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Abstract
Thermodynamic and environmental analysis of heat and power generation using
renewable fuels
Hadis Montazerinejad, PhD
Concordia University, 2024

This study evaluates compact cogeneration technologies for urban areas with varying energy
demands, focusing on renewable fuels such as hydrogen and biogas, compared to fossil fuels like
methane. Among various options, proton exchange membrane fuel cells (PEM fuel cells) and
recuperated micro-gas turbines (MGTs) are identified as the most promising technologies. Their
performance under diverse scenarios, including control strategies, fuel choices, and operational

conditions, is thoroughly modeled.

For PEM fuel cells, detailed electrochemical and thermal models simulate electricity and heat
production, while for MGTs, a comprehensive model optimizes heat recovery and control
strategies. The developed control strategy involves precise bypass valve adjustments to regulate
mass flow distribution, improving efficiency. Heat management is further enhanced by

coordinating bypass valve settings with storage tank cycles and auxiliary boiler transitions.

PEM fuel cells are shown to excel in high-efficiency cogeneration due to their direct conversion
of chemical to electrical energy at low operational temperatures, minimizing heat loss and
optimizing hydrogen utilization. MGT systems, on the other hand, benefit from hydrogen
combustion’s higher flame temperatures, boosting power generation. Parametric analysis reveals
that increasing rotational speed, pressure ratios, and working parameters in MGTs enhances power
output, while higher cell counts and ambient temperatures improve PEM fuel cell efficiency and

hydrogen consumption.

To reduce emissions from MGTs, a dual axial swirler combustor is proposed, ensuring uniform
temperature distribution, minimizing hot spots, and enhancing fuel-air mixing. These features
improve combustion efficiency and stability under partial loads, effectively lowering NOX and
CO emissions. The emission characteristics are assessed using CFD simulations, an Equivalent

Chemical Reactor Network (ECRN) model, and a custom mathematical model. Hydrogen
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combustion is associated with high NOX emissions due to its flame temperature, while methane
and biogas show lower NOX concentrations. However, the inert CO2 in biogas presents challenges

for efficiency.

In summary, this research provides a robust framework for evaluating renewable-fueled
cogeneration systems, offering strategies to enhance efficiency and reduce emissions, supporting

urban energy sustainability.
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Chapter 1: Introduction

Combined heat and power (CHP) systems are designed for high energy efficiency and reduced
greenhouse gas emissions when compared to separate generation of electricity and heat. However,
conventional CHP systems primarily rely on fossil fuels, contributing to environmental pollution
and resource depletion. The shift towards renewable fuels such as hydrogen, biogas, and syngas is
increasingly important in mitigating these issues and achieving a sustainable energy future.
Renewable fuels offer several advantages over traditional fossil fuels. For instance, hydrogen,
when produced from renewable sources, is a carbon-free fuel that can significantly reduce CO>
emissions when used in CHP systems. Biogas and syngas, derived from organic waste materials,
provide a way to manage waste and contribute to a circular economy by transforming waste into
valuable energy resources. Since using hydrogen in future cogeneration systems is beneficial,
defining a comprehensive methodology, that indicates the best procedural choice with regards to
life cycle assessment and cost, is important [1]. The growing demand for hydrogen CHP systems
has led to the development of methods for detecting and analyzing the technology robustness,
identifying malfunctions, and assessing the lifetime of CHPs. Implementing health monitoring will
enhance the durability and reliability of these systems. According to the European Clean Hydrogen
Alliance announcement, 40 GW of renewable technologies will be installed to generate the
required hydrogen for operating cogeneration systems by 2030. The lifetime of fuel cell systems
for mid-size cogeneration systems is around ten years with one stack replacement, and it is

expected to double by 2030 [1].

1.1 Problem Statement

The rapid increase in urban energy demand has increased the need for sustainable and reliable
energy sources. This poses significant economic, and environmental risks due to the depletion of
finite fossil fuel reserves and the release of pollutants. To mitigate these challenges, there is a
growing trend toward using alternative and renewable energy sources in cogeneration systems.
Current research has extensively explored various technologies suitable for urban applications and
their potential for integrating renewable fuels [2]. However, comprehensive evaluations comparing
diverse technological options under real-world scenarios remain limited. Moreover, the evident

growth over the years and the proportion of published studies on hydrogen cogeneration systems



indicate that researchers have more focused on performance (56%), than environmental analysis
(20%), control (10%), and availability, and reliability (14%) [3]. The demand for research on
detection, cognition, and malfunction control of CHPs has been responded to partly and should be
addressed more. The current challenges that stop the penetration of hydrogen energy systems in
the market are related to their operating efficiency, durability and cost. Cogeneration systems with
fuel cells in micro-, mid-, and large sizes are today around 36%, 50%, and 55% for electrical
efficiency, concurrently, while the desired aim is 67%-74% [2]. Finding the optimum load at which
fuel cells operate and proposing control strategies for hydrogen integrated energy systems remains

a subject of research.

Recent studies on gas turbines (GT) show that although the combustion temperature of hydrogen-
based gas turbines has a uniform profile that prevents thermal fatigue, the dimension of combustion
chambers is higher than for fossil fuels, because the combustion of hydrogen requires an extensive
recirculation area. Working on optimum combustion structures can reduce the size of recirculation
zones and improve performance [4]. Researchers have accurately predicted NOx emissions from
GTs using various approaches, including reactor network modeling [5,6]. However, they have
proved that this effective engineering method has limitations in predicting CO emissions in both
large and small scales of combustors. Certain investigations [7,8] have highlighted inaccuracies in
CO emission predictions by the Equivalent Chemical Reactor Network (ECRN) methodology,
finding that this predictive method tends to overestimate CO concentrations during partial load
conditions while underestimating them during scenarios of full operational capacity. The
fundamental challenge in accurately predicting CO emissions lies in the complex dynamics of CO
generation and breakdown processes. Several factors associated with the flow field profoundly
affect these processes, including how gases mix, the stabilization of flames, and the cooling
mechanisms. ECRN methodologies are inadequate in fully addressing these essential aspects. As
a result, advanced approaches such as comprehensive mathematical models [9,10], or CFD
simulations [10] are now regarded as the most effective means for estimating CO emissions within
turbine combustors. The selection between these approaches depends on the specific aims and

requirements of the research project.

Although hydrogen is expected to be more environmentally friendly than conventional fuels, it is

considered an indirect greenhouse gas. The percentage of its unavoidable pollution from operating



energy systems, storage, and production is estimated to be almost 0.2 up to 10% [1]. When
integrating renewable fuels, including hydrogen, into CHP systems, there is an opportunity to
reduce dependence on fossil fuels, decrease greenhouse gas emissions, and improve the
sustainability of urban energy systems. However, there are challenges to adopting renewable fuels
in CHP systems, including variability in fuel composition, lower energy densities, and differences
in combustion characteristics compared to conventional fuels. These factors can affect the
efficiency, stability, and emissions of CHP systems. Therefore, it is essential to thoroughly
evaluate different fuel options and their impact on system performance under various operating

and control conditions.

1.2 Objectives and Contributions

The thesis aims to address the following research questions:

e Which cogeneration technologies are most suitable for renewable fuel applications in terms

of efficiency, availability, and emissions across various power ranges?

e How do different renewable fuels impact the performance, efficiency, and emission

characteristics of cogeneration systems under varied operational scenarios?

e What control strategies can be developed to enhance cogeneration efficiency and

performance across different fuel types?

e How can advanced computational models improve the accuracy of predicting NOx and CO
emissions in micro-gas turbines operating with different fuels and under varying load

conditions?

e Which pollutant prediction methods provide the most accurate prediction of CO
concentrations and simplify the complexities associated with CO formation under diverse

fuel, operational, and control conditions?

In this study, a comprehensive numerical model for two cogeneration technology options, a PEM
fuel cell [11] and a recuperated MGT [10], has been developed to analyze mass and energy

balances. The modeling framework includes mathematical equations that are written by Fortran,
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which is a programming language. The MGT model development involved considering equipment
with variable efficiencies and a controllable bypass valve while integrating precise operational
maps for the MGT components. The models’ accuracy of PEM fuel cell, and MGT are validated
against research conducted by Zhao et al. [12], and experimental data presented by Rist et al. [13]
to ensure the reliability of the proposed models. This study aims to identify the most suitable
compact-size technologies by analyzing their performance and availability under multiple
scenarios, including technology, control, fuel selection, and operational considerations. Also, the
proposed systems are studied under off-design conditions by varying their operating, and control
parameters to achieve effective performance [10]. A state-of-the-art heating control process based
on a demand response control strategy is introduced to assess the availability and efficiency of
these technologies in meeting residential energy needs. The interaction among energy generation,
utilization, and storage strategies is investigated under three fuel scenarios: methane, hydrogen,
and biogas, containing 40% CO., combusted in a swirl-stabilized combustion chamber. Moreover,
an operational strategy involving functional trends and seasonal variations in the cogeneration

systems' performance is applied to analyze their responsiveness to urban heating demands [10].

In the next step, an environmental analysis is conducted using three distinct predictive methods to
assess pollutant emissions from a dual-axial swirler combustor operating under mentioned fuel
scenarios. The proposed combustion chamber is simulated using Ansys Fluent utilizing the Eddy
Dissipation Concept (EDC) and realizable k-¢ turbulence model, suitable for swirling flow
regimes. To evaluate NOx emission characteristics, two precise pollutant level prediction methods,
including the CFD simulation, and the Equivalent Chemical Reactor Network (ECRN) model in
Ansys Chemkin-Pro, are employed. In the former, a two-step global reaction mechanism
developed by Polifke is applied, providing a streamlined approach to calculate emission levels
effectively under diverse operating and control conditions. Accurate prediction of carbon
monoxide (CO) emissions remains a significant challenge for combustion designers due to
limitations in existing engineering approaches for all kinds of combustors. To address this issue,
this research proposes a novel approach combining the CFD simulation model with a mathematical
prediction method. Based on the proposed novel method in the CFD simulation model, regions
near the cooling holes are treated differently from the rest of the combustor, leading to precise CO
predictions in all zones. Additionally, the mathematical model simplifies the complex issues

related to CO formation, making it more practical and understandable for combustion engineers
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who often need quick estimates and insights into attainable emission levels based on available
design variables. Moreover, this study investigates the dynamic behavior of the dual-axial swirler
combustor under various operating conditions, including the engine loads, equivalence ratio,
ambient temperature, and CO> concentrations, to develop analytical models, thereby enhancing
the accuracy of pollutant emission predictions. The innovation of this research lies in integrating
validated numerical simulation with the advanced CFD simulation, ECRN and mathematical
modeling, which facilitates a comparative environmental analysis of three distinct fuels in the
MGT. The proposed approach enables accurate prediction of emission levels and enhances the
understanding of the ecological implications of alternative fuels. These insights contribute to the
development of cleaner combustion technologies for MGTs, highlighting the potential for

substantial advancements in the field.

In this thesis, Chapter 2 provides a comprehensive literature review and an overview of
cogeneration technologies, detailing their applications, optimal operation strategies, and
installation methodologies. This chapter also explores the most efficient configurations of
cogeneration systems by considering material properties and operational conditions. In the context
of renewable fuels, the focus is on hydrogen, biogas, and syngas, including their production
methods, applications in sectors including buildings, thermodynamic considerations for storage,
and environmental impacts. Chapter 3 investigates the core functions, capacities, and
specifications of the technologies under study, outlining the methodologies for modeling these
systems. It covers the necessary assumptions, design operating conditions, and detailed component
behavior maps to simulate technologies accurately. This chapter also examines real-world
scenarios and provides a comprehensive analysis of pollutant emissions from combusting various
fuels under off-design conditions. Chapter 4 presents the validation of the models and discusses
the technological and environmental analysis results, along with the performance trends of the
selected systems under non-ideal conditions. Chapter 5 provides the conclusions of the thesis,
summarizing the key findings. Finally, Chapter 6 concludes the thesis with an outlook on potential

future research directions based on the findings of this study.



Chapter 2: Literature Review

Many comprehensive studies have been carried out, and solutions have been proposed to fight
global warming and reduce greenhouse gas (GHG) emissions. One of them is the deployment of
combined heat and power (CHP) technologies, which present significant potential for ensuring
robust availability, reliability, and adaptable power capabilities in forthcoming renewable energy
frameworks. These devices offer a unique opportunity to improve the overall fuel-based engine
conversion efficiency by using the engines' waste heat within the urban setting. Strategic selection
of these technologies should be based on their applicability, power ranges, and performance
objectives [2,11]. CHP systems can be run with natural gas or renewable sources such as biogas,
biomass, wind, and solar. CHP systems consist of several components, such as conversion devices,

generators, heat recovery systems, and electrical converters [2].

Local CHP systems, which are identified as decentralized energy generators, have various benefits
compared to centralized systems. The first criterion to compare the aforesaid systems refers to the
overall efficiency. Overall efficiency of 30-50% in central power stations without heat use can
increase to almost 70-90% in decentral combined heat and power plants [14]. A considerable
reduction of electrical transmission losses is used as an indicator against which to determine the
decentralized systems’ advantages. Consuming less fuel in local CHP systems causes the primary
energy demand to be reduced, resulting in the decrease of CO; emissions and costs [15]. In
residential CHP use, by consuming gas at low cost to generate electricity and heat, the energy bills

can be reduced and consequently, it overcomes fuel poverty [16].

In terms of power capacities, there are three classifications for CHP systems: "micro-cogeneration"
for capacities under 50 kW, "small-scale cogeneration" for capacities between 50 kW, and 1
MWe, and "medium or large cogeneration" for capacities exceeding 1 MWe [2,17]. Considering
the advantages offered by CHP systems (like their adaptability in using a wide range of energy
sources and simultaneous production of electricity, heating, and storage of energy), they are
already being used in a wide range of sectors such as residential sectors, healthcare, commercial
sectors and also in remote locations with only intermittent access to the energy supplied by the
grid. In these places, CHP units can offer great benefits in the form of improved reliability and

resilience to the consumer in question. They are also able to provide much-needed stability and



flexibility when energy supply is not guaranteed, especially in locations where shutdowns can have

grave consequences, like hospitals or data centers [2,18].

Also, CHP units can be classified based on the prime mover used, such as internal combustion
engines (ICEs), Gas turbines (GTs), micro-gas turbines (MGTs), Stirling engines (SEs), fuel cells
(FCs), organic Rankine cycles (ORCs), etc. They can be further categorized based on the energy
source used to power the unit. The fuels used today are still mainly fossil fuels such as diesel and
natural gas, but a shift to green fuels is ongoing using biogas, solid biomass, and hydrogen
produced from renewable energies such as solar and wind. Furthermore, these systems can also be
categorized based on whether they have a thermodynamic cycle or not (see Figure 1). Rankine
cycles, including steam and organic Rankine cycles, belong to the first category. Other devices in
the first group are ICEs, SEs, GTs, and MGTs. The second group contains fuel cells and solar
thermal photovoltaic hybrid technologies (PV/T) that generate electricity and heat with no
combustion process. FCs and external combustion engines are more compatible with fuel than GTs

and ICEs [2,19,20].
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Figure 1-The classification of cogeneration systems based on their kinds of the cycle (modified from [2])

There are various conversion devices for small and micro-CHP applications such as internal
combustion (ICE) and reciprocating engines, micro-gas turbines, Stirling engines, organic Rankine

cycles, and fuel cells [20]. In Figure 2, the capacity and electrical efficiency of energy equipment



are shown. It shows that the highest electrical efficiency can be obtained by implementing fuel

cells.
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Figure 2-Capacity and efficiency of conversion devices [21].

By considering the rapid growth of urban areas that results in increasing district heating networks
and heat demands, the investment in producing micro-CHP has been increasing because the
production of electricity and heat locally leads to high efficiency [22,23]. As an example, Bianchi
et al. proposed micro-CHP for the residential sector, and the studied components of the micro-
CHP system were a CHP prime mover, an auxiliary boiler, and thermal storage. The generated
power was used for domestic consumers or injected into the network [24]. Focusing on solar
technologies should be prioritized because it can be used for domestic applications and is a great
option for micro-CHP [25]. A review of the solar energy CHP technology with the production of
electricity and heat/hot water for end-use was carried out by Modi et al. [26]. They considered a
diversity of case studies in Denmark for evaluating the possibility of generating heat and power
based on solar-CHP. After investigating some technologies, including solar photovoltaic modules,
solar flat plate collectors, a ground source heat pump, a biomass burner, and an organic Rankine
cycle, they found that using solar-biomass hybrid plants for CHP would be most economically and
environmentally friendly. According to their results, using biomass instead of natural gas helped

to reduce pollution, while the reduction of purchased fuel costs was highest for solar thermal

systems [26].



The following table summarizes the comparison between CHP technologies based on their

technical performance.

Table 1-The performance of four prime movers in the CHP system [21,27-29]. It is noted that some information is
brought from manufacturer's datasheet.

