) million metric tons [40]. 

There are serious environmental concerns related to this area; it was transformed into a 

waste landfill without proper soil sealing, with risks to the water table and soil contamination. 

It also represents health risks to waste pickers and to the overall population. Since almost 30% 

of total residues (12 million metric tons) consists of paper and plastic, it could be estimated the 

time needed to transform and consume this parcel by applying the methodology previously 

presented in this work. Considering the 204 MW CHP plant, the pyrolysis reactor would process 

2.37 million tons of waste per year. Considering an operation period of 10 years, the CHP plant 

would consume about 24 million tons of RDF, most of the energy fraction from the waste 

deposited in the Brasilia’s landfill. 
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Chapter 4 

4 CONCLUSIONS and FUTURE 

WORK 
 

Carbon neutrality and waste management are major challenges in the context of 

increasing population and industrialization, calling for alternative energy sources. In this work, 

a model was developed to estimate relevant gas engine performance parameters under oxyfuel 

burning technology for carbon capture and storage of CHP plants. Overall, the mathematical 

model was considered suitable for the simplified techno-economic analysis.  

Numerical predictions showed that oxyfuel combustion of RDF pyrolysis gas in gas 

engines did not penalize system thermal efficiency. The exhaust gas temperature and heat 

content are suitable for combined heat and power plants under zero emissions operation. 

 Despite considering oxyfuel combustion a promising way to reduce and capture carbon 

dioxide, the technology still faces some obstacles, such as: 

- Enormous technology implementation costs due to oxygen production plant and carbon 

dioxide capture facilities, which may depend on government incentives for project 

implementation; 

- For the simulated 204 MW study, the payback period was of the order of six years, 

compatible with waste to energy CHP plants (five years), without carbon capture under 

oxyfuel operation.  

Nevertheless, for future studies an improved economic analysis might be necessary.   
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APPENDIX I 

 
1.  

 

OFC 75/25 

 

 

Figure 21 – Interface of Engineering Equation Solver Diagram Window. The green reservoir in 
the left contains the RDF gas mix. This overview of OFC 75/25 presents most of the relevant data 
after software calculations, such as electric power, heat rejected and exhaust flow.  
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OFC 80/20 
 
 

 

 
Figure 22 – Interface of Engineering Equation Solver Diagram Window. The green reservoir in 
the left contains the RDF gas mix. This overview of OFC 80/20 presents most of the relevant data 
after software calculations, such as electric power, heat rejected and exhaust flow.  

 

OFC 85/15 
 

 

 
Figure 23 – Interface of Engineering Equation Solver Diagram Window. The green reservoir in 
the left contains the RDF gas mix. This overview of OFC 85/15 presents most of the relevant data 
after software calculations, such as electric power, heat rejected and exhaust flow.  
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RATING STRATEGY:
PACKAGE TYPE:
RATING LEVEL:
FUEL:
FUEL SYSTEM:

FUEL PRESSURE RANGE(kPag):  (See note 1)
FUEL METHANE NUMBER:
FUEL LHV (MJ/Nm3):
ALTITUDE CAPABILITY AT 25°C INLET AIR TEMP. (m):
POWER FACTOR:
VOLTAGE(V):

ENGINE SPEED (rpm): 1500
COMPRESSION RATIO: 11.9
AFTERCOOLER TYPE: SCAC
AFTERCOOLER - STAGE 2 INLET (°C): 54
AFTERCOOLER - STAGE 1 INLET (°C): 92
JACKET WATER OUTLET (°C): 99
ASPIRATION: TA
COOLING SYSTEM: JW+OC+1AC, 2AC
CONTROL SYSTEM: ADEM3 W/ IM
EXHAUST MANIFOLD: DRY
COMBUSTION: LOW EMISSION
NOx EMISSION LEVEL (mg/Nm3 NOx): 500

RATING NOTES LOAD 100% 75% 50%
GENSET POWER (WITHOUT FAN) 2,3 ekW 2022 1517 1015
GENSET POWER (WITHOUT FAN) 2,3 kVA 2528 1896 1269
ENGINE POWER (WITHOUT FAN) 3 bkW 2100 1570 1050
GENERATOR EFFICIENCY 2 % 96.3 96.6 96.7
GENSET EFFICIENCY(@ 1.0 Power Factor) (ISO 3046/1) 4 % 41.5 40.7 38.6
THERMAL EFFICIENCY 5 % 45.3 46.6 49.0
TOTAL EFFICIENCY (@ 1.0 Power Factor) 6 % 86.8 87.3 87.6

ENGINE DATA
GENSET FUEL CONSUMPTION (ISO 3046/1) 7 MJ/ekW-hr 8.75 8.93 9.39
GENSET FUEL CONSUMPTION (NOMINAL) 7 MJ/ekW-hr 8.97 9.15 9.62
ENGINE FUEL CONSUMPTION (NOMINAL) 7 MJ/bkW-hr 8.63 8.84 9.30
AIR FLOW (0°C, 101.3 kPa) (WET) 8 Nm3/bkW-hr 3.99 3.96 3.98
AIR FLOW (WET) 8 kg/bkW-hr 5.16 5.11 5.14
FUEL FLOW (0ºC, 101.3 kPa) Nm3/hr 509 389 274
COMPRESSOR OUT PRESSURE kPa(abs) 430 328 235
COMPRESSOR OUT TEMPERATURE °C 226 184 133
AFTERCOOLER AIR OUT TEMPERATURE °C 58 58 59
INLET MAN. PRESSURE 9 kPa(abs) 392 294 200
INLET MAN. TEMPERATURE (MEASURED IN PLENUM) 10 °C 60 60 60
TIMING 11 °BTDC 24 21 16
EXHAUST TEMPERATURE - ENGINE OUTLET 12 °C 430 466 515
EXHAUST GAS FLOW (0 °C, 101.3 kPa) (WET) 13 Nm3/bkW-hr 4.24 4.21 4.25
EXHAUST GAS MASS FLOW (WET) 13 kg/bkW-hr 5.34 5.31 5.35
MAX INLET RESTRICTION 14 kPa 2.50 1.96 0.99
MAX EXHAUST RESTRICTION 14 kPa 5.00 2.35 0.22

HIGH ALTITUDE/AMBIENT
WITHOUT RADIATOR

CONTINUOUS
NATURAL GAS

CAT LOW PRESSURE
WITH AIR FUEL RATIO CONTROL

11-35
80

35.64
2000

0.8
400-11000

EMISSIONS DATA - ENGINE OUT
 NOx (as NO2) (corr. to 5% O2) 15,16 mg/Nm3 DRY 500 500 500
 CO (corr. to 5% O2) 15,17 mg/Nm3 DRY 1153 1081 1096
 THC (mol. wt. of 15.84) (corr. to 5% O2) 15,17 mg/Nm3 DRY 2820 2722 2289
 NMHC (mol. wt. of 15.84) (corr. to 5% O2) 15,17 mg/Nm3 DRY 423 408 343
 NMNEHC (VOCs) (mol. wt. of 15.84) (corr. to 5% O2) 15,17,18 mg/Nm3 DRY 282 272 229
 HCHO (Formaldehyde) (corr. to 5% O2) 15,17 mg/Nm3 DRY 250 247 242
 CO2 (corr. to 5% O2) 15,17 g/Nm3 DRY 211 212 211
 EXHAUST OXYGEN 15,19 % DRY 9.9 9.6 9.0
 LAMBDA 15,19  1.74 1.69 1.61

ENERGY BALANCE DATA
LHV INPUT 20 kW 5038 3854 2714
HEAT REJECTION TO JACKET WATER (JW) 21,28 kW 655 583 485
HEAT REJECTION TO ATMOSPHERE (INCLUDES GENERATOR) 22 kW 216 168 127
HEAT REJECTION TO LUBE OIL (OC) 23,28 kW 124 111 94
HEAT REJECTION TO EXHAUST (LHV TO 25°C) 24,25 kW 1462 1166 870
HEAT REJECTION TO EXHAUST (LHV TO 120°C) 24 kW 988 815 643
HEAT REJECTION TO A/C - STAGE 1 (1AC) 26,28 kW 402 205 61
HEAT REJECTION TO A/C - STAGE 2 (2AC) 27,29 kW 157 106 62

CONDITIONS AND DEFINITIONS
Engine rating obtained and presented in accordance with ISO 3046/1.  (Standard reference conditions of 25°C, 100 kPa barometric pressure.) No overload permitted at rating 
shown.  Consult the altitude deration factor chart for applications that exceed the rated altitude or temperature.

Emission levels are at engine exhaust flange prior to any after treatment.  Values are based on engine operating at steady state conditions, adjusted to the specified NOx level at 
100% load and corrected to 5 % exhaust oxygen. Tolerances specified are dependent upon fuel quality.  Fuel methane number cannot vary more than ± 3. 

For notes information consult page three.
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AFTERCOOLER HEAT REJECTION FACTORS (ACHRF)

ALTITUDE (METERS ABOVE SEA LEVEL)

INLET 
AIR 

TEMP 
°C

50 1.23 1.26 1.29 1.33 1.36 1.4 1.43 1.47 1.5 1.5 1.5 1.5 1.5

45 1.18 1.21 1.24 1.28 1.31 1.34 1.38 1.41 1.45 1.45 1.45 1.45 1.45

40 1.13 1.16 1.19 1.23 1.26 1.29 1.33 1.36 1.4 1.4 1.4 1.4 1.4

35 1.08 1.11 1.14 1.17 1.21 1.24 1.27 1.31 1.34 1.34 1.34 1.34 1.34

30 1.03 1.06 1.09 1.12 1.16 1.19 1.22 1.26 1.29 1.29 1.29 1.29 1.29

25 1 1.01 1.04 1.07 1.1 1.14 1.17 1.2 1.24 1.24 1.24 1.24 1.24

20 1 1 1 1.02 1.05 1.08 1.12 1.15 1.18 1.18 1.18 1.18 1.18

15 1 1 1 1 1 1.03 1.06 1.1 1.13 1.13 1.13 1.13 1.13

10 1 1 1 1 1 1 1.01 1.04 1.07 1.07 1.07 1.07 1.07

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000

CAT METHANE NUMBER 30 35 40 45 50 55 60 65 70 75 80 100

SET POINT TIMING - - - - - 16 16 16 16 18 24 24

DERATION FACTOR 0 0 0 0 0 0.75 0.83 0.93 1 1 1 1

FUEL USAGE GUIDE

ALTITUDE (METERS ABOVE SEA LEVEL)