Technology
Technical performance Reciprocating Micro-gas
) Gas turbine ) Fuel cell
engine turbines
. 30 kW-330 5kW-2.8
Size range 10 kW-10 MW 1 MW-300 MW
kW MW
Electrical efficiency 30-42% 24-36% 25-29% 38-42%
Overall CHP efficiency 77-83% 65-71% 64-72% 62-75%
Power to heat ratio 0.6-1.2 0.6-1.0 0.5-0.8 1.3-1.6
Thermal output 16.7 kW-8.3 MW 1.7 MW-300 60 kW-412.5 3.8 kW-1.75
Net heat rate
2,900-6,100 3,400-6,000 4,400-6,400 2,200-2,600
(BTU/kWh)
Fuel pressure (psig) 1-75 100-500 50-140 0.5-45
Good at both Best at both
Good at both part
Part load efficiency Better at full load part and full part and full
and full load
load load
Start-up time 10s 10 min to 1 day 60s 3 hto 2 days
40,000— 32,000-
Time to overhaul (hour) 30,000-60,000 25,000-50,000
80,000 64,000
Availability 96 —98% 93 - 96% 98-99% >95%

Gaseous and liquid fuels can run reciprocating engine systems that provide excellent fuel
conversion efficiency and high power to weight ratio [30]. Considerable fuel energy is wasted in
ICEs. In recovering waste heat, organic Rankine cycles work well using especially medium-grade
energy of the exhaust, and thermoelectric generators can be used [31], decreasing fuel consumption
and CO; emissions [32]. The drawback of using ICE is low fuel adaptability. When it comes to
reliability, gas turbines (GTs) perform well. Other advantages are high flexibility, low complexity,
fast start, having a good function at full load, and low capital cost to power ratio [33]. According
to power capacities, gas turbines can be classified into different parts, namely heavy-duty gas
turbines whose power is higher than 500 MW, lightweight gas turbines whose power is lower than
60 MW, and micro-gas turbines with power less than 5 MW. The first category is used in central
power generations, the second one supplies power for aircraft engines, and the last one (micro-gas

turbines) is appropriate for distributed power generation [34]. Often the heat from GT is not used



and is released to the atmosphere. One solution to generate extra power from the waste heat would
be Rankine cycles. Organic Rankine cycles have the ability to utilize low-grade heat, making them
suitable for implementation in decentralized power plants with lower capacities. These power
plants can then be utilized to generate both heat and power for a wide range of applications [35].
In combined heat and power systems, a heat recovery steam generator (HRSG) is applied between
the gas turbine and Rankine cycle to recover high-temperature exhaust gases from the GT to
generate the required steam for the Rankine cycle [36]. Recently for increasing the generated
power and overall efficiency of gas turbines, the usage of flameless boilers has been proposed. A
good case would be employing flameless duct burners before HRSG [37]. Another example is
using a flameless boiler run by biogas and exhaust gases from GT to generate hydrogen through a
solid oxide steam electrolyzer (SOSE). By using a flameless boiler, the amount of fuel to produce
H> is reduced significantly, and consequently, the NOx and CO emissions are mitigated
considerably [38].

Micro-gas turbines (MGTs) that can respond to lower power demands (less than 1000 kWel) are
small-size gas turbines introduced in the 1990s for combined heat and power, and since 2000, they
have been marketed on a larger scale [20]. A study on the characteristics of MGTs whose power
is lower than 100 kW, was conducted by Backman et al. [39]. The authors represented some
challenges related to the scale design of MGTs and investigated the effects of parameters on the
CHP’s function. The function of a typical micro-turbine with its simple open cycle are discussed
in [40]. Air is sucked through the compressor and conveyed to the combustion housing where it
combines with fuel; then combustion products leave the process by the compressor/diffuser. The
above movements make the rotor rotate, leading to power generation through the alternator stator
[40].

As aresult of the presented classifications, technical compatibility, and definition of CHP systems,
and research studies noted above, Figure 3 has been drawn. The application of each component

has been divided into three parts, including aerospace, aviation, and ground level [41].
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Figure 3-Prime movers' applications in various sectors [2].

Some cogeneration technologies, such as gas turbines, micro-gas turbines, or fuel cells, can use
hydrogen, and the investigation of co-combustion of fuel blends in micro-gas turbines is a research
priority [42]. Renewable electrical energy sources can be used to produce hydrogen, which has
advantages, such as being a carbon-free energetic chemical, storage medium, and fuel [43]. A gas
turbine can be run by the combination of H2/CHjs fuel produced by a hybrid PV/hydrogen system.
It proves that gas turbines are thus suitable for systems that generate sustainable power [44].
Recently, the need for sustainable and cleaner new technology has been increasing, so gas turbines
with the usage of H> have become an important solution. Some crucial factors, such as fuel
blending, combustion dynamics with H», and associated combustor and turbine design strategies,
are currently considered [45,46]. Reducing the amounts of hydrocarbons consumed and the related
CO; emissions in the flue gas can be achieved by using the co-combustion of H> and CH4 [47,48].
Also, Hz burns fast, which results in improving flame stability, particularly at lean combustion
[49]. Using pure H> causes some problems, including higher flame temperature, NOx emissions,
flame speed, burning velocity, and flashback risk of H». To reduce the flashback risk and constrain
the combustion properties of the fuel, inserting CO> into the fuel was suggested [50]. If biogas is
used in micro-gas turbines or gas turbines, it burns much slower than natural gas because of the
COz, which brings about a slowing combustion rate. Additionally, CO2 with low specific heat
diminishes heat transfer [51]. Investigations of micro-gas turbine performance and a wide range
of biogas compositions were done, and it was shown that the electrical efficiency decreased with

decreasing methane contents of the biogas [52]. Figure 4 has been plotted based on multivariate
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features to compare prime movers. Each prime mover is represented by a different colored polygon
to highlight the differences in performance metrics across various parameters. The best
performance of different technologies in various categories such as fuel consumption, ramp-up
time or overall emissions is specified. This comparison gives a good overview which prime mover
is the best depending on the criteria chosen [2].
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Figure 4-Functional comparison between prime movers shown by the radar chart [2].

2.1 CHP systems

CHP systems were introduced at the beginning of the 1880s when the only energy resource in
industrial sectors was steam. The progress in their mechanisms was seen in the early 20" century
when electricity was supplied by steam turbines, and coal-fired boilers provided steam. The growth
of central power plants and electrical grids led to the decrement of electricity prices and the high
preference of industries to buy electricity, resulting in cogeneration reduction. Since 1973, because
of the significant increase in fuel costs, the attention to CHP systems has been raised [53]. They
are run by fossil fuels or renewable energy, and their prime movers are gas turbines, micro-gas
turbines, Stirling engines, fuel cells, and others. Their ability to operate independently of the grid

leads to the highest reliability and resiliency in case of blackout events, provides considerable

12



energy saving and fewer greenhouse gas emissions, optimizes the consumption of rare fuels, and
reaches the short payback period due to the reduction of consumed fuel costs. All the above points
make them superior compared to the conventional separate energy technologies [54]. In the
residential sector, the reduction of consumed primary energy and pollution is the main reason to

use CHP in general and micro-CHP in particular [55].

To decarbonize the energy system, biomass can be used in CHP plants. Also, to improve the
efficiency of biomass-CHPs, subcritical Rankin cycles can be transitioned to supercritical (SC)
ones where steam operates at pressures and temperatures higher than the supercritical points
(221.12 bar and 374.15°C). By using ultra-supercritical (USC) design, the CHPs can achieve the
maximum performance because of the highest thermodynamic properties (pressure and
temperature) of steam compared to SC. Better function of CHP plants at part loads regarding power
and efficiency is at the root of operating SC and USC instead of using subcritical design [56]. By
considering all the above-mentioned points [57], the performance of the CHP technology based on
the USC model for supplying heat and power demands of aluminum and pulp and paper industries
was analyzed. In some conditions, when heat demand was high, the CHP efficiency of the
aluminum/pulp and paper was 92.50%/86.76%. The highest exergy destruction rate belonged to
the combustion procedure because it had 67-70% of the total exergy destruction rate [57]. Since
implementing the conventional and advanced exergy analyses gives detailed information about
technologies and the effects of components on themselves, Caglayan and Caliskan [58] applied
the mentioned methodology to analyze a CHP system comprised of a gas turbine. They revealed
that at ambient temperature of 30 °C, the highest exergy efficiency (29.85%) and the lowest exergy
destruction rates (17810.61 kW) were achieved. Amongst the different components, the
combustion chamber had the highest exergy destruction rates of 10058.532 kW.

Patuzzi et al. [59] selected three small-scale CHP units based on biomass gasification and
monitored them on-site in Italy. They recorded the value of mass and energy fluxes every 5 hours.
An investigation on the gasification products and by-products was conducted. They concluded that
the unit that consumed more pellets achieved higher electrical efficiency (25.3%) compared to
others (18.3% and 16.8%) [59]. By applying Cycle Tempo software, Ahmadi et al. [60] simulated
a CHP system based on various assessments, including the first and second thermodynamic laws.

For achieving the highest performance and lowest emissions of a boiler, the authors equipped the
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CHP system with an economizer that used the hot outlet gas from the boiler. After calculating the
electric (8.22%), exergetic (7.87%), heat (48.92%), and overall (56.8%) efficiencies of the
proposed CHP system, the researchers realized that the best solution for improving the overall
efficiency was to connect the system with the main network. This process prevented operators
from shutting down the system whenever they faced malfunctions and reduced heat waste by
switching from a boiler, where the highest exergy destruction rate occurred (65571 kW), to an

HRSG and a gas turbine [60].

A design and experimental strategy for a domestic micro-CHP system based on using ORC were
conducted. The researchers selected R245fa as a working fluid. Based on the CHP efficiency
profile they proved that all equipment of ORC was working not far from their nominal yields [61].
Dong et al. [62] studied the function of small- and micro-scale combined heat and power (CHP)
systems run by biomass. Their investigation was based on using the organic Rankine cycle (ORC)
in the mentioned power stations. They compared CHP systems based on available technologies
such as ORC, micro-gas turbine, and biomass gasification. They concluded that ORC had a
significant market potential in both the United Kingdom and the rest of the world [62]. A
decentralized hybrid CHP system run by biogas was modeled and investigated [63]. The proposed
system consisted of a pre-reformer, where a large amount of methane was converted to the required
fuel for running a solid oxide fuel cell (SOFC), an afterburner whose high-temperature exhaust
gas provided heat for the pre-reformer, a heat recovery boiler where a heating purpose was
supplied, and a SOFC stack (see Figure 5). The electrical and CHP efficiency of the whole system
were 55.6% and 85%, respectively [63].
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Figure 5-The configuration of decentralized hybrid CHP system [53].

A micro-CHP system whose prime mover was the Stirling engine (SE) was simulated and
experimentally assessed for meeting heating and electricity household demands. Considering
various dynamic procedures such as start-up and cool-down as well as studying the function of the
system at part-load, the developed model was adaptable to other available micro-CHP stations that
used the Stirling engine in the market. After conducting validation, the researchers found that in
all cases, the errors of dynamic models for calculating output power and outlet temperature of cold
water were lower than 2.4% and 0.9%, respectively, which proved a good agreement [64]. Cardozo
et al. [65] simulated and experimentally assessed a micro-CHP system, whose prime mover was a
Stirling engine (SE), run by two kinds of biomass, including wood and sugar cane bagasse pellets.
The experts revealed that using the mentioned biomass did not affect hot source temperature,
emission levels and generated power of SE. On the contrary, at the long operational period, the
efficiency of micro-CHP was better when wood pellet was applied (90%). When it comes to
cleaning and maintenance of the Stirling heat exchanger, the concept of the fouling factor needs
to be highlighted. Less fouling reduced corrosion of the heat exchanger and using wood pellets
prevented creating fouling in the surface compared to using bagasse pellets [65]. Thiers et al. [66]
conducted an experimental and mathematical study on a micro-CHP system comprised of a wood
pellet SE. During their experimental procedure, they considered both transient and steady-state
behaviors of the proposed cycle. The proposed micro-CHP cycle was used as a heat source for a
building, and its dynamic performance was modeled, which resulted in creating a new module in

COMEIF software [66].
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An advanced review of domestic CHP systems was performed by focusing on fuel cells whose
ability was transferring the generated energy from centralized to decentralized locals in an
appropriate and efficient way. The researchers investigated the following steps [67]:

e The operational function of CHP systems based on applying fuel cells compared to
conventional combustion systems.

e Addressing some problematic criteria such as energy security, cost, and decarbonization
by using the fuel cell.

e Introducing the existing gaps, including fewer studies related to applying fuel cell-based
systems in domestic applications and the methods for analyzing their environmental
impacts.

e The necessity of reducing capital costs of fuel cells equipped with commercial,

combustion-based, and trigeneration systems.

Finally, their future research would focus on fuel cell-based trigeneration systems, specifically for

domestic purposes.

The environmentally friendly cogeneration system comprised of ORC, compressed air energy
storage (CAES), and hybrid absorption-compression refrigeration cycle was assessed based on
three important points of view namely, exergoeconomic, reliability, and availability [68]. To
mitigate power shortages and generate chilled water at peak time, they bought extra and low-cost
power from the network or applied renewable energy sources at off-peak times to stabilize the
energy storage subsystem at critical times (high demand periods) [68]. For CHP and micro-CHP
systems, an efficient energy management strategy to decrease the operation cost and increase
reliability is essential [69]. Firouzmakan et al. [70] considered an intelligent energy management
strategy (EMS) in microgrids (MQG) for supplying electricity and heating demands. Electrical and
heating loads were met with renewable energy resources (wind turbine (WT) and photovoltaic
(PV)), micro-CHP systems (micro-gas turbine (MG) and fuel cell (FC)), energy storage systems
(EES and TESS), and an auxiliary boiler. TESS played an important role in storing recovered heat
at off-peak demands and using it at high heating demands. The results indicated that in the islanded
(autonomous) mode of MG, operating micro-CHP units led to shutting down of auxiliary boiler,

which resulted in decreasing natural gas consumption. The researchers used a demand response
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program (DRP) based on working with users to reduce costs in grid-connected mode and increase

islanding mode reliability.

2.2 Renewable fuels

The ongoing crises resulting from the dependence on fossil fuels emphasize the need to change
governments attitudes about the way of supplying energy and switching from fossil to renewable
fuels and energy sources. Furthermore, global warming, caused by anthropogenic emissions such
as CO», methane, and other greenhouse gases, threatens to disrupt the ecosystems on which we all
rely [71,72]. Therefore, being independent in producing energy, supplying energy for longer
periods, and reducing carbon emissions in the energy sector requires some storable clean fuels that
can compensate for the intermittency of many renewable electricity systems. Sustainable and clean
hydrogen and alternative fuels, including biogas, are expected to play an essential role in the

decarbonization of urban energy systems, from transportation to cogeneration systems [2].
2.2.1 Hydrogen

Recent research has highlighted hydrogen as an appealing alternative due to its exceptional
combustion properties and abundance. This enables hydrogen energy utilization in diverse
technologies including gas turbines for on-demand energy production, significantly reducing

pollutant emissions [2].

Hydrogen stands out as an efficient fuel, surpassing most hydrocarbons in combustion rate. This
efficiency, paired with readily available sources such as water and surplus electricity, positions
hydrogen as a cost-effective energy carrier. Hydrogen is notable for its relatively low volumetric
energy content, which leads to a unique combustion requirement specifically, it requires
significantly less oxygen for combustion, approximately half the volume needed for hydrogen, in
contrast to the double volume required for methane combustion [73]. This distinction becomes
clearer when examining the stoichiometric fuel-to-air volume ratio. In this context, hydrogen
demonstrates a higher ratio in air (0.418) compared to methane (0.105), attributable to its lower
density (0.089 kg m™ for hydrogen versus 0.656 kg m™ for methane). Consequently, to achieve
stoichiometric combustion, a smaller mass of hydrogen (0.0292 kg) is required compared to

methane (0.0581 kg), underscoring hydrogen's efficiency in terms of combustion properties

17



despite its lower energy density. Furthermore, hydrogen's application as a fuel enhancer is
beneficial due to its superior heating value of 141.8 kJ g’!, significantly surpassing that of biogas
and methane, which are at 23 kJ g!' and 55.5 kJ g!, respectively. Also, its lower heating value
(LHV) is 120 kJ g!, which is higher than other fuels such as gasoline with LHV of 44 kJ g! [74].
Other properties, including critical temperature (-239.9 °C), pressure (1296.212 kPa) with the
values of specific heats C, (14.34 kJ. (kg.K)™!) and Cy (10.12 kJ. (kg.K)') are given from the
literature [75]. Despite this, hydrogen's lower density (0.089 kg m™) leads to a decreased
volumetric heating value (10,766 kJ m™) compared to methane, which has a volumetric heating
value of 35,800 k] m>[76,77]. This aspect, coupled with hydrogen's extensive volumetric ratio in
air, results in a diminished energy content (2,913 kJ m™) in the stoichiometric mix of air and
hydrogen, in contrast to that of methane (3,088 kJ m™). Hydrogen combusts effectively at an
equivalence ratio of around 0.5, which is markedly leaner compared to methane, which achieves
optimal combustion at an equivalence ratio close to 1.0. These findings underscore hydrogen's
capacity for combustion in significantly leaner mixtures, highlighting its advantageous combustion
characteristics. This includes a lower ignition energy requirement, faster flame speed, and broader
flammability limits than methane, making hydrogen a more reactive and efficiently utilized fuel
[78,79]. Utilizing hydrogen (H2) as fuel in gas turbines presents an effective strategy for the
prolonged storage and on-demand use of energy derived from variable renewable sources [80].
Hydrogen can be stored for long periods, making it a potential energy storage option for urban
energy systems. Furthermore, hydrogen has a notably higher auto-ignition temperature than other
fuels, making it an attractive option for urban energy systems. This characteristic effectively
mitigates the risk of spontaneous ignition under standard operating conditions, thereby enhancing
safety in industrial settings [81]. According to a study by Razaghi et al. [82], hydrogen production
not only covers the annual capital investment, operating, and maintenance expenses but also
generates a profit even during the worst-case scenarios for the energy system. The research showed
that biofuel, solar-biofuel, and geothermal energy are three energy resources that can produce a

significant amount of hydrogen income annually.