INLET 
AIR 

TEMP 
°C

50 1 1 0.97 0.94 0.91 0.88 0.85 0.82 0.79 0.76 0.73 0.7 0.67

45 1 1 1 1 0.97 0.94 0.91 0.88 0.85 0.82 0.79 0.76 0.73

40 1 1 1 1 1 0.97 0.95 0.92 0.89 0.86 0.84 0.81 0.78

35 1 1 1 1 1 1 1 0.97 0.94 0.91 0.88 0.84 0.81

30 1 1 1 1 1 1 1 1 0.96 0.93 0.89 0.86 0.82

25 1 1 1 1 1 1 1 1 1 0.96 0.92 0.88 0.83

20 1 1 1 1 1 1 1 1 1 0.96 0.92 0.88 0.83

15 1 1 1 1 1 1 1 1 1 0.96 0.92 0.88 0.83

10 1 1 1 1 1 1 1 1 1 0.96 0.92 0.88 0.83

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000

ALTITUDE DERATION FACTORS AT RATED SPEED
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FUEL USAGE GUIDE:
This table shows the derate factor and full load set point timing required for a given fuel. Note that deration and set point timing adjustment may be required as the methane 
number decreases. Methane number is a scale to measure detonation characteristics of various fuels. The methane number of a fuel is determined by using the Caterpillar 
methane number calculation.

ALTITUDE DERATION FACTORS:
This table shows the deration required for various air inlet temperatures and altitudes.  Use this information along with the fuel usage guide chart to help determine actual engine 
power for your site.  The derate factors shown do not account for the external cooling system capacity.  The derate factors provided assume the external cooling system can 
maintain the specified cooling water temperatures at site conditions.

ACTUAL ENGINE RATING:
To determine the actual rating of the engine at site conditions, one must consider separately, limitations due to fuel characteristics and air system limitations.   The Fuel Usage 
Guide deration establishes fuel limitations.  The Altitude/Temperature deration factors and RPC (reference the Caterpillar Methane Program) establish air system limitations.  
RPC comes into play when the Altitude/Temperature deration is less than 1.0 (100%).  Under this condition, add the two factors together.  When the site conditions do not 
require an Altitude/Temperature derate (factor is 1.0), it is assumed the turbocharger has sufficient capability to overcome the low fuel relative power, and RPC is ignored.  To 
determine the actual power available, take the lowest rating between 1) and 2).
1)  Fuel Usage Guide Deration
2)  1-((1-Altitude/Temperature Deration) + (1-RPC))

AFTERCOOLER HEAT REJECTION FACTORS(ACHRF):
To maintain a constant air inlet manifold temperature, as the inlet air temperature goes up, so must the heat rejection. As altitude increases, the turbocharger must work harder 
to overcome the lower atmospheric pressure. This increases the amount of heat that must be removed from the inlet air by the aftercooler. Use the aftercooler heat rejection 
factor (ACHRF) to adjust for inlet air temp and altitude conditions. See notes 28 and 29 for application of this factor in calculating the heat exchanger sizing criteria. Failure to 
properly account for these factors could result in detonation and cause the engine to shutdown or fail.

INLET AND EXHAUST RESTRICTIONS FOR ALTITUDE CAPABILITY:
The altitude derate chart is based on the maximum inlet and exhaust restrictions provided on page 1. Contact factory for restrictions over the specified values. Heavy Derates for 
higher restrictions will apply.

NOTES:
1. Fuel pressure range specified is to the engine fuel control valve. Additional fuel train components should be considered in pressure and flow calculations.
2. Generator efficiencies, power factor, and voltage are based on standard generator.  [Genset Power (ekW) is calculated as: Engine Power (bkW) x Generator Efficiency], 
[Genset Power (kVA) is calculated as: Engine Power (bkW) x Generator Efficiency / Power Factor]
3. Rating is without engine driven water pumps. Tolerance is (+)3, (-)0% of full load.
4. Genset Efficiency published in accordance with ISO 3046/1, based on a 1.0 power factor.
5. Thermal Efficiency is calculated based on energy recovery from the jacket water, lube oil, 1st stage aftercooler, and exhaust to 120ºC with engine operation at ISO 3046/1 
Genset Efficiency, and assumes unburned fuel is converted in an oxidation catalyst.
6. Total efficiency is calculated as: Genset Efficiency + Thermal Efficiency. Tolerance is ±10% of full load data.
7. ISO 3046/1 Genset fuel consumption tolerance is (+)5, (-)0% at the specified power factor. Nominal genset and engine fuel consumption tolerance is ± 2.5% of full load data at 
the specified power factor.
8. Air flow value is on a 'wet' basis.  Flow is a nominal value with a tolerance of ± 5 %.
9. Inlet manifold pressure is a nominal value with a tolerance of ± 5 %.
10. Inlet manifold temperature is a nominal value with a tolerance of ± 5°C.
11. Timing indicated is for use with the minimum fuel methane number specified.  Consult the appropriate fuel usage guide for timing at other methane numbers.
12. Exhaust temperature is a nominal value with a tolerance of (+)35°C, (-)30°C.
13. Exhaust flow value is on a 'wet' basis.  Flow is a nominal value with a tolerance of ± 6 %.
14. Inlet and Exhaust Restrictions are maximum allowed values at the corresponding loads. Increasing restrictions beyond what is specified will result in a significant engine 
derate.
15. Emissions data is at engine exhaust flange prior to any after treatment.
16. NOx tolerances are ± 18% of specified value.
17. CO, CO2, THC, NMHC, NMNEHC, and HCHO values are "Not to Exceed" levels.  THC, NMHC, and NMNEHC do not include aldehydes.
18. VOCs - Volatile organic compounds as defined in US EPA 40 CFR 60, subpart JJJJ
19. Exhaust Oxygen tolerance is ± 0.5; Lambda tolerance is ± 0.05.  Lambda and Exhaust Oxygen level are the result of adjusting the engine to operate at the specified NOx 
level.
20. LHV rate tolerance is ± 2.5%.
21. Heat rejection to jacket water value displayed includes heat to jacket water alone.  Value is based on treated water.  Tolerance is ± 10% of full load data.
22. Heat rejection to atmosphere based on treated water.  Tolerance is ± 50% of full load data.
23. Lube oil heat rate based on treated water.  Tolerance is ± 20% of full load data.
24. Exhaust heat rate based on treated water.  Tolerance is ± 10% of full load data.
25. Heat rejection to exhaust (LHV to 25°C) value shown includes unburned fuel and is not intended to be used for sizing or recovery calculations.
26. Heat rejection to A/C - Stage 1 based on treated water. Tolerance is ±5% of full load data.
27. Heat rejection to A/C - Stage 2 based on treated water. Tolerance is ±5% of full load data.
28. Total Jacket Water Circuit heat rejection is calculated as:  (JW x 1.1) + (OC x 1.2) + (1AC x 1.05) + [0.9 x (1AC + 2AC) x (ACHRF - 1) x 1.05].  Heat exchanger sizing 
criterion is maximum circuit heat rejection at site conditions, with applied tolerances. A cooling system safety factor may be multiplied by the total circuit heat rejection to provide 
additional margin.
29. Total Second Stage Aftercooler Circuit heat rejection is calculated as:  (2AC x 1.05) + [(1AC + 2AC) x 0.1 x (ACHRF - 1) x 1.05].  Heat exchanger sizing criterion is maximum 
circuit heat rejection at site conditions, with applied tolerances. A cooling system safety factor may be multiplied by the total circuit heat rejection to provide additional margin.
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FREE FIELD MECHANICAL & EXHAUST NOISE