A pivotal concern, however, is the effect of hydrogen combustion in gas turbines on air quality, as
described by the Zeldovich mechanism [83,84], which leads to nitrogen oxidation, producing nitric
oxide (NO). The NO swiftly transforms into nitrogen dioxide (NO2), highlighting an

environmental consideration in hydrogen's combustion process [85]. NOx emissions, known for
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their harmful effects on respiratory health, smog formation, and acid rain, are different from other
pollutants such as CO,, CO, particulates, and SOx. The latter originate from elements present in
conventional fuels but absent in hydrogen. In contrast, NOx is primarily formed in gas-fueled
systems by reacting nitrogen (N2) and oxygen (O) in the atmosphere at high temperatures [86].
While transitioning to hydrogen fuels offers a cleaner alternative, reducing NOx emissions remains
a critical challenge, similar to concerns faced in natural gas applications. Also, hydrogen burns at
a much higher rate than methane, up to ten times faster at similar equivalence ratios, which poses
significant challenges in hydrogen-fueled systems [87]. Despite the superior energy content of
hydrogen and its ability to accelerate combustion, leading to better flame stability, especially in
lean combustion environments, the usage of hydrogen presents operational complexities. These
complexities are primarily due to the high flammability (1526.85°C), and low explosion
temperature (400°C) of hydrogen, which poses significant safety risks [75]. Other challenges of
utilizing hydrogen as a fuel include the high storage cost and the risks of leakage. In addition to
various challenges, hydrogen exhibits a notably low electro-conductivity rating, which makes its
usage complex. Both its liquid and gas states generate electrostatic charges that can trigger sparks.
Therefore, all equipment in direct contact with hydrogen should be electrically grounded to prevent
potential accidents [2,88]. Moreover, hydrogen is more prone to flame flashback due to its
susceptibility to flame stretch and thermal-diffusive instabilities than natural gas. This requires a
reassessment of traditional operational parameters used for natural gas systems to effectively
accommodate hydrogen's unique combustion characteristics. As a result, there is a growing focus
on research and the development of advanced burner technologies to address these challenges and

improve combustion stability in hydrogen-based systems [89,90].

Chapman et al. [91] classified the application of hydrogen into four parts, the first one in industry
as a heat source. It can be used in a variety of industrial applications, from powering manufacturing
processes to providing heat for chemical reactions. The second group as a fuel for CHP systems to
provide heating and cooling for buildings. The third category includes power systems such as
internal combustion engines (ICEs), micro-gas turbines (MGTs), and gas turbines (GTs).
Hydrogen fuel cells can be used to provide backup power in case of a power outage. This can be
especially important in urban areas where power outages can significantly impact businesses and
residents. The fourth group involves its storage and application in transportation via fuel cells. In

fact, transportation alone accounted for over half of the world's oil consumption in 2019. Replacing
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diesel buses with new technologies, that run by renewable fuels, is considered one of the most
difficult aspects of the energy transition. However, the efforts to renew urban passenger transport
fleets lead to decreased environmental and noise pollution in cities. Although internal combustion
engine vehicles (ICEVs) still dominate the market, it is predicted that electric vehicles will
comprise the majority of new vehicles by 2030. Hydrogen fuel cell electric vehicles are superior
compared to other clean transportation technologies. These vehicles have made significant
improvements towards commercialization and have already been deployed on a large scale in
numerous countries because of their potential for long-range driving, the lowest pollution, and the

highest performance [92,93].

Water vapor as the combustion product of hydrogen decreases the peak flame temperature and
NOx formation compared to kerosene which leads to using hydrogen as aviation fuel, but the
energy density of liquid hydrogen is four times less than kerosene. In the aviation sector, the aim
is to improve the air quality and get a 50% decline in CO2 emissions by 2050, so major alterations
are required for engines to be fueled by liquid hydrogen, which should be kept at cryogenic
temperatures and stored in highly insulating tanks. Since storing liquid hydrogen (LH») needs
enormous volume, wings are not suitable choices. Three areas with no space limitations, including
the upper part of the fuselage in the short-to-medium aircraft, behind the cockpit, and at the end of
fuselage next to the tail, in the long-range aircraft, are the best options. The performance of long-
range aircraft fueled by LH> improves by 12%; however, the consumed energy (6-19%) and the
weight of fuselage (6%) for short-range aircraft increase, leading to prohibiting it from using
hydrogen. Although adapting conventional planes with LH> causes a 25% increment in costs,
including making smaller wings and wider fuselage, they are lighter and more economical than

kerosene-based planes [94].
2.2.1.1 Methods for storing hydrogen

Hydrogen can be stored for long periods, making it a potential energy storage option for urban
energy systems. Hydrogen can be stored in gaseous, liquid, or solid-phase containers, with the
second being more economically viable due to its space efficiency. However, the design condition
of liquefying hydrogen would be below —250°C, identified as an energy-consuming process [95].

An evaluation is required to select suitable storage technologies based on reliability, efficiency,
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cost-effectiveness, mass, and dimensions [96]. In the conventional gaseous storage systems, which
are designed for high pressure, hydrogen leaks from the system requires upgrading the systems’
material from steel and aluminum to Carbon Fiber Reinforced Polymer (CFRP) composite [97].
The advantages of composite storage tanks would be their versatility, rapid response, and modular
design. Despite the fact that, the composite materials have strong resistance, they are very
expensive, and salt caverns could be a cheaper option where compressed and massive hydrogen
can be stored for an unlimited time without leakages and explosions. At standard cryogenic
conditions, where hydrogen is maintained at very low temperatures close to its boiling point (-
252.87°C), the density of hydrogen (70.85 kg m™) is higher than its gaseous state (0.089 kg m™),
making it suitable to be stored in the shape of a cryogenic liquid. The required vessels for storing
it need highly insulated walls [98]. The usage of this kind of vessel is limited to a system where
hydrogen should be consumed during a short duration. Solid phase storage happens by absorbing
and releasing hydrogen from solid materials through physisorption and chemisorption. In the
former, the surface of solids is covered by hydrogen via van der Waals forces; then thermal
processes release hydrogen. The disadvantage of this technique are its design conditions at ambient
temperature with low storage capacity; only at a very low temperature its capacity increases. On
the contrary, in the chemisorption scenario, the hydrides are produced by the chemical reaction
that happens between atomic hydrogen and solids like NaAIH4. Whenever hydrogen is needed by

consuming heat, hybrids’ bonds are broken, and hydrogen is generated [99].
2.2.1.2 Methods for hydrogen production

The production of hydrogen involves diverse pathways categorized based on their sources and
applications. Hydrogen can be derived from sustainable feedstocks, which are further classified
into single or hybrid methods. Figure 6 illustrates single approaches, which encompass
electrolysis, gasification, PV-electrolysis, and dark fermentation, exclusively depend on a specific
energy carrier, be it electrical, thermal, photonic, or biochemical energy. Electrolysis is applied to
split water into oxygen and hydrogen using electrical energy. Gasification is the thermochemical
process where biomass is converted to syngas by absorbing thermal energy; then, syngas goes
through a steam reformer to produce pure hydrogen. In PV-electrolysis, the required power for
extracting hydrogen from water is delivered by PV panels that convert photonic energy. If the

generated hydrogen from biomass occurs in dark and anaerobic conditions, the process is called
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dark fermentation and is based on biochemical energy. In contrast, hybrid methods integrate two
distinct types of energy, including the combination of electrical and thermal energy, electrical and

photonic energy, biochemical and thermal energy, and photonic and biochemical energy
[2,88,100].
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Figure 6-The procedure of generating hydrogen via single approaches, including (a) Electrolysis, (b) Gasification,

(c) PV-electrolysis, (d) Dark fermentation [2,88,100].

2.2.2 Biogas and syngas

Decomposing biological waste, including sewage sludge, agro-industrial waste, and industrial
animal waste provides biogas as a sustainable energy source. It is mainly composed of methane
(50-70 vol%) with 30-50 vol% CO>. At unsteady flame, the amount of CO, emissions of biogas is
lower than pure methane, proving its capability to conserve the environment. Fueling vehicles and
producing heat and electricity through biogas are green energy options. To enrich biogas to
biomethane, a cleaning approach can be used that eliminates H>S, NH3, and hydrocarbons, and the
second method removes CO> to maintain the calorific value and relative density at an appropriate
level. The later one, called an upgrading scenario, is commonly used for transportation and
injection to the gas grid. Biomethane produced through upgrading biogas is more economical than
renewable gas such as hydrogen. In Europe, the number of plants run by biogas and biomethane
is estimated to be 17783 and 540, respectively, where 340 of 540 are injected into the network.
Germany alone invested to install 195 energy systems fueled by biomethane [101,102].

Biogas can be generated by several processes, including anaerobic digestion (AD), anaerobic

degradation in landfill sites (LFS), and new AD technologies. In AD, municipal solid waste
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(MSW) and wastewater go through four levels, namely hydrolysis, acidogenesis, acetogenesis, and
methanogenesis to transfer into biogas. Landfilling sites for solid wastes with gradual
decomposition are economical, but the reactions are slow due to the lack of oxygen, which
accelerates the decomposition procedure. High-rate anaerobic reactors or membrane bioreactors,
or a combination of them are called new AD technologies [103]. Biogas can be used in a diversity
of technologies such as gas turbines, micro-gas turbines, ICE, and combustion engines to generate
heat and power. Because of its abundant quantities and wide distribution, the application of biogas
in various scale distributed power generation (from small to medium) has been considered. For
heating purposes, including domestic hot water and space heating, high-quality biomethane
generated through upgrading biogas is used in boilers. Gas turbines and diesel engines convert
approximately 30-40% of the biogas energy to produce power. In dual-fuel engines, biogas and
diesel are burned to the extent that they keep the efficiency of the technology at its maximum. The
application of biogas in the transportation sector is interesting, especially when the amounts of
hydrogen in biogas increase. Biomethane can also be fed into gas networks and be mixed with
natural gas. The upgraded biogas as a green gas drives power plants where green heating and
power are generated [104,105]. The other form of biogas that is commonly applied in the urban
transportation sector is compressed natural gas (CNG). Combustion of CNG produces lower
amounts of pollutants compared to traditional fossil fuels, including gasoline and diesel. The high
penetration of biogas in the agricultural sector supports sustainable rural growth, which leads to

making profits for farmers and improving waste management [2].

The combination of hydrogen, carbon monoxide, and methane creates syngas whose auto-ignition
temperature is high, and with the same percentage of hydrogen and carbon monoxide, its lower
heating value is 11.7 MJ (Nm?)"\. The flame velocity and adiabatic temperature for its elements,
including Hz, CO, and CH4, are 2.7 m s at 2210 °C, 0.19 m s at 2121 °C, and 0.37 m s! at 1963
°C, respectively. According to the process of syngas generation, there are two kinds with different
volume concentrations of elements and heating values. Using steam or oxygen to produce syngas,
its heating value is estimated to be 10-28 MJ (Nm®)! with 25-30% H>, while producer gas with
13-19% H is created based on air, resulting in the lower heating value of 4-7 MJ (Nm®) . During
World War II, the demand for producer gas reached its peak, now India is the at the first place
using syngas because of its bio-resources [106—108]. Syngas can also be produced from plasma

gasification system whose feedstock is biomedical waste (BW). This system consumes high energy
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leading to the reduction of energy efficiency of ICEs from 78.59% to 15.71% when they are
integrated with plasma gasification to generate more power. The payback period for plasma
gasification is in the range of 4 to 6 years, and it can supply 31% of its own required electricity.
The volume percentage of elements in syngas generated by BW-based plasma gasification would
be 26.5% for CO, 44.6% for Hz, and 29.9% for N [109,110]. Another way to produce a
combustible gas (syngas) is pyrolysis, whose other products are biochar and bio-oil. It is a
thermochemical technology where biomass is heated to more than 400 °C under anaerobic

conditions [111].

In the transportation sector, heavy-duty trucks, buses, and other commercial vehicles can be
equipped with dual-fuel engines and compression ignition (CI) engines as two types of internal
combustion engines. In CI engines, the highest thermal efficiency is attained by injecting syngas
and keeping compression ratios over 14:1. One of the drawbacks of using syngas is due to
limitations to achieve its autoignition temperature. This can be addressed by a combination with
diesel fuel as a transition concept. Dual-fuel engines are a good choice where a combination of
diesel and syngas leads to lower emissions and good performance. Switching from gasoline to
syngas for driving homogeneous charge spark ignition engines is possible, increases efficiency
and diminishes the knocking tendency, which is due to the augmenting compression ratio [112].
Also, syngas can be used to generate synthetic fuels such as synthetic diesel and gasoline as a low-
emission alternative to traditional fossil fuels. The best performance of engines will be provided if
the flame velocity is laminar and high, which leads to the reduction of pollution. For achieving it,
manufacturers focus on the interaction between CO and H> in syngas, operating conditions
(pressure and temperature), and air to fuel ratio. Kishore [113] illustrated the relationship between
the flame velocity at laminar mode with the ratio of H»/CO and the volume fractions of syngas
composition. The results indicated that by increasing the fraction of Hz from 12% to 48% without
the existence of CHa, the laminar flame speed increased. He provided four scenarios that included
different compositions of H> and CO and showed that the highest speed occurred in the range of
1.2 to 1.4 equivalence ratio. Also, by injecting methane (12%) into the mentioned mixtures, the
flame velocity was not affected by the increase of hydrogen content [113]. A comparison between

syngas and natural gas based on their extensive flammability range was conducted by Fossum and
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Bayer [114]. They confirmed that the highest range of flammability belongs to syngas that depends

entirely on factors such as fuel to air ratio (20-60%), pressure, and temperature [114].

In the power sector, syngas runs gas turbines, gas engines, and micro-CHP systems to supply
energy demands. If syngas-based engines are equipped with cleaning technologies, the pollution
is reduced and limits NOx and CO. [112,115]. To reduce the amounts of NOx emissions, the
combustion products are recirculated to the combustion chamber's input and combined with fuel
and inlet air, which results in a significant reduction of peak flame temperature [112,115]. Micro-
CHP systems driven through syngas can be profitable if there are sufficient local solid and food
wastes, which eliminates transportation expenses, and which can be used in gasification to generate
syngas. The cost of generating syngas decreases (from 0.16 to 0.08 $ (Nm?)!) nonlinearly with
power (from 100 to 1500 kW). The payback period for the systems that work 3000 hours per year
was estimated to be 4-5 years [115,116].

2.3 Gas turbines

Gas turbines (GTs) exhibit robust reliability and offer high operational flexibility, low complexity,
swift start-up, efficient full-load operation, and a favorable capital cost-to-power ratio. A range of
configurations and capacities of gas turbines are available from micro-scale to large-scale units.
Based on power capacities, GTs are categorized into distinct segments: heavy-duty gas turbines
(>500 MW), aeroderivative gas turbines (<60 MW), and micro-gas turbines (<5 MW). Heavy-
duty turbines are employed in centralized power generation, aeroderivative models propel aircraft
engines, while micro-gas turbines are suitable for decentralized power generation [34].
Researchers and manufacturers are currently focusing on achieving the ideal stoichiometric
condition to increase the power and efficiency of gas turbines. The combustion performance with
a high percentage volume of hydrogen is more significant than pure biogas. This improvement can
be seen in flame structure, flame stability, and less gas turbines pollution. The optimum co-
combustion of hydrogen and biogas occurs at the extra lean equivalence ratio of 0.2 with a 50%
volume of hydrogen. It leads to reduced peak flame temperature and increased OH concentration.
The former drops the creation of NOx, and the latter diminishes the amount of greenhouse gas
emissions [117]. Controlling the flashback risk of hydrogen and reaching the highest safety with
uniform and continuous combustion are at the root of injecting steam into combustion chambers.

The maximum flow rate value of steam is 125% of fuel flow [118]. Gas turbines with the
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combustion of hydrogen and ammonia have better performance and the lowest carbon emissions
compared to conventional fuels. The best equivalence ratio for the proposed fuel blending is

determined to be lower than 0.75 [119].

Some important subjects related to gas turbines’ degradation, emission, operating cost, and their
applications, such as transportation, have been studied recently. Chen et al. [120] proposed a novel
methodology to diagnose the fault of a triple-shaft gas turbine. The chosen diagnostic method
identified which components suffered from low reliability and availability with the highest
accuracy and lowest set of measurements compared to the existing methods. They concluded that
their proposed technique would assist an operator who wants to monitor gas turbines in
distinguishing components' degradation, such as turbine erosion, sooner than before. This would
result in increased reliability and efficiency. A few attempts have been made to replace new energy
converters with internal combustion engines (ICE) to improve efficiency in the car manufacturing
industry [121,122]. In 2020, Barakat et al. [123] analyzed the best configuration of gas turbines to
replace conventional combustion engines in electric vehicles. The fuel saving values were between
8% and23.6% compared to internal combustion engines [123]. Given the lack of information about
biodiesel-based gas turbines, Rochelle and Najafi [124] researched cost of biodiesel, its
thermophysical properties, combustion qualities, and applications in aviation and ground
industries. They concluded that compared to gas turbines that worked with conventional fuels,
biodiesel-fueled gas turbines at ground level had the lowest emissions, the same performance, and
a little more consumed fuel. To increase the penetration of biodiesel-based gas turbines in overseas
markets, some challenges, including the fuel cost, adapting gas turbines to biodiesel, and

controlling engines at aviation conditions, should be addressed.

2.3.1 Micro-Gas Turbines (MGTs)

Micro-gas turbines (MGTs) a class of small-scale gas turbines developed in the 1990s for
combined heat and power applications, gained expanded commercialization after 2000 [125].
Their operational principles, design, and functionality are rooted in compact dimensions, minimal
oscillation, and high combustion gas temperatures, making them particularly appealing for
household-level applications [126]. Utilizing heat recovery boilers with micro-gas turbines
facilitates the recovery of exhaust heat, enabling the generation of hot water for domestic use or

heating purposes. Installing MGTs in a series configuration allows for the creation of larger
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modular units with capacities surpassing 1,000 kW, making them suitable for meeting urban
demands across [127]. The electrical and thermal efficiencies of micro-gas turbines range from
25-29% and 64-72%, respectively [128]. Another important factor that plays an important role in
sizing CHP and micro-CHP sites is the power to heat ratio, which is between 0.5 and 0.8,
depending on the size of the MGTs [129]. Implementing recuperators in conventional MGTs, a
process involving preheating compressed air using turbine exhaust, decreases fuel consumption
during combustion, resulting in heightened overall efficiency [130]. Round-trip efficiency is a
criterion of merit to find the best integration of energy processes involving hydrogen generation,
transportation, storage, and power production. Escamilla et al. [131] specifically investigated the
optimal level of this efficiency to minimize energy losses. Their findings revealed that through the
utilization of gaseous state hydrogen storage systems, along with various methods of hydrogen
production, including solid oxide, alkaline, and proton exchange membrane electrolysis, the round-
trip efficiency reached 29%, 22.2%, and 21.8%, respectively. On the other hand, employing
systems for hydrogen storage in both liquid and solid states resulted in the lowest round-trip
efficiency. Notably, the highest round-trip efficiency (42%) was achieved by utilizing hydrogen-
based micro-gas turbines [131]. Hosseinimaab and Tousi [132] achieved the optimized
configuration of a micro-gas turbine utilizing a scaled-down version of the NASA CC3
compressor, resulting in a power output of 150 kW. Their modification led to a significant
improvement in the engine's efficiency and the generated power by 13.93% and 11.07%,
correspondingly, along with a 12.15% reduction in fuel consumption [132]. Ayaz et al. [133]
measured the emission levels of a 100 kW micro-gas turbine by co-combustion of fuel blends and
investigated their impacts on thermal and exergy efficiencies. They concluded that the lowest CO-
(48.9%) and CO (50.12%) emissions were achieved if a mixture of half ammonia and half of
natural gas is combusted in the burner. However, higher NOx emission was reported compared to
100% natural gas fueling. Although co-combustion of methanol or ammonia led to the reduced
exergy destruction rates, the thermal and exergy efficiencies decreased because of the increased
power loss. Thu et al. [134] analyzed a Capstone C65 ICHP micro-gas turbine with an electrical
capacity of 65 kW for micro/mini-Combined Heat and Power (CHP) applications. Their
investigation was based on power demands covering from part-load to full-load operations. They
developed comprehensive thermodynamic models to assess the efficiency and exergy destruction

rates, which showed that the combustor is responsible for almost 70% of the total exergy
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destruction. They also showed that the system’s first law efficiency varies from 15.7% at a 25%
load to 28.95% for full load operation. Stathopoulos et al. [135] performed an analysis of a micro-
gas turbine operated with steam injection in the gas combustion chamber and considered a building
as a case study in Berlin, Germany. The authors developed a thermodynamic model of the
proposed system similar to the conventional micro-gas turbines, but they put a steam generator
between the recuperator and the heat consumer of the CHP plant in order to study its adaptation
for wet operation (see Figure 7). Finally, they realized that the retrofitted turbine has some
advantages compared to the gas turbines such as having higher electricity production, better

operational functions, and being profitable for the German CHP market.
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Figure 7-Schematic layout of the conventional (left) and the wet recuperated micro-gas turbines cycles [135].

For modeling micro-gas turbines, two important design parameters, namely atmospheric
temperature and relative humidity, are needed. It can be shown that at the lowest ambient
temperature and highest relative humidity, which is identified as the best condition, the generated
power and electrical efficiency of micro-gas turbines reach their peak. This is due to the higher
density of air that reduces power of the air compressor. Also the outlet enthalpy of incoming air to
the recuperator increases with humidity, leading to the improvement of electricity and efficiency
[136]. A novel prototype of a micro turbine system for domestic applications was experimented
by Toit et al. [136] to calculate power output, electrical efficiency, and combustion emissions. The
researchers analyzed three scenarios to evaluate the performance of the turbine. In the first one,

they just considered 100% CHy (natural gas), while in the second scenario, they aimed to maintain
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the outlet temperature (1050 K) the same as the first scenario while inserting 15% vol H». In the
third one, which was called as a biogas/H scenario, they considered a fuel mixture of 20 vol% H»,
15 vol% CO», and 65 vol% CHas. They found that in the second experiment, the CO emission was
increased significantly due to the lowest combustion and turbine temperature. In contrast, NOx
emission decreased because the main reason for its creation is high combustion and turbine
temperature. As discussed earlier, increasing ambient temperature leads to the decrease in output
power and the efficiency of MGTs. To overcome the mentioned problem, Lee et al. [137] studied
the effects of injection water and steam into a micro-gas turbine on output power and efficiency
(see Figure 8). Using hot water and steam generated in the same heat recovery unit produced more
electricity, which was considered as a solution to minimize the performance penalty of the MGT
at hot ambient conditions. They found that if water and steam were injected at the recuperator inlet,
a higher efficiency and power generation were achieved compared to the injection both at the
combustor. Also, using steam increased power and efficiency rather than using water in the same

condition.
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Figure 8- Schematic of the CHP system consisting of an MGT with the injection of hot water and steam [137].

Gimelli and Sannino [138] simulated a Capstone C30 as a micro-gas turbine combusted by biogas
and used a multi-objective optimization to validate their results with experimental data. The
selection of design parameters and objective functions were dependent on real data from the
Capstone company. They showed that their dynamic model reproduced the data well despite some
inconsistencies of the experimental results. A biogas-fueled cogeneration system, whose prime
mover was a micro-gas turbine, was modeled based on an economic point of view [139]. The

highest electrical efficiency was achieved based on the optimum combination of three kinds of
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micro-gas turbines (MGT) with different power (30, 65,200 kW). The authors used the net present
value (NPV) approach to distinguish which MGT was profitable, and they concluded that MGT-
200 had the highest NPV because of the lowest investment cost and the highest power cost savings
[139]. The function of two CHP systems whose aim was heating a biodigester was investigated at
off-design conditions [140]. The first system comprised a series of commercial biogas-based
MGT, and the second one included an ORC that used waste heat from the exhaust gas of MGT.
The authors found that many parameters had effects on the economy of the system. If methane
concentration in biogas and production changes take into consideration, 1200-kW class MGT has
better performance although it has 2.3% less NPV instead of 1400-kW class MGT [140]. A
Capstone C30 micro-gas turbine run by syngas was investigated experimentally and theoretically
to improve the online identification approach from simple dynamic models [141]. They applied a
second-order model that helped to have stable solutions and was able to reset parameters’ values
with changeable conditions [141]. The integration of a dual fluidized bed gasifier and a micro-gas

turbine with 200 kW power was simulated (see Figure 9)[142].
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Figure 9-Schematic of a dual fluidized bed gasifier that runs a prime mover (micro-gas turbine) [142].

The generated power and overall efficiency were 44.85 kW and 13.42%, respectively. The
outcomes indicated that the usage of solid biomass to generate gaseous fuels for feeding the MGT
led to profitable operation, while being environmentally friendly, and achieving the highest

resiliency [142]. Rasul et al. [143] analyzed the function of an anaerobic digester, where biogas
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was produced, integrated with the micro-gas turbine. The authors illustrated that using micro-gas
turbines with biogas instead of diesel generators was cost beneficial, and more environmentally
friendly to meet power demand in agricultural applications [143]. When it comes to decentralized
power stations or supplying electricity for remote areas, the usage of microgrids, that work at off-
grid mode and islanding mode, is emphasized. A microgrid, whose prime mover is a micro-gas
turbine with operation time above 25,000 h, shows high reliability. Because MGTs have high
efficiency, stability, controllability, and low maintenance, they are suitable for microgrids,

satisfying the demands, and increasing energy security [128,144].
2.3.2 Pollutant emissions from MGTs

In the context of reducing pollutant emissions from micro-gas turbines, research efforts are
directed toward controlling and reducing NOx, CO, and CO; concentrations. This is achieved by
optimizing various intake conditions, including fuel-air ratio, flame temperature, intake humidity,
combustion chamber temperature, and pressure [145]. Cong et al. [146] demonstrated that an
increase in the intake aperture by 50% notably diminished NOx and CO concentrations to 9 ppm
and 7 ppm, respectively. However, alterations in intake humidity appeared to exert a minimal
impact on the levels of these pollutants. Additionally, research has demonstrated that incorporating
hydrogen into the fuel mixture significantly reduces NOx emissions. This reduction is achieved
through various methodologies, including lean-burn premixed combustion [147,148], optimized
air distribution modes [149,150], and innovative designs in dilution holes [151,152]. These
approaches contribute to a substantial decrease in gas temperatures and promote uniform
distribution. Lu et al. [4] investigated the effect of air distribution on the reduction of pollutant
emissions in a micro-gas turbine utilizing a blend of hydrogen and methane. The findings revealed
that an increase in the proportion of premixed air enhances the extent of the recirculation zone and
achieves a more homogeneous temperature distribution across the combustor. Remarkably, a
premixed air ratio of 50% led to a significant decrease in NOx emissions, reaching 0.717 ppm, a
substantial reduction from the peak of 23.46 ppm recorded at lower premixed air ratios (below
40%). Banihabib et al. [153] modified a 100-kW micro gas turbine to facilitate safe operation
across a wide range of hydrogen concentrations (40% to 100%) while ensuring compliance with
strict emission standards. The modifications included redesigning the combustor to handle

hydrogen's high reactivity better, adjusting the fuel train to manage various hydrogen-methane
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mixtures effectively, and enhancing the control system to maintain operational stability. These
modifications resulted in a significant reduction in NOx emissions, as low as 22 ppm when
operating on pure hydrogen, equivalent to 62 ppm at 15% O2 in the exhaust, marking a substantial
improvement in environmental performance. Xing et al. [154] proposed a novel modification of
the micro-combustor design by integrating 40 jet-in-crossflow micro-mixing nozzles, each
uniquely featuring tapered round outlets. This design aims to enhance the temperature distribution
uniformity within the combustion field, mitigate NOx emissions, and effectively prevent hydrogen
flashback occurrences. Through a comprehensive numerical analysis across a range of fuel
temperatures, from 373 K to 573 K, the research revealed that lower fuel temperatures contribute
to increased NOx emissions, a phenomenon attributed to the rise in local equivalence ratios. Dieter
Bohn [155] examined the impact of burning biogas on the emissions of pollutants from a micro-
gas turbine. The research investigated two control approaches, including keeping the turbine inlet
temperature constant and maintaining a consistent energy input to the combustor. The study found
that implementing a control system to stabilize the inlet temperature can effectively regulate NOx
emissions for different biogas compositions. Additionally, modifying the air supply to maintain
the optimal ratio of primary air to total air mass flow (31%) can prevent incomplete combustion
and reduce the formation of NOx by avoiding excessively high local flame temperatures. Wang et
al. [156] conducted a numerical analysis of a micro gas turbine swirl combustor to evaluate and
compare the levels of NOx emissions produced by non-premixed flames when using two distinct
fuels, including methane and ammonia, under a range of heat loads. Their findings revealed that
despite methane having a higher flame temperature compared to NHj3, the emissions of NO, N>O,
and NO; from ammonia were significantly higher, with respective increases of 6.12, 161.05, and
2.89 times compared to those observed for methane under all tested conditions [156]. Zong et al.
[157] reduced CO emissions to levels below the 40 ppmv threshold by an external combustion-air
adjustment approach during partial load operations. However, this adjustment led to a significant
increase in NOx emissions by 29.6% due to an extended combustion duration. To mitigate this
issue, the researchers optimized the ratio of pilot fuel, reducing it from 9% to 8.2%. This
adjustment significantly decreased NOx emissions, achieving a record low of 21.3 ppmv at a 50%
load capacity. Micro-gas turbines fueled by biogas with high CO» content may encounter issues
with flame stabilization, leading to increased CO emissions. Therefore, it is crucial to treat the

biogas to ensure it contains sufficient methane for stable and clean combustion. Additionally,

33



preheating the biogas before it enters the combustor can improve the performance and efficiency
of micro-gas turbines. This preheating compensates for the cooling effect of pressurized biogas,
maintaining higher gas temperatures that enhance combustion efficiency and reduce CO emissions
[155]. A comparison between the performance of simple and recuperative gas turbines (50 MW)
run by two types of fuels, namely hydrogen and natural gas, was conducted [158]. The researchers
found that CO, emission was 46.27 tones-CO, h™! for a simple unit and 71.15 tones-CO, h™! for a
recuperative gas turbine system by using natural gas. On the contrary, by using hydrogen, the CO»
emission tended to zero in the two kinds of turbines [158]. Using the optimal configurations of
combustion chambers makes micro-gas turbines perform well and reach the lowest pollution.
Adamou et al. [159] considered three essential criteria, including conical shape, swirling motion,
and tubular configuration, to design a combustion chamber and reached a 20% improvement of
fuel-air mixing and significant reductions of CO and NOx emissions by 40%, and 75%,
respectively. They concluded that having a conical shape with a swirling pattern enhances the
quality of fuel-air mixing, reduces the peak flame temperature, stabilizes flame, and develops
combustion efficiency, even at various operating conditions and fuel blends. Also, the tubular

combustor insulated thermally allowed the combustor walls to cool effectively [159].

Industrial gas turbine developers have invested heavily in dry low-emission (DLE) technologies
to reduce NOx and CO emissions to comply with environmental regulations, which restrict such
pollutants to 10 to 25 ppm. In the process of developing engines, it is traditionally necessary to
conduct numerous tests on rigs and engines to ensure the emissions of pollutants stay within
acceptable limits. These tests can often be complex and carry a high cost. Therefore, the
development of dependable methods for predicting the levels of NOx and CO emissions in specific
setups with a satisfactory degree of precision is a critical technical challenge within the field of
gas turbine research [160]. Approaches to predicting pollutants from combustion processes can
essentially be divided into three main categories: empirical (or semi-empirical) methods, physics-
based frameworks, and high-fidelity simulations. In empirical strategies, correlations are initially
suggested based on the operational conditions of the combustor. These correlations are later
refined to suit specific combustion chamber designs through experimental research. A significant
limitation of the empirical approach is its high dependency on specific problem contexts; the
correlations yield accurate predictions for certain combustors under conditions but must be

adjusted for application to different combustion systems [83]. A highly regarded substitute for
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empirical methodologies is the Equivalent Chemical Reactor Network (ECRN) approach for
modeling. This approach uses a conceptual framework of perfectly mixed chemical reactors to
simulate the flow field within a combustor. To achieve this, the combustor is divided into
numerous reactors based on the results from combustion analysis. The pathways connecting these
reactors are then outlined, which helps to accurately analyze the generation of pollutants through
comprehensive reaction kinetics [161]. CHEMKIN is a software tool that enhances the
understanding of combustion mechanisms and pollutant formation by accurately computing the
production rates of chemical species within computational cells defined by the ECRN approach.
Its ability to visualize reaction mechanisms and examine the formation and destruction of
pollutants, such as NOx emissions, is vital for investigating instantaneous chemical kinetics and
comprehending the complex reactions of combustion phenomena. This, in turn, improves the
accuracy of predictions related to combustion phasing control and emission reduction. Also, by
allowing for a detailed analysis of key species destruction pathways, CHEMKIN provides insights
into reaction dynamics that are difficult to achieve with conventional Computational Fluid
Dynamics (CFD) models alone [162]. Mashruk et al. [163] conducted a detailed study on the
effects of fuel blends and operational parameters on NOx emissions from premixed
ammonia/hydrogen/air-swirling flames. Their innovative strategy involved modifying the burner
geometry and optimizing fuel injection, utilizing both their ECRN model in Chemkin-Pro and
experimental methods with a tangential swirl burner to improve mixing and stabilize the flame.
The findings revealed a peak in NO emissions at an equivalence ratio of 0.8, while leaner
conditions (O < 0.65) led to increased N2O emissions due to lower flame temperatures. Ultimately,
the research highlighted an optimal equivalence ratio range between 1.05 and 1.2 for minimizing

NOx emissions.

2.4 Internal combustion engine (ICE)

High efficiency and flexibility can be achieved by cogeneration systems based on biomass
gasification [164]. Conducting exergy analysis leads to identifying the benefit of a CHP
installation and the produced energy quality, as Rovas et al. [165] pointed out. They considered a
gasification-based small cogeneration system (SMARt-CHP), coupled with the ICE system, and
run by biomass fuels (olive oil, grape, and peach waste). Their aim was the evaluation of the whole

system thermodynamically by using a tool for exergy efficiency that resulted in focusing on the
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ICE where the highest exergy losses occurred [165]. The effects of using hydrogen as a fuel on the
function of ICE have been studied recently. Applying renewable fuels, including hydrogen, and
alcohol in dual injection engines, needs modern combustion systems that optimize the size of ICEs
[166]. The maximum flammability, and flame velocity, with the minimum ignition energy of
hydrogen increase the threshold of fuel to air ratio to avoid engine misfires. However, alcohol with
the highest vapor enthalpy, and number of octanes causes fuel to burn steadily, and decreases the
knock significantly. Also, direct injection of renewable fuels prevents the flashback risk and makes
full use of the volume of cylinder resulting in improved power and torque [166]. In 2020, Jimenez
et al. [167] considered two different scenarios based on various control strategies for monitoring
the hydrogen inserted into ICE. The first one was based on applying the engine electronic control,
and the last one corresponded to model predictive control. Both scenarios proved that by using the
mentioned-control strategies, the combustion and thermal efficiencies were increased by 1.2%,
and 18.1%, concurrently because of burning carbon-free burnable fuel (H2) compared to pure
gasoline [167]. The use of alternative and environmentally friendly fuels such as alcohol reduces
the CO» emissions resulting from using gasoline [168]. To address pollution issues, a review of
using fusel oil, which is popular in alcohol family, in ICE was conducted. Implementing fusel oil
with a high-octane number in the spark ignition engine increases compression ratios, resulting in
the reduction of emissions. Thanks to water as one of the fuel’s substances, the reduction of NOx
and soot emissions are seen simultaneously [168]. Yildiz et al. [169] published the experimental
and theoretical results of applying two fuels-based ICE manufactured in Mitsubishi Fuso with
power 96 kW and rotational speed 3200 rpm. Their results demonstrated that the lowest and highest
CO; emissions were related to burning ICE with diesel, and biodiesel, respectively. They
suggested that by integrating the biodiesel-based engine with diesel particle filter made by silicon
carbide, the exhaust gas pollutions, and exergy destruction rates would be reduced. However,
equipping the treatment system with the engine combusted by diesel led to the increment of exergy
destruction rates, and CO; emissions. Achieving the optimum configuration of ICE (EF7), whose
duty was providing heating, cooling, and power with the lowest fuel consumption and emissions

was investigated by Sheykhi et al. [170].
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Figure 10-EF7 as one type of ICE to meet demand loads [170].