Gen Power 
Without Fan

Percent 
Load

Engine 
Power Overall 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz 400 Hz 500 Hz 630 Hz 800 Hz

ekW % bkW dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A)

2022 100 2100 119.3 79.4 96.3 96.7 94.3 96.9 101.5 103.7 102.6 103.5 105.3

1517 75 1570 118.2 77.0 92.8 95.0 91.9 95.0 97.8 99.6 101.1 101.3 102.2

1015 50 1050 114.0 75.3 88.9 89.4 88.1 90.4 94.0 95.0 100.1 100.3 100.3

MECHANICAL: Sound Power (1/3 Octave Frequencies)

Gen Power 
Without Fan

Percent 
Load

Engine 
Power 1 kHz 1.25 kHz 1.6 kHz 2 kHz 2.5 kHz 3.15 kHz 4 kHz 5 kHz 6.3 kHz 8 kHz 10 kHz

ekW % bkW dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A)

2022 100 2100 106.6 107.5 108.0 106.6 107.2 107.5 103.6 109.7 114.2 103.6 98.2

1517 75 1570 104.5 104.1 105.4 104.1 103.5 104.0 104.0 115.7 101.9 100.7 99.4

1015 50 1050 103.3 101.2 102.4 101.8 102.2 102.5 107.6 101.3 98.2 104.4 93.3

MECHANICAL: Sound Power (1/3 Octave Frequencies)

Gen Power 
Without Fan

Percent 
Load

Engine 
Power Overall 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz 400 Hz 500 Hz 630 Hz 800 Hz

ekW % bkW dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A)

2022 100 2100 124.9 95.1 103.9 108.9 113.5 113.0 110.2 112.4 111.9 113.2 112.8

1517 75 1570 121.8 91.9 103.7 109.3 111.7 105.6 100.4 101.5 103.5 103.2 101.6

1015 50 1050 118.7 92.4 102.2 106.6 109.3 104.4 95.8 97.3 98.9 99.6 100.1

EXHAUST: Sound Power (1/3 Octave Frequencies)

Gen Power 
Without Fan

Percent 
Load

Engine 
Power 1 kHz 1.25 kHz 1.6 kHz 2 kHz 2.5 kHz 3.15 kHz 4 kHz 5 kHz 6.3 kHz 8 kHz 10 kHz

ekW % bkW dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A) dB(A)

2022 100 2100 112.4 112.6 112.9 112.0 112.5 112.8 113.3 111.6 112.8 110.0 105.0

1517 75 1570 103.4 104.5 107.5 108.0 111.0 114.1 111.9 114.2 110.4 106.3 104.5

1015 50 1050 102.2 102.1 105.8 108.1 109.6 109.2 109.6 107.6 105.4 104.6 99.2

EXHAUST: Sound Power (1/3 Octave Frequencies)

SOUND PARAMETER DEFINITION:
Sound Power Level Data - DM8702-03

Sound power is defined as the total sound energy emanating from a source irrespective of direction or distance. Sound power level data is presented
under two index headings:
Sound power level -- Mechanical
Sound power level -- Exhaust

Mechanical: Sound power level data is calculated in accordance with ISO 3747. The data is recorded with the exhaust sound source isolated.

Exhaust: Sound power level data is calculated in accordance with ISO 6798 Annex A. Exhaust data is post-catalyst on gas engine ratings labeled as
"Integrated Catalyst".

Measurements made in accordance with ISO 3747 and ISO 6798 for mechanical and exhaust sound level only. Frequency bands outside the displayed ranges are not 
measured, due to physical test, and environmental conditions that affect the accuracy of the measurement.  No cooling system noise is included unless specifically indicated. 
Sound level data is indicative of noise levels recorded on one engine sample in a survey grade 3 environment.