They considered some important parameters, including combustion start angle, combustion
duration, compression ratio, and rotational speed, that had not been studied before. They found the
location of the piston at its highest stroke as the top dead center (TDC) and concluded that for
meeting power and heating demands, combustion occurred 20° and 50° before TDC, respectively,
which led to consuming the lowest fuels [170]. Experiments on a 20 kW micro-cogeneration unit
based on a wide-spread automotive gas ICE were conducted by Capaldi [171]. The author
proposed a specific design, including small displacement and high boosted engine, which led to
the improvement of engine efficiency, especially at part load, and finally, at full load, a global
efficiency of 36.6% was achieved. Towoju and Ishola [172] compared electric and internal
combustion engine cars run by gasoline and diesel based on the life cycle assessment. They proved
that compared to ICE-based engines, electrical engines had negative effects on people’s health
because of battery disposal. Also, considering the emission of generated electricity puts electric
vehicles in a worse place based on the CO2 emissions per kilometer. They suggested that by using
synthetic fuels for running conventional internal combustion engines, the environmental impact of
the transportation sector could diminish [172]. A Rankine cycle was proposed to recover waste
heat from a turbocharged diesel engine of a combined cycle [173]. The results illustrated that using
the heat recovery system improved the output power by 12% at 80 kW/2590 rpm as the diesel

engine’s operational condition. Some numerical research has recently been conducted to improve
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the efficiency of ICE despite it being a well-established technology. Experimental development of
a 15 kW micro-CHP system with a reciprocating engine run by liquefied petroleum gas (LPG) was
done by Muccillo et al. [174]. The authors also did a one-dimensional thermo-fluid dynamics
model and an energetic analysis of the engine to understand the micro-CHP function entirely. As
the recovered heat was completely dependent on thermal demand, different sectors were

considered: residential, hospitals, offices, commercial and sports facilities, and hotels [174].

Having reliable, durable, and green ICE systems require upgrading the lubrication systems and the
quality of fuels. Baskov et al. [175] found that if they used new approaches to improve the ICEs
function, the thermophysical properties and the consumption of fuels would improve, resulting in
higher power and efficiency [175]. As discussed earlier, reducing greenhouse gas emissions caused
by using ICEs in the transportation sectors should be in the focus. According to research by Leach
et al. [176], the best American spark ignition engines could mitigate fuel consumption by 14%,
and by their developments, the value could go to 30%. Although some efforts have been made to
eliminate ICE vehicles, the authors pointed out for long distance transport it would not be
economical and feasible to apply electric engines. They recommended that if IC engines were run
by renewable fuels and equipped with electrical storage where extra power was stored, the need to
ban the sale of internal combustion engine vehicles (ICEV) would be decreased significantly [176].
Another solution to address pollutions is applying syngas for powering ICEs. A review of some
experimental and theoretical studies related to using syngas in different kinds of ICEs such as dual-
fuel compression ignition engines, homogeneous charge spark ignition engines, and direct
injection spark ignition engines has been conducted [112]. In the review, the authors analyzed the
function of the machinery mentioned above in detail and proved how sensitive they were when it
came to changing syngas' thermophysical properties, including its density or the concentrations of
hydrogen [112]. The performance of internal combustion engines, powered by pure hydrogen
produced through dual-fired downdraft gasification, was investigated [177]. One of the key
findings was a reduction in the engine's power output to 18% when using pure hydrogen instead
of natural gas, which is a form of derating. The amount of CO emission from the hydrogen-fueled
ICE was the same as natural gas engines, but the recorded value of NOx level (1.07 g kWh)
proved that the hydrogen-based ICE was more environmentally friendly compared to diesel
engines and those run by gas produced by air gasification [177]. A hybrid-CHP system consisting

of an internal combustion engine (ICE) and a Stirling engine (SE) was modeled mathematically
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and used for meeting the load demands of a building [178]. The authors studied two scenarios; the
first one was based on considering just the main prime mover (ICE), and the second one
corresponding to the combination of ICE and SE. The outcomes indicated that the second scenario
had better performance from a thermodynamic, environmental, and economic point of view. They
showed that at the maximum rotational speed of the hybrid system (3500 rpm), the thermal
efficiency had its maximum value (38%), and the payback period was reduced from 10.5 to 7.5
years compared to the ICE alone [178]. For many years, engineers have used the diversity of
mathematical models, experimental data, and optimization methods to investigate the function of
ICEs and their behavior at off-design conditions. None of them has succeeded in finding a
comprehensive mathematical model for ICE, which motivated Salam et al. [179] to write a review
of different experimental, CFD, empirical, numerical, and optimization methods and the

integration of all of them to achieve the unique algorithm.

Zheng et al. [180] simulated the micro-CHP system based on ICE and used TRNSY'S, for which
they developed a new modeling component. The model was validated by the experimental data at
steady condition and start-up, cool-down, and overheat protection controls as dynamic processes.
The validation results indicated that the dynamic model well predicted the output power and
overall efficiency of the proposed system during dynamic processes. For modeling and choosing
a CHP unit based on an internal combustion engine, a general method was proposed by Arbabi et
al. [181]. After conducting a numerical analysis, they could calculate the generated power,
recovered heat, and overall efficiency. Also, they showed that having some smaller engines in
parallel has some advantages compared to a single large engine. Using the former led to a longer
operation at full load and improved reliability. The integration of ICE with a Rankine cycle to
generate the required power for running a desalination plant, where fresh water was produced, was
studied based on thermodynamic points of view [182]. The authors compared two scenarios based
on different fuels, including fossil diesel (D95B5) and biodiesel (B100). They concluded that if
the former fuel ran an ICE, the exergy efficiency of the whole system was 6.9%, and the second
scenario led to 6.7% exergy efficiency. Also, ICE was the worse component because of its highest
exergy destruction rate that was 44.1% and 45.4% for the first and second scenarios, respectively
[182]. Zhu et al. [183] simulated ICE fueled by hydrogen using a CFD model. They inserted extra
hydrogen into the ICE and discovered that surplus hydrogen led to safe combustion, which resulted

in more generated power [183]. A parametric study of the hybrid system, whose power was 5 kW
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and components were solid oxide fuel cell (SOFC), homogeneous charge compression ignition
(HCCI is one kind of ICEs), control systems, and other equipment was conducted [184]. The
researchers used the available experimental data of HCCI and simulated the rest of the components
through MATLAB to distinguish which design parameters fulfilled their requirements. The
researchers adjusted three key control parameters, including the fuel utilization factor of the SOFC,
the equivalence ratio of the ICE, and the ratio of bypassed gas to achieve the highest performance
and reliability and the lowest emissions (<1 ppm). They found that keeping the bypassed gas ratio
at its lowest (0.0) and the equivalence ratio at 0.75, with the optimum level of utilization factor at
0.7, resulted in a good balance between stability and efficiency, leading to the highest efficiency
0f 59.0% [184].

<""Anode inlet gas: | \

i lowtemperature & |r NO, <1 ppm

ilow external reforming rate : CO ~ 1300 ppm
Anode pressure: I Catalytic

‘ pressure pulsation causecﬁ_ : SO Fc Interna_l oxidiyzer +

“.....by engine operation ¢ Combustion

1
"""Design point of +” |

(Direct internal Engine
system operation

reforming) (in HCCI mode)

Near-zero pollutant;

1

H i : . .

E.u!uel =0.7.fgpg = 0,¢p = 0.75} : emissions i
iPerformance  Stability |, (NO, %@COOQ%’IJ ppm)
i 1)Efficiency = 1)Engine ;! e L
o i ) ) e i i Efficiency:

| i : Efficiency: 46% Efficiency: 25% (5 kV\.I:- c?asc; & g?e::)
| 2Poluant - 2SOFC 1) oad share: 84% T Load share: 16% i > (L ClasS SySiem) |

emissions (Mechanical & .
thermal stress) § ' ] i

Figure 11-The results of the hybrid system at optimum design parameters [184].

2.5 Fuel cell

Fuel cells, as one of the most innovative technologies, provide the lowest environmental emissions,
resulting in no regular carbon emission control. They have reliable functions against load
fluctuations, start rapidly, and have compact sizes with low weight, making their installation easier
[2]. Their exceptional electrical efficiency results in a notably low heat-to-power ratio, making
them well-suited for domestic application. However, their penetration is restricted by substantial
initial capital investment requirements [185,186]. They are noiseless due to the lack of moving
parts, demonstrating a shorter lifespan compared to that of micro-gas turbines [2]. A diverse range
of fuel cell types exists, categorized by electrolyte composition (polymer membrane, KOH,
H3POs4), operating conditions, electrode materials (Carbon, graphite, ceramic, stainless steel),
catalysts (Pt, Ni, CaTiOs3), charge carriers, and fuels (H», syngas, methane) [187]. Five kinds of

fuel cells have been used for CHP applications, namely PEMFC (proton exchange membrane fuel
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cells), SOFC (solid oxide fuel cells), MCFC (molten carbonate fuel cell), PAFC (phosphoric acid
fuel cells), and AFC (alkaline fuel cells) [185]. In the aviation and aerospace segments, fuel cells
are superior. Switching from MGTs to fuel cells in auxiliary power units (APU) decreases NOx
emissions (80%) and the fuel consumption throughout both cruise (40%) and stationary (75%) and
makes overhaul of aircraft engines easier. Amongst fuel cells, SOFC has the highest operating
temperatures, leading to the highest performance of aircraft; however, it is extremely heavy. In
addition, NASA proposed PEMFC, and AFC as electrical suppliers for space shuttles because they

can meet peak demands without regular charging [94]

2.5.1 Proton Exchange Membrane Fuel Cell (PEMFC)

Among the various fuel cell types utilized in CHP applications, proton exchange membrane (PEM)
fuel cells stand out for their suitability in meeting urban energy demands. When using water or
mineral acid electrolytes, these fuel cells exhibit remarkable operational efficiency, enabling them
to perform optimally within the temperature range of 100 °C to 200 °C [188]. In 2018, 300,000
small cogeneration systems consisting of PEM fuel cells with a nominal capacity of 0.3 to 1 kW
were installed in Japan to provide electricity, heat, and hot water for domestic demands. From
2016 to 2021, thermodynamic and environmental investigations on 2800 micro-CHP systems
based on fuel cells were conducted by ten European countries. They showed that fuel cells with
95% overall efficiency were more effective and environmentally friendly than heat pumps and

combustion engines [1].

As the degradation of components leads to fuel cell malfunction, consistent maintenance and
periodic shutdowns become necessary. Consequently, this diminishes both reliability and lifespan
while concurrently increasing operational expenses. Efforts to design the optimum stacks and cool
them to reduce their voltage degradation have addressed the mentioned issues [1]. In 2021, Chen
et al. [189] proposed a degradation model that could estimate the thermodynamic and economic
performance of the PEM fuel cell stack. At off-designed conditions, when the increment of current
density improved efficiency and power generation, a growth of degradation rate was observed,
leading to a 25.9% reduction in the lifetime of the PEM fuel cell. Also, the degradation enhanced
fuel and maintenance costs of the system (23%). The improved current density required more fuel
to be burned in the system, acting as a catalyst. The procedure accelerated the chemical reactions

and led to increased damages and decreased availability and reliability [189]. So, by designing
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optimal fuel cell stacks and properly cooling them to reduce voltage degradation, these issues can
be effectively addressed [11]. Chen et al. [190—192] optimized three critical parameters in a PEM
fuel cell, including power density, thermal efficiency, and exergy efficiency, using a combination
of response surface methodology (RSM) and non-dominated ranking genetic algorithm (NSGA-
IT). They also analyzed these parameters under various operating conditions to achieve the optimal
PEM fuel cell design. The results indicate that membrane thickness and anode stoichiometry ratio
significantly enhance functionality. Specifically, equipping the cathode channel design with
gradient sinusoidal-wave fins and optimizing the fins' geometry results in higher power density

and a more uniform membrane current density compared to conventional structures.

A review of exergy analysis of the PEM fuel cells and the effects of design parameters on
improving exergy efficiency was conducted, whose results are summarized in the following table

[193].

Table 2-The impacts of critical parameters on exergy efficiency [193].

Parameter Exergy efficiency Explanation

The increase of operating temperature causes the
Increased improvement of irreversible losses (activation,
temperature ohmic, and concentration overvoltage), which results
in the decrease of actual voltage.

Developed operating

Improved operating The growth of operating pressure leads to the
ressure Increased increase of pressure drop between two electrodes that
p increases the movement of ions in the membrane.
Logical improvement of Increased Putting this parameter between 2 and 4 changes the
air stoichiometry performance of the system for the better.
Augmented current The current density should be improved to a
. Increased reasonable level; otherwise, the system experiences
density o\
parasitic loads.
Higher relative humidity Decreased The creation of obstruction in the membrane.
Lower relative humidity Decreased Membrane experiences dehumidification.
The increase of ohmic overpotential is predicted
Enhanced membrane Decreased P P

. because of the growth of resistance in the fuel cell.
thickness

A hybrid energy system was proposed by Zhao et al. [12]; they combined the system with a proton
exchange membrane fuel cell and an organic Rankine cycle to recover waste heat produced from

the PEM fuel cell (see Figure 12). They evaluated the proposed system by mathematical models
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based on thermodynamic laws. They showed that by using ORC and the mentioned fuel cell, the
electrical efficiency of the hybrid system could be improved by 5% in comparison with the single
PEM fuel cell stack without ORC. The PEM fuel cell electrical efficiency and overall electrical

efficiency were also reduced at a high fuel flow rate [12].
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Figure 12-The schematic diagram of a hybrid power system, including ORC and PEM fuel cell [12].

Montazerinejad et al. [11] provided better insight into the performance of PEM fuel cells by
applying advanced exergy analysis. They proved that the PEM fuel cell stack experienced the
lowest exergy efficiency because of its highest irreversibility. Its highest endogenous (360.3 kW)
made it more reliable even in the fluctuations, and it did not need regular maintenance or any
improvements in its structure. AI-Nimr et al. [ 194] studied the behavior of the cogeneration system
consisting of two subsystems; the first one was comprised of an ORC, whose main component was
a concentrated photovoltaic/thermal (CPV/T) system, and the second one, which was called as a
storage unit, included a PEMFC and an electrolyzer. The PEM fuel cell was run by hydrogen stored
in a storage tank and generated from a water electrolyzer powered by output electricity from the
ORC. Their parametric study concluded that improved overall efficiency was related to the
increase of the turbine inlet temperature. The combination of PEM fuel cell and electrolyzer
improved whole system’s electrical efficiency (15.72%-17.78%). The block diagram of the

consideration generated power technology is shown in Figure 13 [194].

43



M—Power Production when the solar radiation is not available

|

Storage

Invertor |

Tank |

I

Hydrogen Production PV Power ORC Power
h,
Electrolyser T Generator |
y max >
h hs
' ORC :

et Geothermal
Ml Condenser -

Reservoir

Figure 13-The block diagram of the ORC integrated with a PEM fuel cell [194].

Liu et al. [195] considered a novel proton exchange membrane fuel cell (PEMFC) system, and
they studied the effect of inlet temperature of the PEMFC, saturation pressure, the current density,
superheat temperature, and the ORC’s working fluid on the performance of the system. Their
results indicate that if the stack inlet temperature was 343.15 K, the optimum performance of the
system indicators was reached. Among five organic working fluids investigated for the designed
ORC system, R245fa had the best performance. From the exergy point of view, the PEMFC stack
has the largest exergy loss in the system. Taner [196] presented the performance of a PEM fuel
cell in terms of its voltage and pressure as important parameters. The author analyzed an open
cathodic plate fuel cell and measured PEM fuel cell efficiency in terms of operating pressure and
voltage parameters. They calculated 47.6% and 50.4% for the energy and exergy efficiencies of
the PEM fuel cell, respectively.

2.5.2 Alkaline and molten carbonate fuel cell (AFC and MCFC)

Verhaert et al. [197] analyzed an alkaline fuel cell used for small-scale CHP, as illustrated in
Figure 14, and did a sensitivity study on component performance. They found that the
improvement of the inverter led to higher performance, and the reduction of cost resulted in

choosing regular pumps and fans. The author optimized the water management and energy
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performance of the proposed system based on a control strategy to compare its part load behavior
to other micro-CHP technologies. According to the increase of electricity demand and decrease of
heat demand, a fuel cell-based micro-CHP was the best option compared to other devices. AFC

systems had better performance compared to the PEMFC system [197].
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Figure 14- Schematic of the AFC-based CHP system [197].

A cogeneration system consisting of a molten carbonate fuel cell (MCFC) fed by a gasifier and
other components was modeled based on the 3E evaluation comprising energy, exergy, and
environment [198]. Figure 15 depicts three sub-models in the cogeneration system, with an MCFC
that meets energy needs and powers additional system components [198]. They used an exergy
analysis to show that the gasifier (12.89%) and the fuel cell (7.61%) had the highest exergy
destruction rates that were rooted in having considerable irreversibility. The authors accomplished
a parametric study based on the variation of design parameters, i.e. augmenting the current density
caused the decrease of energy and exergy for all categorized models. The output power of the fuel

cell reached a maximum of 314.9 kW [198].
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Figure 15- Schematic of a cogeneration system, with an MCFC [198].

Mamaghani et al. [199] carried out a 4E analysis, including comprehensive energetic, exergetic,
economic, and environmental parts, by using mathematical models of a hybrid power system
comprised of ORC and MCFC-GT (molten carbonate fuel cell-gas turbine). They considered total
exergetic efficiency and total cost rate as objective functions for multi-objective optimization and
tried to maintain the former one at high levels and minimize the latter one. By finding the Pareto
front optimum solutions, they concluded that exergetic efficiency was 35.6%, 44.3%, and 54.9%
for the fuel cell system, ORC cycle, and the combination of both. They performed a sensitivity
analysis to see the effects of the fuel unit cost and the interest rate on the Pareto optimal solutions,
which led to gaining two important results. The first one was increasing the total cost rate (3%) at
the increase of fuel unit cost (25%), and the second one was moving the Pareto front curve to the

zones with higher exergetic efficiency and total cost rate [199].
2.5.3 Solid oxide fuel cell (SOFC)

In reference [200], a new cogeneration system was proposed to meet urban energy needs. The
system utilized a solid oxide fuel cell (SOFC), a GT, two organic Rankine cycle (ORC) turbines,
and a liquefied natural gas (LNG) turbine to generate electrical power. Additionally, a LNG heat
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exchanger was used to provide cooling. The system's design was based on powering the top ORC
by recovering waste heat from SOFC-GT and operating the bottom ORC by conducting convection
between organic fluid (Ethane) and the LNG stream. The highest exergy efficiency and lowest cost
were achieved by applying multi-objective optimization, resulting in a total exergy efficiency of
51.6%, a cooling capacity of 567 kW, and a total generated electricity of 1040 kW. The authors
pointed out that the proposed system was more economical than a sole SOFC because the
Levelized cost of the former was 73.9% lower than that of the latter system [200]. Zeng et al. [201]
proposed a micro-CHP system consisting of a flame fuel cell (FFC) whose advantages were the
fast start, no sealing, and simple thermal management through a fuel-rich flame. In the biogas FFC
reactor, a porous media burner with two layers and a micro-tubular SOFC were considered. The
highest value of electricity was obtained for a single tubular fuel cell, and it was 1.4 W [201]. To
meet the power and heating demands of domestic users, a small-scale SOFC whose electrical
power was 5 kW integrated with a ZEBRA-type battery was considered (see Figure 16). In some
circumstances where output heat from SOFC was sufficient, the extra heat was stored in the
thermal energy storage (TES), and the auxiliary boiler (AUX) was shut down. The same logic
control was used for a trade-off between the SOFC, ZEBRA system, and the external electric grid
[202].
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Figure 16-The cooperation between a micro-SOFC and other auxiliary equipment to meet load demands [202].

The above configuration helped the SOFC operate at a constant load, resulting in improved
reliability and decreased operational costs. Some experimental test regarding the comparison
between the mentioned prime mover with other available technologies was obtained which led to
emphasizing the usage of micro-SOFC. The authors concluded that by keeping the considered
micro-CHP system, the primary energy saving was around 1000 kWh/year per installed kW, and
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it was profitable compared to non-CHP systems [202]. The integration of two 60-cell stacks of
SOFC for the micro-CHP system was analyzed by Kupecki et al. [203] numerically and
experimentally. The system was run by biogas. The authors validated their mathematical results
by modeling all components with experimental ones, resulting in a reasonable agreement. Putting
two fuel cells in series caused the increase of electrical efficiency, and the overall efficiency was
obtained around 85% [203]. Ghorbani et al. [204] modeled a system comprised of a SOFC and a
gas turbine through MATLAB to calculate some important parameters such as the electrical
efficiency (61.4%) and generated power from the SOFC stack (1698 kW). To increase the overall
efficiency, they used an ORC, where the waste gases of SOFC-GT were recovered by conducting
heat transfer to R407C as a working fluid to produce more power. The system achieved its best
function by implementing multi-objective optimization. This resulted in reaching maximum
exergy efficiency and minimizing costs and pollution. As a result, the overall energy (electrical
and thermal) and exergy efficiencies were 49.42% and 46.83%, respectively [204]. Mojaver et al.
[205] identified a solid oxide fuel cell as the main part of the cogeneration system that supplied
hot domestic water and electricity for consumers. The authors were concerned about the
environmental issues of the cogeneration system, which motivated them to focus on current
density, whose growth caused the reduction of CO2 emission. Also, the highest electrical exergy
efficiency (43.01%) and the lowest CO> emission (213.6 kg/MW.h) were obtained at desirable
current density (0.78 A cm?) by using multi-objective optimization [205]. Soleymani et al. [206]
used the waste heat of cogeneration system consisting of gas turbine and solid oxide fuel cell
(SOFC-GT) to produce hydrogen through the biogas reforming cycle. By conducting the
thermodynamic simulation, the authors revealed that the net electricity, hydrogen rate, energetic,
and exergetic efficiency were 2726 kW, 0.07453 kg s!, 64.47%, and 64.65%, respectively [206].
In a study by Longo et al. [207], a detailed analysis was conducted on a micro-CHP system
comprising two series of solid oxide fuel cells (SOFC). The anode and cathode materials used in
the system were nickel and lanthanum, respectively, integrated with cold and hot boxes and casing.
The researchers calculated the mass composition of each element used in the 2.5 kW micro-CHP
system. They found that the highest percentage in each stack belonged to cells (34.13%), whose
electrolyte (0.14%) and interconnect (82.49%) had the lowest and highest mass portions compared
to other sections [207]. After comparing different prime movers such as micro-gas turbines, fuel

cells, and combustion engines based on critical criteria such as reliability, sustainability, etc., Bia
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and Jermsittiparsert [208] selected an environmentally friendly fuel cell for supplying heat and
electricity for residential buildings in Yazd, Iran. They proposed a new method called the
Developed version of Pathfinder Optimizer (DPF) to achieve the most reliable and best design of
the CHP system whose productivity was not affected by yearly cost-saving. They proved that the
proposed algorithm could have a lower carbon footprint than the previous approaches [208].
Although most studies have been focused on fuel cells' function, a few attempts have been made
to introduce new methods for CO» capture of the diversity of fuel cells such as SOFC and MCFC.
In 2020, a comprehensive study based on introducing this technology, new approaches to gain
COg, and the comparison between all kinds of fuel cells from economic, technological, and
environmental points of view, was conducted [209]. One of the promising results proved that the
SOFC system equipped with CO> capture technology would have almost zero CO> emission.
According to Figure 17, the left side indicated the general procedure inside the SOFC by following
the combustion phenomena in the baffle board. On the contrary, by inserting steam that separated
two outlet gas streams from the cathode and anode, the CO capture happened even though the

combustion occurred [209].
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Figure 17-The overview of the function of SOFC with (left part) and without (right part) CO, capture [209].
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2.6 Organic and steam Rankine cycle

Focusing on the decrement in burning fuels and increment of energy production has motivated
scientists to upgrade the conventional energy systems or design novel structures that are more
environmentally friendly [210]. For two centuries, steam Rankine cycles, where water as a
working fluid has two states, saturated vapor, and saturated liquid through boiler and condenser,
respectively, were used until Rankine cycles worked with renewable energy [211]. Figure 18

indicates the category of the vapor power systems [211].
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Figure 18-The classification of power systems based on their working fluid [211].

The ORC is a sustainable and clean system whose electrical power output ranges from 140 kW
to 2500 kW, and can be supplied through waste heat recovery. It works at low temperatures and
can be integrated with diverse energy systems, namely solar energy [212], geothermal energy,
biomass, and industrial waste heat [213]. Some benefits of the mentioned technology would be
automatic operation, low maintenance, independent and low-risk operation, and flexibility [214].
The main reason that engineers switched from steam Rankine cycles (SRCs) to ORCs is the
working conditions on which they operate. The first one operates at high temperatures, whereas
the second technology has a good trade-off with low- and mid-temperature waste heat systems
[215]. The trend of ORC’s capacity from 1984 to 2016 is illustrated in Figure 19. At the beginning
of the 21% century, the power capacity of ORC reached a peak of 30 MW, and in the next ten years,
it went down almost by 83.33%, then it leveled off. During that same period, a total of 328
biomass-based ORCs were installed. Among them, 132 ORCs were powered by geothermal energy
and had an electrical capacity of 2503 MW. Additionally, 170 ORCs were supplied by waste heat
recovery with a capacity of 416 MW, and 8 ORCs were solar-powered with a capacity of 400 kW
[216].
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Figure 19-ORC’s average size since 1984 until 2016 [216].

The significant difference between the ORC and the conventional Rankine cycle is using
refrigerants or organic fluids as the working fluids instead of water. The performance of ORCs
with the minimum costs depends on the working fluids, which was analyzed by Kose et al. [217].
Producing more power was possible using R141b, which was noncombustible but negatively
affected the environment since it had a high GWP. On the contrary, acetone was an eco-friendly
refrigerant with low GWP that made the system more efficient from an environmental point of
view. Because the only drawback of acetone was related to its flammability, they increased the
ORC safety by installing a ventilation system [217]. A major attempt has been made to demonstrate
ORCs' abilities in responding to load demands in the diversity of sectors such as domestic
applications. Pereira et al. [216] presented a solution that helped biomass-based ORC to respond
fast to domestic demands, especially at peak load. They concluded that the conventional approach,
including using plate heat exchangers for vaporizing organic working fluids, raised heat losses and
thermal inertia. However, installing storage tanks met hot domestic water constantly and retrofitted
the function of systems at off-design conditions resulting in reduced reaction time of the system

against residential needs.

The waste heat from a marine engine was recovered through the combination of ORC and steam
Rankine cycle (SRC), and its performance was compared with a sole SRC and a dual-pressure
ORC [218]. The proposed technology proved that it performed better than the above-mentioned

systems at full load because of increased thermal efficiency (4.42%). The decrease of burning fuel
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(9322 tons year!) was higher than that for the single SRC and DPORC [218]. ORC is identified
as the best technology corresponding to exergy analysis because it has the lowest exergy
destruction rates, as Salehi et al. [198] proved. They modified their model by adding ORC to
recover waste heat from the MCFC and claimed that if they used ORC, the highest thermal (from
44.87% to 61.26%) and exergy (from 35.93% to 50.18%) efficiency and lowest pollutions based
on CO; emission rates (from 0.422 to 0.289 t MWh!) were achieved compared to the sole MCFC-
SE fed by a gasifier [198]. An improvement of a solar energy system was made by ORC, which
was cooled through a water reservoir located in the ground. The researchers found that the ORC
helped the whole system have higher electrical efficiency (15.72-17.78%) than a single

concentrated photovoltaic/ thermal device [194].

A thermodynamic and thermoeconomic analysis was conducted on a system comprised of steam
and organic Rankine cycles and other components run by biomass to meet domestic consumers'
load demands [219]. A logic control was implemented when biomass was not available, so the
solar subsystem would be switched on to run the system. The Multi-production system proved that
it could be a great investment, especially for domestic sectors, because it provided electricity
(282.5 kW), heat (172.4 kW), cooling (77.4), and drinking water (0.4447 kg s™!) sufficiently [219].
The combination of ORC and SRC with a gas turbine (GT) was optimized based on monitoring
the behavior of the system when various working fluids were used, and the input temperature and
pressure of turbines were changed. Their approach helped the authors to distinguish which design
conditions led to changing the system for the better [217]. They concluded that the highest exergy
(67.35%) and thermal efficiency (47.65%) of the whole system were achieved if ORC operated at
40 bar and 225 °C by selecting R141b and SRC worked at 100 bar and 480 °C. The main advantage
of using ORC and SRC in the proposed system was recovering the waste heat of the exhaust gas,
which reduced CO, emissions by saving fuel during a year (2,168,538 $ year!) [217]. Modeling
the coupling of a 100 kWe-class micro-gas turbine run by pure syngas produced through
gasification and an ORC was implemented in Aspen Plus [220]. The novelty of the proposed
system was injecting steam into the combustion chamber (CC) to increase relative humidity and
decrease the air temperature, which resulted in improved net power. They proved that ORC
satisfied domestic consumers who needed more heating at critical conditions and helped the micro-
gas turbine produce more electricity. The more steam was injected into the CC (25 g s™'), the more

electricity (127.6 kWer) and heat (78.7 kWu) were generated through the considered distributed
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energy system [220]. Because of the fluctuations of renewable energy generation, the focus on
storage systems has been increasing. One of the studies related to the abilities of heat storages was
conducted in 2017 when the combination of a packed bed of rocks with a steam Rankine cycle
(SRC) was analyzed [221]. Regarding the control strategy, during charging heat storage through
an electrical coil, the steam Rankine cycle was shut down, and it was turned on when the
discharged mode was on [221]. The generated heat from a condenser set at 100 °C was sufficient
to meet heat demands and hot domestic water for local consumers [221]. After that, Arabkoohsar
[222] promoted the previous system by equipping it with different organic Rankine cycles to
distinguish which one was the best from the economic and environmental points of view. The
researcher considered a real wind farm in Denmark, where a peak power demand was 5 MW, and
modeled the energy system based on its electrical load curves. The maximum electrical efficiency
(42.6%) was achieved in [222] by selecting R123, resulting in higher efficiency (24-35%) than the
previous model [221]. A significant decrease in overall package size and costs was observed due
to the ORC capturing waste heat from the condenser of the SRC and utilizing it to generate
additional energy [222].
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Figure 20-The hybrid power system [222] was upgraded from the study proposed by [221].
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A hybrid cogeneration system comprised of two ORCs run by the exhaust gases from a SOFC
connected to a gas turbine (GT) was optimized through the LINMAP method [200]. The proposed
approach helped the authors to decide which working fluids kept ORCs at the highest exergy
efficiency (33.0%) and the lowest costs (3.15 $ hr'!), which resulted in selecting R601 and Ethane
among 20 refrigerants. Two ORCs had a considerable portion (20.7%) of the total generated power
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(1040 kW) and produced 564 kW of cooling for responding to local load demands [200]. Tchanche
et al. [223] presented an ORC cycle run by solar collectors at low temperatures and assessed the
functions of the proposed system from the thermodynamic and environmental points of view. They
compared several organic fluids based on different factors such as efficiencies, volume flow rate,
mass flow rate, pressure ratio, toxicity, flammability, ODP, and GWP, and they found out R134
was the best choice for small scale solar applications with a heat source below 90 °C. Farrokhi et
al. [224] experimentally investigated a natural gas-fired micro-CHP system using an ORC cycle.
Their research was based on residential buildings as a case study, and they chose Isopentane as a
working fluid because of its environmentally friendly characteristics. They carried out their
experiment according to various temperatures of the heat source and reached the maximum power
output of 77.4 W and electrical efficiency of 1.66% at 84.1 °C inlet heating water temperature.
Peris et al. [225] used a monitored test bench to describe an ORC module for small-scale CHP
under operation conditions. During the test process, they considered a natural gas boiler as a heat
source with a constant temperature of 165 °C. They realized that at higher pressure ratios, more
thermal power output was achieved. Providing that the proposed system worked at the optimized
pressure ratio, a suitable heat temperature for a CHP application was provided. The maximum
output power and efficiency were obtained, and they were equal 5.6 kWe and 8.80%, respectively.
Kaczmarczyk et al. [226] proved that the efficiency of the MGT affected the ORC performance
since they modernized the first stator stage of a micro turbogenerator of the micro-CHP plant.
They studied the impact of the mentioned upgrading on some key parameters such as exergetic
efficiency, Carnot efficiency, microturbine internal efficiency, and ORC cycle efficiency. An
improvement in electrical efficiency of 17% was reported. They recognized defects or
malfunctions of the system by monitoring it at operation procedures. Experimental research on an
ORC system that generated 3 kW power was done by Yang et al. [227]. They considered R245fa
as a working fluid and investigated the effects of pressure drop, degree of superheating, and
condenser temperature on the overall efficiency. Their findings showed that the condenser
temperature had a negative impact on key performance metrics, including output power, thermal
efficiency, and system generating efficiency. They reported that the maximum electrical power,
thermal efficiency, and system generating efficiency were 1.89 kW, 5.92%, and 3.93%,
respectively [227]. Algieri [228] compared subcritical and transcritical organic Rankine cycles for

biomass micro-CHP systems and concluded that both of them saved energy considerably. The
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author investigated the behavior of the system affected by internal regeneration. One of the
important results was choosing the best working fluid that caused proper operations and optimized
system behavior. The maximum electric performances were also obtained if the transcritical cycle
was used and equipped with internal regeneration. On the contrary, the highest efficiency was

calculated based on using the saturated cycle.

The simulation of a 2 kWe biomass-fired CHP system consisted of an ORC was conducted by Liu
et al. [229]. They modeled the proposed system through Engineering Equation Solver (EES)
software to calculate the thermal efficiency of the whole system, and three refrigerants, namely
HFE7000, HFE7100, and n-pentane, were selected as ORC fluids. The researchers concluded that
the highest ORC efficiency reached 16.6% when n-pentane was chosen as a working fluid. Also,
the overall CHP efficiency of the proposed system was about 80% for all the above-mentioned
fluids, even though the selected fluids affect the quantity and quality of heating supplied by the
CHP system [229]. An experimental study on a biomass-fired ORC-based micro-CHP for domestic
applications was performed by Qiu et al. [230]. The proposed cycle consisted of a condenser where
the outlet cooling water was heated to an appropriate temperature (46 °C) for domestic washing
and underfloor heating. Their results indicated that the biomass-ORC system produced 861 W
power and 47.26 kW heat, based on electrical efficiency of 1.41% and CHP efficiency of 78.69%
[230]. A micro-CHP system, including an ORC driven by solar energy, was modeled via EES
software [212]. The authors chose three working fluids, including R123, R245fa, and R600a, to
decide which one was suitable based on economic and thermodynamic points of view. The
generated electricity and heating by using R123 (50.47 kW./15.89 kW), R245fa (15.02
kW.1/18.47 kW), and R600a (2.12 kW.1/8.50 kW) were calculated. To achieve the maximum
thermal and exergy efficiencies and the minimum costs and total heat exchanger areas, a multi-
objective optimization through NSGA-II was implemented. The results proved the micro-CHP
system was economical if R600a was selected, while by applying R123, the system experienced
its maximum performance (36.81% for thermal efficiency and 17.03% for exergy efficiency)
[212]. Montazerinejad et al. [231] used life cycle assessment (LCA) to simulate a solar-based
cogeneration system that produced 143.52 kWe power. The researchers performed an exergy
analysis for each component, then by using LCA and Eco-indicator 99, they calculated the
ecological index for all equipment related to their producing, movement, operating, maintenance,

disposal, and installation. The results indicated that the vapor generator (231.2 kW) placed at the
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second-highest exergy destruction rate after the storage tank, which led to a higher environmental
impact rate (831.4 mPts h™!). The authors suggested that the cogeneration system would become
environmentally friendly if the exergetic efficiencies of the vapor generator (83.28%) and storage

tank (79.71%) were improved [231].