How an engine is packaged, installed and the site acoustical environment will affect the site specific sound levels. For site specific sound level guarantees, sound data collection 
needs to be done on-site or under similar conditions.
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Transient Load Acceptance

Load Step Frequency Deviation +/-
(%)

Voltage Deviation +/-
(%)

Recovery
Time
(sec)

Classification as
Defined by

ISO 8528 - 5
Notes

20 +20/-20 +20/-20 30
15 +20/-16 +15/-15 25
10 +14/-14 +10/-10 15
5 +8/-8 +6/-6 14
-5 +8/-8 +6/-6 14
-10 +14/-14 +10/-10 15
-15 +20/-16 +15/-15 25

Breaker Open +25/-25 +35/-35 40 (1)
Recovery Specification +1.75/-1.75 +5/-5

Steady State Specification +1/-1 +5/-5 (2)

Transient Information
The transient load steps listed above are stated as a percentage of the engine’s full rated load as indicated in the appropriate performance technical data sheet. Site ambient 
conditions, fuel quality, inlet/exhaust restriction and emissions settings will all affect engine response to load change. Engines that are not operating at the standard conditions 
stated in the Technical data sheet should be set up according to the guidelines included in the technical data; applying timing changes and/or engine derates as needed. 
Adherence to the engine settings guidelines will allow the engines to retain the transient performance stated in the tables above as a percentage of the site derated power (where 
appropriate).Fuel supply pressure and stability is critical to transient performance. Proper installation requires that all fuel train components (including filters, shut off valves, and 
regulators) be sized to ensure adequate fuel be delivered to the engine. The following are fuel pressure requirements to be measured at the engine mounted fuel control valve.
        a. Steady State Fuel Pressure Stability +/- 1 kPa/sec
        b. Transient fuel Pressure Stability +/- 1 kPa/sec

Inlet water temperature to the SCAC must be maintained at specified value for all engines. It is important that the external cooling system design is able to maintain the Inlet water 
temp to the SCAC to within +/- 1 °C during all engine-operating cycles. The SCAC inlet temperature stability criterion is to maintain stable inlet manifold air temperature.  The Air 
Fuel Ratio control system requires up to 180 seconds to converge after a load step has been performed for NOx to return to nominal setting. If the stabilization time is not met 
between load steps the transient performance listed in the document may not be met.  Differences in generator inertia may change the transient response of engine.  Engine 
Governor gains and Voltage regulator settings may need to be tuned for site conditions.  The time needed to start and stabilize at rated engine speed is a minimum of 60 seconds 
after a successful crank cycle.  Engines must be maintained in accordance to guidelines specified in the Caterpillar Service Manuals applicable to each engine. Wear of 
components outside of the specified tolerances will affect the transient capability of the engine.Transient performance data is representative of a “Hot” (previously loaded or fully 
heat soaked) genset.

NOTES:
1. For unloading the engine to 0% load from a loaded condition an external input has been provided. The intention of the Breaker Switch is to be connected to the local generator 
breaker. In the event that the local generator breaker opens the breaker switch provides an input to the engine controller that resets all control inputs to the rated idle condition. 
This prevents engine over speeding and will allow the engine to remain running unloaded at the rated synchronous speed. The breaker switch cannot be used to transition down 
from one loaded state to another. Only when transitioning from a loaded state to 0% load. The breaker switch must change states with 0.2 seconds of the breaker opening 
otherwise engine over speed or backfire may occur.
2. Steady state voltage and frequency stability specified at +/-2 sigma or better.
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ABSTRACT 
Oxy-fuel combustion (OFC) is a promising technology 

for Carbon Capturing and Storage (CCS) in power 
generation systems. This work presents a mathematical 
model to predict relevant gas engine parameters for 
combined heat and power application. Different oxidizer 
blends (O2 + CO2) for the combustion of refuse-derived 
fuel pyrolysis gas were tested. Numerical predictions 
showed that oxy-fuel combustion of RDF pyrolysis gas in 
power engines did not penalize system thermal 
efficiency. The exhaust gas temperature and heat 
content suit combined heat and power plants under zero 
emissions operation.  
 
Keywords: gas engine, carbon capture and storage, oxy-
fuel combustion, waste management, pyrolysis, 
combined heat and power. 

NOMENCLATURE 

Abbreviations  
 CAC 
 CCS 
 EGR 
 ICE 
 ICEG 
 LHV 
 OFC 
 RDF 
 SFC 
 WtE 

Conventional Air Combustion 
Carbon Capture and Storage 
Exhaust Gas Recirculation 
Internal Combustion Engine 
Internal Combustion Engine-Generator 
Lower Heating Value 
Oxy-Fuel Combustion 
Refused-Derived Fuel 
Specific Fuel Consumption 
Waste to Energy 

 
Symbols 

 

 AFRmb 

 AFRvb 

  cp 

 

  cv 

   

  D 
  ℎ𝑖𝑛 

  ℎ𝑜𝑢𝑡 

  𝑘𝑠  

Stoichiometric ratio mass based 
Stoichiometric ratio volume based 
Average specific heat capacity of the 
mix, constant pressure 
Average specific heat capacity of the 
mix, constant volume 
Piston bore 
Enthalpy of reactants 
Enthalpy of products 
Dry friction loss factor 