2.7 Stirling engine

A promising conversion device for the micro-CHP system is the Stirling engine (SE), which is an
external combustion engine. According to its characteristics, including low emissions, high
efficiency, reliability, extended service intervals, low noise and vibration levels, it can meet the
demands of local consumers. If the micro-CHP systems that are applied in the household sectors
employ the Stirling engine as a prime mover, it provides substantial benefits such as multi-fuel
capability and low-acoustic and pollutant emissions [232]. The general structure of the Stirling
engine is made of different parts, namely, power piston whose duty is converting reciprocating
movement to rotating movement, which results in generating power, a cylinder that is divided into
expansion and compression spaces, displacer that relocates gas between the mentioned spaces,
regenerator, and mechanical links [233]. Figure 21 illustrates the three kinds of configurations of

the Stirling engine, including Alpha, Beta, and Gamma [233].

(a) (b) (c)
Figure 21-Different types of Stirling engine: (a) Alpha, (b) Beta, and (c) Gamma [233].
A micro-CHP system that uses the Stirling engine as a prime mover to generate energy for single-
family or small multi-family houses is illustrated in Figure 22. SE drives a generator to produce
the required power, and the heating purposes, including space heating and domestic hot water

(DHW), are supplied through a heat exchanger where the waste heat from the engine casing and
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the combustion exhaust gases is recovered and converted to heat. In some circumstances, the
heating demand exceeds the main burner's capacity, the existence of an auxiliary burner (AB)

installed on the heat exchanger is critical and necessary [64].
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Figure 22- The schematic of the micro-CHP system by using Stirling engine (SE) [64].

A micro-power system, including an alpha-type Stirling engine was simulated, and the theoretical
results were validated with the empirical data given from Solo V161 [234]. The research aimed to
monitor the Stirling engine's function and its response to local load demands at different weather
conditions. The SE was sized by following three scenarios: electrical load, thermal load, and
overall efficiency. The researchers revealed that by using the first approach, the Stirling engine
could meet electrical demand, but for supplying heat demand, the existence of an auxiliary boiler
was highlighted. The Stirling engine designed through the second methodology was more
economical than other approaches because it completely covered heating demands, and extra
generated power was imported to the grid. The first and second scenarios helped the reduction of
pollution such as CO> (40%). The Stirling engine experienced the highest overall efficiency when
it was modeled corresponding to the last approach [234]. Hosseinpour et al. [235] claimed the best
way to increase the performance of a SOFC would be to use its waste heat to run a SE where the
required electricity and heating were generated (see Figure 23). They modeled the proposed
cogeneration system at optimum conditions and obtained the maximum energy (73.32%) and

exergy (56.44%) efficiencies. By increasing the compression ratio, the exergy efficiency of the
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cogeneration system peaked at 54.27%. Also, the exergy destruction rate of the cogeneration

system was 8.66 kW, where 1.71 kW belonged to SE [235].
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Figure 23-The schematic diagram of coupling a SOFC with SE [235].

Li et al. [236] used waste gases with an average temperature to drive a Stirling engine for the
micro-CHP system. The authors used a thermodynamic design method and parallelly carried out
experimental performance tests. During the test, they monitored the temperature of the heater head
and the pressure of the working fluid helium in the Stirling engine through thermocouples and
pressure sensors, respectively. The test results demonstrated that the technology generated 3476
W at a rotational speed of 1248 rpm, confirming its ability to meet the power requirements for
engineering applications. Gonzalez-Pino et al. [237] conducted an economic analysis on a 1 kW
SE for a micro-CHP residential plant in Spain. They used the TRNSYS 17 numerical platform to
simulate and compare the dynamic model of a conventional boiler and the micro-CHP system. The
results illustrated that the payback conditions of micro-CHP installations were hardly feasible in
Spain, but in other, European countries such as Germany and the United Kingdom, the potential

of this kind of technology was widely better due to feed-in tariffs and support policies [237].

If small-scale CHP systems use biomass fuel, Stirling engines are interesting with nominal electric
capacities between 10 and 150 kW [238]. They can also easily convert concentrated solar energy
into electricity [239]. A comparative analysis evaluated two Stirling engines (SEs) for small-scale
residential use — one powered by solar energy and the other by biomass [232]. The receiver

temperature of the boiler reached approximately 1288 K for the biomass-fueled SE, compared to
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775 K for the solar-powered SE. This temperature difference led to an 87.5% increase in electricity
generation in the biomass-fueled SE over the solar-powered counterpart. The overall efficiencies
of the biomass and solar SEs were 46.67% and 31.33%, respectively. Additionally, the levelized
cost of energy (LCOE) for the solar-powered SE was 52% higher than that of the biomass-powered

SE, highlighting biomass as a more cost-effective heat source for Stirling engines [232].
2.7.1 Biomass-Stirling engines

Gasification processes can produce syngas to power internal combustion engines (ICEs); however,
this technology requires pure syngas, necessitating the addition of auxiliary components. The
installation of these supplementary devices significantly increases capital costs, prompting
researchers in 2021 to explore the use of Stirling engines as an alternative to ICEs [240]. They
proposed a configuration including a Stirling engine, a gasification system, and the absorption

chiller to meet load demands for two case studies in Shanghai and Singapore [240].
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Figure 24-The gasification energy system integrated with the SE to provide load demands for small buildings in
Shanghai and Singapore [240].

In Shanghai, a Stirling engine with a power output of 324 kW was installed, while in Singapore, a

383 kW Stirling engine was deployed. Compared to conventional gasification systems, these
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energy systems in Shanghai and Singapore achieved significant cost savings, reducing the
levelized cost of energy by 75.9% and 70.5%, respectively. Both Stirling engine-based gasification
systems also demonstrated an identical CO; reduction ratio of 0.71, confirming their eco-
friendliness [240]. Salehi et al. [198] modeled a cogeneration system, including an alpha-
configuration SE that produced 32.3 kW electricity. The considered SE was powered through a
portion of the generated electricity from MCFC, whose power was 161.7 kW. The authors
monitored the system's function at off-design conditions and proved that the ratio of the low-
temperature heat source to the high one played an important role in calculating the engine’s
electrical output. If the aforesaid factor was improved (0.4-0.6), the input heat of SE had to be
enhanced to the level at which the air compressor operates at constant power [198]. A micro-
energy system comprised of a Stirling engine (SE) whose exhaust gases were recovered through
an ORC and a boiler to generate more power and heating was simulated in MATLAB and Aspen
plus [241]. By increasing the rotational speed of SE, the heat source temperature increased, which
resulted in the growth of power generated from ORC. Providing that the hybrid power system
worked at 2500 rpm, an increase of thermal efficiency (by 63.4%) and a growth of the generated
electricity (by 66%) were reported compared to a sole SE. Consuming biomass with 10% humidity
led to the increase of primary energy saving by 55%, while the CO> emission was reduced to 43%
[241]. Damirchi et al. [242] designed and optimized a micro-CHP system that consisted of a
Stirling engine run by biomass to produce heat and electrical power. They calculated the heat
transfer area for both the heater and cooler of the Stirling engine, which was 307 and 243 cm?,

respectively (see Figure 25).
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Figure 25-Three-dimensional model of the Stirling engine with components [242].
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The authors used CFD simulation to analyze the fluid flow, and during the test of engines with
helium, they monitored the temperature and pressure of helium by using thermocouples and
pressure sensors. The researchers used biomass and flammable agricultural wastes (biomass
sources) to produce electricity, and they found that by burning the sawdust, the maximum power
was achieved (46 W). At that point, the internal efficiency of the engines was calculated, which
was 16% [242]. A micro-CHP system, including a gamma type Stirling engine run by biomass to
supply heating and power demands was modeled [243]. The highest thermal efficiency was
achieved through burning sawdust compared to other biomass resources. On the contrary, by
consuming more sawdust, the increase of pollutants such as CO (164 vol%) and NOx (by 24 ppm)
was reported [243]. Arashnia et al. [244] modeled and optimized a micro-CHP system with an
electrical power of 100 W that consisted of a Stirling engine fed with biomass fuels. The authors
considered some design parameters such as the speed values of SE, temperature, and the kinds of
biomass to assess the efficiency and generated power. They concluded that at an average speed of
the SE (500-600 rpm), the highest efficiency was achieved. Among various types of fuels, by
selecting sawdust whose minimum ignition time was 4 min, the most power was obtained (46 W),
which led to having 16% of internal thermal efficiency. Cardozo et al. [245] integrated a Stirling
engine (1 kWe) with a pellet burner (20 kW,) to generate heat, hot water, and power for domestic
applications, which resulted in reaching 72% of overall efficiency (see Figure 26). The authors
focused on the Stirling engine position because it played an important role in achieving more
radiative heat from the burner. A 5 cm distance change between two devices increased temperature
levels by 100 °C in the hot side of the engine. Also, they found that if @8 mm wood pellets were

used, the amount of heat delivered to the engine was increased [245].

Figure 26-Schematic of the wood pellets fired the Stirling engine system [245].
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2.7.2 Solar energy-Stirling engines

A micro-CHP system, including a Stirling engine with solar systems to provide electricity and
heating purposes (i.e., hot domestic water) was analyzed experimentally [246]. The daily heating
and electrical demands for the considered case study, which was completely independent of the
electrical grid, were 6.8 kWh and 17.9 kWh, respectively. Two auxiliary devices, namely battery
storage and heat storage tank, were installed to increase the resiliency and reliability of the energy
system. The Stirling engine supplied 20.7% electrical demands. To increase the load covering, the
battery capacity was increased (20 kWh). The whole system then not only wholly met the heating
demands thanks to the Stirling engine, but also allowed to export 31.8% generated electricity to
the grid, which led to making a profit. The authors estimated that the decentralized energy system
could reduce the CO emission (36.2%) compared to a system where the electricity was bought

from the grid and heat was generated from the diesel boiler [246].
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Figure 27-Decentralized energy system, including a Stirling engine and a solar system [246].

A micro-gas turbine, including a solar heliostat was considered a heat source of a Stirling engine
and was modeled by Babaelahi and Jafari [247]. The exergy efficiency of the proposed system was
41.93%, which proved a 7% increase compared to a Capstone C200 micro-gas turbine. A
parametric study to assess the performance of the system was conducted, which indicated that by
increasing the compression ratio of the MGT (from 2.5 to 5), the pressure of SE was increased
(from 2.75 to 5.5 MPa), which led to the improvement of generated electricity (0.8 to 1.7 kW) and
the considerable reduction of electricity price. The Pareto front results of multi-objective

optimization confirmed the increase of thermal (6.525%) and exergy efficiencies (8.842%) [247].

62



Moghadam et al. [248] considered a solar dish Stirling cogeneration technology to meet residential
demands. They analyzed the whole system based on 3E sectors, including energy, environmental,
and economic analysis. Three scenarios were chosen to assess and size the proposed system; in the
first and second scenarios, the authors sized the system according to the lowest and highest annual
electric power demands, respectively. On the contrary, the last procedure was done based on
constant output capacity. They used the TOPSIS decision-making method to identify the best
scenario with minimum values of the payback period (PBP) and maximum values for the carbon

dioxide emission reduction and primary energy saving (CDER and PES) [248].

In summary, the comprehensive literature review [2] on a wide range of cogeneration technologies
based on their application, efficiency priorities, power range, lifetime, and maintenance
performance for new fuels, provide detailed insight into us to recognize which features of
cogeneration systems stand out, leading to selecting the best technologies in future urban energy
systems. If the electrical load demands are in the range of 1 to 20 MW, the best options for
meeting urban demands would be GTs and ICEs. Micro-gas turbines (MGTs), Stirling engines
(SEs), and proton exchange membrane fuel cell (PEM fuel cells) can respond to lower power
demands (less than 1500 kWei) [2]. The mechanism, design, and function of MGTs are based on
low vibration, compact size, and hot exhaust gas temperature, which is interesting for domestic
process use. The high power to heat ratios of fuel cells (FCs) make them particularly suitable for
buildings. One of the drawbacks of the FC technologies is their higher cost. Compared to FCs, SEs
and MGTs have lower electrical efficiency (15% and 30% vs. 50% for 100 KW), less power
density (by a factor of 3-4), and less pure hydrogen is required for combustors. Stirling engines
(SEs) suffer from low electrical efficiency when driven by biomass because the temperatures of
combustion products are lower than when they are powered by natural gas (electrical efficiencies
0f 25-30%). The part-load efficiency of SEs, and MGTs is lower than for FCs. The lifetime of SEs

and FCs are similar and low compared to MGTs.

63



Chapter 3: Proposed Research Methodology

To address the research questions, mathematical models and simulations are developed for two
cogeneration technologies to analyze their performance and assess pollutant emissions. For the
PEM fuel cell, thermal and electrochemical models are developed. The governing mathematical
equations are implemented in Fortran, a programming language, while thermodynamic properties
for the models are obtained through the Engineering Equation Solver (EES). For the recuperated
micro-gas turbine (MGT), a comprehensive analytical algorithm is developed, and a converged
steady-state solution is achieved by applying the Newton-Raphson (N-R) method, also coded in

Fortran.

This study proposes several emission models to simulate the dual-axial swirler combustor with
distinct combustion zones. The emissions analysis includes Computational Fluid Dynamics (CFD)
simulations, an Equivalent Chemical Reactor Network (ECRN) model using Ansys Chemkin-Pro,
and mathematical modeling. These approaches account for complex flow behaviors and include
kinetic mechanisms for the key chemical reactions occurring in the combustor. The CFD
simulations employ the Eddy Dissipation Concept (EDC) model alongside the realizable k-¢
turbulence model, both effective in predicting pollutant emissions within swirling flows and

widely recognized in Reynolds-Averaged Navier-Stokes (RANS) frameworks.

For NOx emissions, an ECRN model is made in CHEMKIN, which enhances the understanding
of combustion mechanisms by accurately calculating chemical species' production rates within
computational cells. Additionally, a detailed analysis of key species destruction pathways is
performed in CHEMKIN, offering insights into reaction dynamics that are challenging to capture
with traditional CFD models alone. However, due to the limitations of the ECRN methodology in
predicting CO emissions, a mathematical model is applied. This model simplifies the complexities
of CO formation, making it more accessible for combustion engineers who require quick and

practical estimates of attainable emission levels based on available design parameters.

3.1 PEM Fuel Cell Cycle Description

Figure 28 shows the schematic of the insulated PEM fuel cell with an air compressor, a valve to

regulate pressure, a humidifier, and a heat recovery unit (HRU). PEM fuel cell consists of main
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sections, including bipolar plates (BPPs), gas diffusion layers (GDLs), catalyst layers (CLs), where
electrochemical energy conversion takes place, and gaskets. BPPs protect the whole system from
erosion and provide electrical conduction between cells as well as physical strength to the stack.
GDL facilitates homogenous diffusion of reactants to the catalyst layered membranes. Gaskets
between BPPs and CLs, prevent gases and liquids from leaking, avoid gas combining, and create
thermal and chemical equilibrium. A humidifier plays a crucial role in controlling the moisture
level within the fuel cell, protecting the membrane from drying out by providing the necessary
humidity to the intake gases. By preventing the dehydration of the electrolyte membrane, the

humidifier helps to enhance the efficiency and longevity of the fuel cell stack.

The compressed air (2) attains the required operational pressure for the fuel cell, subsequently
crossing the cathode (3). Integrating a high-pressure storage cylinder for hydrogen necessitates the
installing a pressure-regulating valve to modulate the pressure, effectively reducing it from storage
pressure (4) to operational pressure (5). Consequently, the anode chamber within the FC stack is
supplied with hydrogen regulated to the specified pressure (6). A direct current is generated based
on electrochemical reactions, which are assumed to reach equilibrium states, and concurrently,
substantial thermal energy is released. The HRU integrated into the system captures considerable
thermal energy, utilized for domestic water and space heating, thereby minimizing heat loss to the
environment, with only a small portion dissipating. Finally, any unused hydrogen (7) is

recirculated to ensure efficient resource utilization and maintain continuous operation.
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Figure 28-Schematic diagram of the insulated PEM fuel cell.

3.2 Mathematical Modeling of PEM Fuel Cell

The simulation approach is based on applying mass and energy conservations [249,250], along
with some specific assumptions necessary for modeling the electrochemical and thermal aspects
of the PEM fuel cell, derived from [11]. To calculate the generated power of the stack (W), the
PEM fuel cell model is developed based on the electrochemical reactions (see Table 3). Eq. (5)
shows that the actual voltage (Vgc) is less than the reversible one (Enernst) because of some
irreversibility, such as the activation (V,¢;), ohmic (Vypm), and concentration (Veopne) [11]. For
achieving all terms in Eq. (5), some factors, including Gibbs free energy (AG?), the operative

temperature (Trc), fractional pressure of hydrogen (Py,), oxygen (Py,), the molar portion of
nitrogen (Xﬁlzlan“el), water vapor (Xff‘zto), the concentration of oxygen (Cg, conc), and hydrogen
(CH,,conc) at the common area of the cathode and anode with membrane, respectively, are required,

in parallel with implementing some design parameters detailed in Table 4 [11,249,250]. In the
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next stage, the thermal modeling of the PEM fuel cell is conducted to obtain the net heat energy
(Qnet) (Eq. (10)) by subtracting the actual work of stack (Wg¢) and sensible/latent heat (QS,I) from
chemical one (Q.,). The electrochemical reaction causes Qg that is determined directly by the
consumption amount of hydrogen (fiy, cons)- Its value with the consumed amounts of oxygen
(N0, cons)> and water generation (Ny,0gen) are obtained based on the stack current (I) and cell
numbers (Ncei1). To avoid the membrane degradation and failure in the fuel cell, the stoichiometric
rate (M) is applied. This parameter is used to evaluate reactant flow rates and calculate QS,I. Finally,
Eq. (13) indicates the consumed power in the compressor computed (Wcomp) based on pressure
ratio (m), the mass flow rate of air (rhy;;), the isentropic efficiency (Ncomp), outlet temperature

(Touts), and exponent (x) [11].