   𝑘𝑤 
  �̇�𝑜𝑥𝑖𝑑 

   �̇�𝑖𝑛  

   �̇�𝑜𝑢𝑡 

   �̇�𝑒𝑔 

   N 
  Pe 
  �̅�𝑐 
  �̅�𝑒 
  �̅�𝑓 

  �̅�𝑓,0 

  �̅�𝑖  
  r 
  R 
  rpm 
  Vc 

   w 
 
Greek 
Symbols 
  β  
   
  ∆𝑝𝑟 
 
  γ 
  𝛾(T) 
  𝜉 
  εE 

 

   εP 

 

   εR 

  φ 
  ηe 
  ηi 
  ηind 
  ηisc 
  ηisT  
  ηmec 
  ηth 

   ρ0 

   χ  

Wet friction loss factor 
Oxidizer mass flow 
Mass input flow 
Mass output flow 
Exhaust gas flow 
Cycle strokes 
Engine power 
Mean compression pressure 
Mean effective pressure 
Mean friction pressure 
Constant dry friction pressure 
Mean indicated pressure 
Charging coefficient 
Universal gas constant 
Engine speed (cycle per minute) 
Engine total displacement 
Piston mean velocity 
 
 
 
Number of CO2 moles in the oxidizer 
mix 
Pressure difference between exhaust 
and intake 
Number of N2 moles in the oxidizer mix 
Specific heat ratio 
Convenience factor 
Engine coefficient losses for exhaust 
gases 
Engine coefficient losses for heat 
transfer to walls (cooling) 
Engine coefficient losses for air intake 
Fuel air equivalence ratio 
Engine effective efficiency 
Engine internal efficiency 
Engine indicated efficiency 
Compressor isentropic efficiency 
Turbine isentropic efficiency 
Engine mechanical efficiency 
Engine thermal efficiency 
Reactants mix density 
Compression ratio 

_______________________________________ 

# This is a paper for the 14th International Conference on Applied Energy - ICAE2022, Aug. 8-11, 2022, Bochum, Germany. 
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1. INTRODUCTION 
Reduction of greenhouse gas emissions claims 

alternative power generation fuels [1] and advanced 
burning technologies [2] also avoiding gases that lead to 
air quality deterioration such as NOx, carbon monoxide 
(CO) and hydrocarbons (HC) [3]. The European Union, for 
instance, has defined ambitious targets for 2030, cutting 
no less than 40% in greenhouse gas emissions (CO2, CH4, 

N2O, etc.) from 1990 levels, and improving about 32% 
overall energy transformation efficiency [4]. Carbon 
Capture and Storage (CCS) technology combined with 
more efficient power generation would further reduce 
CO2 emissions [5]. Renewable energy sources also play a 
major role to substitute fossil fuels in any combined 
strategy to decrease greenhouse gas emissions. 

In terms of power generation, Internal Combustion 
Engines-Generators (ICEGs) play a significant role in 
developing countries [6] due to their lower cost, larger 
availability and better fuel flexibility [7] when compared 
to gas turbines [8]. In Brazil, gas engines have been the 
preferred technology for landfill gas utilization in WtE 
projects.  

There are few works, however, dealing with oxy-fuel 
technology in ICE’s. This work thus investigates the use 
of pyrolysis gas from Refuse-Derived Fuels in internal 
combustion engines running in oxy-fuel mode. Engine 
operation was modeled to provide relevant data for 
combined heat and power assessment under oxy-fuel 
combustion. 

 
2. OXY-FUEL COMBUSTION IN ICE’S 

 
Oxy-fuel combustion relies on using oxygen diluted 

in recycled carbon dioxide [9] whose combustion process 
is given by 

 
CxHyO𝑧 + a(O2  + αCO2)  → bCO2 + cH2O 

   Equation 1. 
 
The CO2 stoichiometric coefficient (α)  may be 

adjusted for improved system efficiency based on the 
adopted heat conversion technology. The flue gas is then 
cooled to condense the water vapor and the captured 
excess carbon dioxide is stored underground. 

According to Rajca et al. [10], gas obtained from RDF 
pyrolysis has a calorific value in the range of 15-30 
MJ/Nm³. The pyrolysis gas is a mixture of varying 
concentrations of CO, CO2, CH4, H2 and other minor 
constituents. The fuel is therefore appropriated for OFC 
technology in terms of energy density and composition. 

To perform this goal, a set of equations proposed by 
Martin [11] were programmed in the Engineering 

Equation Solver platform [12]. The combined heat and 
power system is depicted in Fig. 1. Basically, an ICE burns 
RDF pyrolysis gas under oxy-fuel mode. Oxygen would be 
provided by a production plant based on cryogenic 
distillation process, due to its high purity (>95%) and 
lower cost when compared to pressure swing adsorption 
[13].  

 
Fig. 1 – CHP plant for oxy-fuel application. 

 
3. METHODOLOGY 

3.1 Combustion Engine Modelling 

The theory lies on solving a set of thermodynamic 
equations of a standard four-stroke Otto cycle. The cycle 
is comprised of an adiabatic irreversible compression 
(stage 1 to 2), energy addition at near constant volume 
(stage 2 to 3) irreversible expansion (state 3 to 4), and 
idealized heat rejection, also at constant volume, to close 
the cycle (stage 4 to 1). The ideal gas law is used to 
determine the thermodynamic states. 
 The model is based on the main processes that take 
place along the cycle [11]: 

         𝜂𝑖𝑛𝑑 + 𝜀𝑃 + 𝜀𝐸 + 𝜀𝑅 = 1    Equation 2 
 
In Equation 2, the main processes are given by the 

indicated engine efficiency from the heat addition (𝜂𝑖𝑛𝑑), 
cooling losses through cylinder walls (𝜀𝑃), losses from the 
exhaust (𝜀𝐸 ), and intake breathing losses (𝜀𝑅 ). Cooling 
losses depend on the charging coefficient ( 𝑟 ), mean 
piston velocity (𝑤), diameter (𝐷), and the compression 
ratio (χ): 
 

𝜀𝑃 = 0.015 ∙ (𝑟 ∙ 𝑤 ∙ 𝐷)−0,2 ∙ (𝜒0,8 + 3 𝜒−0,4)  
    Equation 3 

 where the charging coefficient is given by 

𝑟 = (𝜂𝑖𝑠𝑐𝜂𝑖𝑠𝑇
�̇�𝑒𝑔ℎ𝑖𝑛𝑇

�̇�𝑜𝑥𝑖𝑑ℎ𝑖𝑛𝑜𝑥𝑖𝑑

)

𝛾(𝑇)

𝛾(𝑇)−1 𝑇𝑖𝑛𝑜𝑥𝑖𝑑

𝑇𝑜𝑢𝑡𝑜𝑥𝑖𝑑

   Equation 4 

 
Mixture specific heat capacities, at both constant 
pressure and constant volume, at any given temperature 
are calculated with the following equation 
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               𝛾(𝑇) = ∑
𝑌𝑖𝑐𝑝𝑖

(𝑇)

𝑌𝑖𝑐𝑣𝑖(𝑇)
        Equation 5 

 
For gaseous fuels, intake breathing losses 𝜀𝑅  are 

inferred by  

         𝜀𝑅 =  
𝛥𝑝𝑅

𝑟∙𝜌0∙(
𝐴𝐹𝑅𝑣𝑏

𝐴𝐹𝑅𝑣𝑏+𝜙
)∙𝜙∙

𝐿𝐻𝑉

𝐴𝐹𝑅𝑚𝑏

      Equation 6 

 
where 𝛥𝑝𝑅  is the difference between exhaust (𝑝𝑒𝑥ℎ ) 
and intake (𝑝𝑖𝑛𝑡) pressures.  
Losses from the exhaust are calculated by 

 𝜀𝐸 =  
1

𝜒𝜉 − 𝜀𝑃 (
2

𝜒𝜉+1
 )    Equation 7 

 
where the convenience factor 𝜉  is obtained for the 
thermodynamic cycle with varying properties,𝛾 = 𝑓(𝑇),  

 

𝜉 =  0.277 + 0.06(1 − 𝜙 + (1 − 0.1𝜒0.5)(1 − 𝜙)2,5)   
                   Equation 8 
 

The overall engine performance can be inferred 
through a set of equations that are a function of engine 
sizing, operation regime, fuel type, mechanical friction 
and mixture compression losses. The losses are 
established by a set of mean engine pressures. The 
indicated efficiency in Equation 2 is calculated from the 
mechanical and effective efficiencies:  
                𝜂𝑒 =  𝜂𝑚𝑒𝑐𝜂𝑖𝑛𝑑       Equation 9 
where 

𝜂𝑚𝑒𝑐 = 1 − 
�̅�𝑓

�̅�𝑖
     Equation 10 

 
In equation 10, average piston friction pressure due 

to piston rings and lubrication is given by 
 

      �̅�𝑓 = �̅�𝑓,0 + 𝑘𝑠(2�̅�𝑐 + �̅�𝑖)𝑘𝑤
𝑤

𝐷
   Equation 11 

 
 and mean indicated pressure is inferred with  

         �̅�𝑖 = 𝜂𝑖𝑛𝑑𝑟𝜌0  
𝐴𝐹𝑅𝑣𝑏

(𝐴𝐹𝑅𝑣𝑏+𝜙)

𝜙𝐿𝐻𝑉

𝐴𝐹𝑅𝑚𝑏
  Equation 12 

 
The effective efficiency is calculated from the engine 

brake power which is a function of the mean effective 
pressure, engine total displacement, speed, and cycle 
regime:  

                 𝑃𝑒 =  �̅�𝑒𝑉𝑐
𝑟𝑝𝑚

𝑁
        Equation 13 

 
where 

           �̅�𝑒 =  𝜂𝑒𝑟𝜌0
𝐴𝐹𝑅𝑣𝑏

(𝐴𝐹𝑅𝑣𝑏+𝜙)

𝜙𝐿𝐻𝑉

𝐴𝐹𝑅𝑚𝑏
  Equation 14 

 
The fundamental equations from 2 to 14 were 
implemented in the EES platform, along with a set of 
auxiliary equations in order to get relevant engine 

performance data for combined heat and power 
applications under CCS technology. A total of 137 
equations comprised the model for the oxy-fuel CHP 
plant. 

The presented model was first validated by 
comparing numerical predictions with performance data 
of a commercial gas engine (Caterpillar G3520) [14]. 

For that, it was assumed: �̅�𝑓,0 = 70 𝑘𝑃𝑎,  𝑘𝑠 =

0,02 𝑘𝑃𝑎 , 𝑘𝑤 = 0,70 𝑘𝑃𝑎 , �̅�𝑐 = 700 𝑘𝑃𝑎  for electric 
generators powered by a gas engine [11]. 

Validation results and corresponding catalog 
reference information are presented in Table 1. Similar 
results were obtained for natural gas and φ = 0,57 from 
the manufacturer’s datasheet. As it can be seen, the 
model is capable of reproducing with a high level of 
confidence the basic operation of an actual engine. 
Therefore, relevant data can be obtained for combined 
heat and power systems assessment. 

 
4. RESULTS AND DISCUSSION 

 
The model was then applied to simulate different 

oxidizer compositions (OFC) as presented in table 2 
burning RDF pyrolysis. Refuse-Derived Fuel (RDF) 
pyrolysis gas composition is presented in Table 3 [10]. 

 

 
For fuel and oxidizer compositions used in OFC and 

CFC simulations, major differences in engine 
performance are related to the exhaust gas temperature.  
This was expected due to the larger specific heat of 
carbon dioxide in comparison to that of nitrogen and the 
much higher concentration compared to that of water 
vapor, which has higher specific heat. Exhaust gas 
temperature and heat rejection for the OFC varies by less 
than 38% and 8%, respectively. Every 5% increase in CO2 
oxidizer concentration implies a minimum 150 °C drop in 
exhaust gas temperature while generating an increment 

  Table 1 – Code validation. 

Parameter CAC 
φ=0.57 

G3520 
φ=0.57 

Thermal efficiency (%) 42.4 45.3 

Exhaust gas temperature (°C) 496.4 430 

SFC (MJ/kWh) 8.81 8.63 

Exhaust heat rejection (kW) 1682 1462 

Power output (kW) 2085 2100 
 

Table 2 - Oxidizer mixes - Species vol (%) 

OFC CAC 

CO2 O2 N2 O2 

75/80/85 25/20/15 78 21 



  4 

in carbon capture by at least 25% as compared to 
conventional air combustion. 

 

 
For the same power input and engine operational 

conditions, slightly different exhaust gas concentrations 
of H2O and CO2 were obtained by varying the oxidizer 
composition in OFC mode, as presented in Table 4. 
Specific fuel consumptions and engine thermal efficiency 
are also quite similar for all the cases studied, including 
the conventional combustion process. 

According to Rayca et al [10], RDF pyrolysis may take 
place in the temperature range of 400 °C and 900 °C. The 
exhaust gas temperatures shown in Table 4 varied from 
about 530 to 846 °C, when operating in the oxyfuel 
mode. The amount of heat and the temperature of the 
flue gases are, therefore, suitable to sustain the pyrolysis 
reactions inside in combined heat and power operation 
system. Considering a heat of pyrolysis of about 2500 
kJ/kg, the heat rejected by the engine would process 
near 3000 kg/h of RDF. The CHP plant operating under 

CCS technology would release almost zero emissions of 
CO2. However, a comprehensive cost analysis should be 
performed to check plant’s economic feasibility. A 
simplified cost analysis is presented in the next section. 

 
5. PRELIMINARY FEASIBILITY ANALYSIS 

 
Brazil operates a large scale state-of-the-art 

thermoelectric power plant called ‘UTE-LORM’ 
comprised of 24 Wärtsilä 20V34SG gas generator sets 
with a total combined output of 204 MW [15]. 

Assuming an oxygen plant – coupled to that power 
plant (204 MW) – with a typical production cost of US$ 
0.045/kg for high purity oxygen (>95%) obtained through 
cryogenic distillation process [13], the study points 
towards a payback time between 6 and 17 years 
depending on the OFC operating modes presented in 
table 4. Cost analysis refer to an oxy-fuel technology 
implementation on a CHP plant on a 24/7 basis. 

 

 
Fig. 2 – Break-even points for different OFC modes for 

a 204 MW power plant. 
 
This figure was based on a carbon credit of US$ 

36/stored CO2 ton. The authors are elaborating a more 
detailed feasibility model that will be published in the 
near future.  

 
6. CONCLUSIONS 

A model was developed to estimate relevant gas 
engine performance parameters under oxy-fuel burning 
technology for carbon capture and storage of CHP plants. 

Numerical predictions showed that oxy-fuel 
combustion of RDF pyrolysis gas in gas engines did not 
penalize system thermal efficiency. The exhaust gas 
temperature and heat content are suitable for combined 
heat and power plants under zero emissions operation. 

A more detailed model for cost analysis should be 
included in the model for feasibility analysis under the 
carbon credit approach. 

Table 3 - Fuel composition (RDF) – main species 
concentration (%) 

C2H6 C3H6 CO2 H2 C2H4 CH4 CO 

4.3 7.1 11.8 12.4 13.8 17.8 29.6 

Table 4 – Numerical predictions for OFC and 
CAC burning modes.  

 OFC 
75/25 
(φ=1) 

OFC 
80/20 
(φ=1) 

 

OFC 
85/15 
(φ=1) 

CAC 
(φ=1) 

CO2  
(exhaust %) 

87.2 89.3 91.9 13.5 

H2O (exhaust 
%) 

12.4 9.8 7.4 15.8 

N2 (exhaust 
%) 

0.4 0.9 0.7 70.7 

Exhaust mass 
flow (kg/h) 

7542 9430 12578 6529 

Exhaust 
temperature 

(°C) 

846 694.3 530.8 965.3 

Heat 
rejection to 

exhaust (kW) 

2097 2040 1945 2128 

Power 
output (kW) 

2217 2200 2172 2223 

SFC 
(MJ/kWh) 

8.694 8.76 8.873 8.747 

Thermal 
efficiency (%) 

43.01 42.67 42.13 42.74 
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