Table 3-Required equations used for modeling the PEM fuel cell [11].
Eq. Equations Auxiliary equations

PEM fuel cell electrochemical model

Saturation Pressure of Water Vapor,

. 1 (p?‘lazto) —
Nernst Equation, 0810 = —2.1794 + 0.02953t
O —9.1837 x 1075¢2
. _ —AG° N RTgc n Py,/Po, + 1.4454 x 1077¢3
Nernst l‘leF neF pl-slito
t = Tpe — 273.15
t
Molar Fraction of Nitrogen, XN,in = 0. 79(1 — Xio
@) yChannel _ XNzin ~ XNy out X _ 1- XilaztO
N - Ny,out —
2 In(Xn, in/Xn,.0ut) i 14+ Ay — 1 /xalr)(g %)
Effective Partial Pressure of Hydrogen at an Anode,
(3) P. Sat 1 .
H HZO) exp(L. 653/T1 334) Xf-lazto - Both are the same over the entire cell.
psat
Effective Partial Pressure of Oxygen at the Cathode, Xf_lazt = HPZO
“4) 0.291i
PO =P|1 - Xsat Xﬁlzlannelexp ——
Trc
Actual Voltage,
(5) -
Vec = Enernst = Vact = Vohm — Veonc
Activation Voltage,
(6) & =0.948

Vact = & + & Tec + EBTFCIHCOZ,conc + & Trcln (I
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_ tingip (i¢/k — 1R Ty ({0 D)/K) Heomp = Touts — Tamb
T,

out,comp ~ Tamb

Wcomp =
MNcomp

The performance of PEM fuel cell can be evaluated by the electrical efficiency as follows [11]:

WFC - Wcomp

- re” Tcomp (14)
NPEM = 4 cons. HAV

The operating parameters utilized in developing the PEM fuel cell model at design conditions, and

all required data for estimating Gibbs function are outlined in Table 4.

Table 4- Design and operating parameters for PEM fuel cell simulation.

Operating parameters Value [11]
Operating pressure, Prc (kPa) 303.96
Operational temperature, Trc (°C) 85
Cell operating voltage, V (V) 0.68
Limiting current density, i, (A cm) 1.5
Stack operating current density, i (A cm?) 0.6
Number of Cell, Neen 13,000
Electrons number, ne 2
Faraday constant, F (C mol™) 96,485
Gas constant, R (J mol! K- 8.314
Stoichiometric rate of air, Aair 2
Stoichiometric rate of hydrogen, Ay, 1.2
Active service area, Acen (cm?) 232
Membrane thickness, L (cm) 0.00254
Vaporization heat of water, Hy (J mol™!) 40,644
Higher heating value of hydrogen, HHV (kJ mol ™) 285.55
Properties at the standard condition Value [249,250]
Enthalpy of water (Liquid), ho (J mol™) -285830.0
Enthalpy of water (Gas), ho (J mol) -241826.0
Entropy of water (Liquid), so (J mol™! K" 69.950
Entropy of water (Gas), so (J mol' K1) 188.834
Entropy of hydrogen, so (J mol! K!) 130.678
Entropy of oxygen, so (J mol! K1) 205.148
Specific heat capacity of hydrogen, Cy, (J mol' K*') 28.86
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Specific heat capacity of oxygen, Co, (J mol™ K) 29.72
Specific heat capacity of nitrogen, Cy, (J mol! K™) 28.39
Specific heat capacity of water, Cy,o (J mol! K™) 75.95

3.3 MGT Configuration Description

The proposed MGT comprises a single-stage centrifugal compressor, a dual-axial swirler
combustor, a single-stage turbine, and an integrated recuperator. As illustrated in Figure 29, intake
air (1) is drawn into the compressor and directed towards the recuperator. Within this unit,
compressed air (2) undergoes preheating (3) using high-temperature exhaust gas from the turbine
(5). This process aims to decrease fuel consumption during combustion, consequently enhancing
overall efficiency. Subsequently, in the combustion chamber, the preheated air is combined with
fuel and undergoes combustion, resulting in the exiting of combustion byproducts (4) from the
system. These actions induce rotation in the rotor, facilitating power generation through the
alternator stator. To adjust the generated heat and electricity within an urban setting, a controllable
bypass valve is connected to the recuperator to modify the bypass exhaust gasses flow within a
system. Furthermore, as depicted in Figure 29, the system is equipped with a heat recovery unit
(HRU) designed to fulfill the necessary heat demand. The incoming gas into the HRU (7) is
influenced by factors such as the outlet gas from the recuperator (6), turbine (5), and the position

of the bypass valve (j3).
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Figure 29-Schematic diagram of the recuperated MGT with a heat recovery unit.

3.4 Combustor Geometric Design

To evaluate the pollutant emissions from the combustor, this study employs a dual-axial swirler
combustor. The combustor structure, and CAD drawing are illustrated in Figure 30 (b) and (c),
respectively. This combustor is divided into three distinct sections. At the combustor intake is the
premixed zone, which serves as the combustion initiator, followed by the reaction zone, and
finally, the dilution zone situated towards the end of the liner, surrounded by dilution holes. Air is
channeled into the combustor via three distinct pathways: swirlers, cooling holes, and dilution
orifices. The air directed through the swirlers is primarily tasked with supporting combustion in
both the primary and the pilot phases, with a fraction reserved for cooling the pilot flame.
Meanwhile, air passing through the cooling holes aids in reducing the temperature of the liner's
walls, and the air that enters through the dilution holes is employed to lower the temperature of the

exhaust gases, mitigating high-temperature emissions.
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Figure 30-Schematic diagram of (a) MGT's combustor structure (b) CAD drawing.

3.5 Mathematical Modeling of MGT

All non-ideal components of MGT are evaluated based on applying mass and energy conservations
along with the required design and off-design operating parameters, and some specific assumptions

that are brought from [13,157,251,252].
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3.5.1 Compressor

To achieve efficiency, outlet temperature, and the consumed power of the compressor, some
crucial operational parameters are derived from a compressor map. Figure 31 describes the
pressure ratio and corrected mass flow rate (m,), With multiple curves that represent corrected
rotational speed (wcorr) and efficiency (Mcomp)- Moving on the map at a specific pressure ratio
generates numerous potential operating points based on non-dimensional parameters. To mitigate

this ambiguity, an auxiliary line is introduced, facilitating the attainment of an optimal compressor

function [13,249,252,253].
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Figure 31-Compressor map based on pressure ratio, corrected mass flow rate and rotational speed [13].

_ m\/ T/Tref (15)

Meorr = P/Pref

w

Weorr = F——— 16
Y T/Tref ( )

Where P, T, Prr, Trer, ®, and m are inlet pressure, temperature, standard pressure, temperature,
shaft rotational speed, and mass flow rate, respectively. The power consumption of the compressor,
as determined in Eq. (19), is calculated by first deriving the optimal operating parameters from its

performance map. These parameters are essential for accurately computing the compressor's
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efficiency (Eq. (17)) and outlet temperature (Eq. (18)), which are critical to determining the overall
power consumption [13,249,252].

h03S - hOZ
M =T (17)

TP hoz — hyy

Yc—1
_ 1 PZ Yc
T, =T P_ —-1]+1 (18)
comp 1

V.vcomp = rhair(hz - hl) (19)

3.5.2 Recuperator

The output power of the MGT is highly affected by the consumed fuel, whose value is dependent
on the recuperator performance. By extracting pressure drop, and efficiency data of the recuperator

map (see Figure 32) [13], and using Eq. (20), the outlet recuperator temperature is characterized

by [13,249,252,253].

cpss(Ts — Tg)

CpoMy < Cp Mg

q cp oy (Ts — Ty)'
= = ’ 20
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Figure 32-Efficiency, and pressure drop of recuperator based on mass flow rate [13].
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3.5.3 Combustion Chamber (CC)

The thermal energy addition of the cycle takes place in the combustor, characterized by

[13,249,252],
ch + Nfyerthfyer + Nairhair — r.lphp =0 (21)

Nfyel

By defining the fuel to air ratio on a molar basis (A = ), applying chemical equations for three

Najr
fuel scenarios with their lower heating values (kJ kg!), including the combustion of methane,
hydrogen, and biogas with 60 vol% CHa4, and balancing nitrogen, carbon, oxygen, and hydrogen,

the mole fractions of products elements (Xy,, Xo,, Xco,» and Xy, o) are calculated. They are used
to determine the enthalpy (h) of combustion products that are considered ideal gas mixtures. For
combustion air mixture, Xy, = 0.7748, X, = 0.2059, X, = 0.0003, Xy,o = 0.019 are

considered to obtain the air enthalpy (h,;.). Finally, the flow rate of fuel is evaluated by Eq. (22)
[13,249,252]:
ey Mfuel

Mfyel = A Mair (22)
ailr

Where Mg,e1 , and My;, are molecular weight of fuel and combustion air, concurrently.
3.5.4 Turbine

The conversion of thermal to mechanical energy happens in the turbine. Two maps for evaluating
the turbine with non-constant efficiencies are considered. Figure 33 indicates efficiency (N¢yrp,) as
a function of working parameter (WP), and Figure 34 shows working parameter versus mass flow
rate (m.,), and both maps are changed by corrected rotational speed (wcorr) [13,249,252,253].

The definition of the working parameter is presented hereafter to enhance accessibility [13].

T, —Ts
WP = 0.0239 X

) Cp X (Ty) (23)
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Figure 34-Turbine map with working parameter based on my. and W [13].

In the following, the efficiency (N1 ), €xhaust gas temperature (T5), and the generated electrical

power (W) of the turbine are achieved as [13,249,252],

(24)
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_Yn—1
P4) Yh
Pg

T, —Ts
Ty

= [ 1 (25)

Wturb = rhgas (hy — hs) (26)

3.5.5 Heat Recovery Unit (HRU)

The final component within this system comprises the Heat Recovery Unit (HRU), leveraging
energy extracted from the exhaust gases of both the recuperator and turbine to serve as a vital heat
source for end consumers. This study adopts a control strategy centered around meeting heating
demands. The provision of required energy for heating and hot water production by the heat
recovery unit relies on a complex interaction of factors: the composition of burned fuel blends,
shaft rotational speed (®), compressor pressure ratio (m), and the position of the bypass valve (j).
Exhaust gases from the micro-turbine serve this purpose, with the bypass valve controlling the
flow rate of these gases. To meet heating requirements, the valve adjusts from 0% to 100%. At
these settings, a part of the turbine's exhaust gas passes through the recuperator, preheating
incoming gas in the combustion section, while the remainder satisfies the heating needs. Notably,
when the bypass valve is fully closed (0%), the heating demand is entirely met by the recuperator,
where hot turbine exhaust gases preheat the incoming gas before it enters the combustion chamber.
Conversely, with the bypass valve fully open (100%), heating is exclusively provided by the
turbine exhaust gases, bypassing the recuperator and preventing any preheating of the gas in the
combustion chamber. The inlet enthalpy of the HRU, defined as a function of the bypass valve
position (B), is detailed below [13,249,252].

h; = he(1 - B) + hsp 27)

3.6 Model Implementation and Environment Analysis

In this study, Fortran, a high-performance programming language, is employed to implement the
proposed micro-gas turbine model. The program integrates comprehensive subroutines containing
inputs, all data from the components' maps, nonlinear and linear equations, and complicated
analytical algorithms to ensure an accurate system representation. To find the precise solution with

fast convergence rates, the Newton-Raphson (N-R) method is performed. Also, the Engineering
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Equation Solver (EES) is employed to access the thermodynamic properties necessary for the
models. To compare and evaluate two cogeneration system options, multiple scenarios involving
technological characteristics, control mechanisms, fuel types, and operational strategies are

analyzed.

To analyze the combustion dynamics, and pollutant emissions of the dual-axial swirler combustor,
a numerical simulation is carried out in Ansys Fluent. The governing equations for turbulence and
combustion simulations are based on the steady-state conditions and the conservations of
continuity, momentum, energy, and species which are derived from Ref. [254]. The simulation
includes the Eddy Dissipation Concept (EDC) model to address the complex interactions between
turbulence and chemical reactions. According to the EDC model, chemical reactions occur at a
minor turbulent level, known as the fine scale. The simulation framework examines three fuel
scenarios, including hydrogen, methane, and biogas to clarify the mechanisms of combustion

reactions.
3.6.1 Computational Mesh Generation

This study investigates the combustion dynamics within the dual-axial swirler combustor, focusing
on three primary zones: premixing, reacting, and dilution. Air enters the combustor through the
swirler inlets, cooling, and dilution holes. All combustor walls are modeled as adiabatic in this
simulation. The mesh configuration for the swirler combustor, depicted in Figure 35, consists of

4.5 million elements, ensuring detailed resolution of the flow and combustion phenomena.

In the present work, the computational model simulates a non-reactive flow field under full-load
conditions with a 9% pilot fuel proportion (PFP). The realizable k-¢ turbulence model is employed
for its effectiveness in predicting pollutant emissions within swirling flow regimes, making it a
robust choice among RANS approaches. This configuration achieves a converged steady-state
solution, effectively capturing critical aspects such as pollutant formation, temperature
distribution, pressure, velocity, and flow patterns within the chamber. All design operating points,
control states, and PFP, outlined in Table 5, along with validated results obtained from the MGT
numerical model, are utilized in the CFD simulation. These parameters are critical to evaluate their

impacts on pollutant emissions and overall combustor performance.
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Figure 35-Mesh configuration for the swirler combustor.

Table 5-Operating conditions for modeling the recuperated MGT and simulating the swirler combustor across all
fuel types at full load.

Operating parameters Value [13,254,255]
Shaft rotational speed, ® (rpm) 51,000
Pressure ratio, © 4.1
Working parameter, WP 8.9
Turbine efficiency, N (%) 71
Compressor efficiency, Neomp (%) 77
Cooling and Dilution air mass flow rate (kg s™') Usually between 20 and 40% of g
Fuel inlet temperature (°C) 25
Fuel operating pressure (kPa) 86
Pressure drops of combustor, AP (kPa) 0.95
Pilot fuel proportion, PFP (%) 9
Lower heating value of hydrogen, LHV (kJ kg™ H Biogas CHs
119986.0 30,000 50,000
Control states Mode
Binary '0' System availability
Binary '1" System unavailability
Bypass valve, p=0 AUX PEM fuel cell | Storage tank
Standby Standby Charge
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AUX PEM fuel cell | Storage tank
Bypass valve, =1 Active under | Active under .
Discharge
condition condition
MGT's combustor structure Value [157]
Dilution hole, diameter (mm) 30
Cooling hole, diameter (mm) 3
Premix zone (mm) 84
Reaction zone (mm) 360
Dilution zone (mm) 250
Exhaust of chamber 80
Diameter of chamber 200

3.6.2 Emission Prediction Methods

The emission characteristics of the proposed micro-gas turbine, when utilizing three distinct fuels,
including hydrogen, methane, and biogas, are investigated in this research study. The CFD
simulation is utilized for environmental analysis, along with two precise pollutant level models.
These comprehensive environmental analyses provide insights into the dynamics of CO and NOx
emissions, which are critical pollutants resulting from fuels combustion. Two predicted approaches
are performed on two separate platforms, including Ansys Chemkin-Pro, and Microsoft Visual
Studio with Fortran 90. In the former as a chemical kinetics simulator, an equivalent chemical
reactor network (ECRN) model (Figure 36) is created to predict NOx emissions, while in the latter
the mathematical methodology (Table 6) is employed to measure CO emissions from the
combustion of three fuel scenarios. Both mentioned prediction methods are validated against
experimental data and compare with the CFD simulation. Table 6 displays the mathematical
relationship between the adiabatic flame temperature (TF,,) and CO emission formation model,
incorporating a set of constants (Table 7) for precise emission formulation. The adiabatic flame
temperature resulting from the combustion of different fuels can be estimated using
thermochemical data. This calculation assumes no heat loss due to radiation, thermal conduction,
or diffusion to the system's surfaces. Additionally, it assumes that the combusted gases reach a
state of chemical equilibrium. The formation of CO emissions is intricately linked to the adiabatic

flame temperature [9,256], a parameter influenced by various factors such as fuel composition,
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C/H ratio, heat of dissociation, calorific value, and air-fuel ratio. Table 6 provides a comparative
overview of flame temperatures for hydrogen [257-259], biogas [257-259], and methane [9].
Also, Eq. (31)-(34) represent the mathematical modeling of CO emissions across various primary
zones within the combustor. To ascertain the total CO emissions, the contributions from these
different zones are integrated, considering the respective residence times and local conditions. This
predictive method highlights the pivotal influence of flame temperature on CO emission dynamics,
facilitating more precise predictions of CO emissions for a specific combustor, surpassing the

accuracy of previously discussed general analytical models.
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Table 6-Mathematical modeling of adiabatic flame temperature, and CO emission for three distinct fuel types [9,257-259].

Flame temperature Definition of variable Auxiliary equation Eq.
Hydrogen
TF,, = 2343.238 — 2.134 d,
—2.788d,
+2177¢ d; = Heat of dissociation (kJ mol™)
+0.003 d,d, d, = Calorific value (MJ m?) x C/H ratio (F/A) 9
+0.04d,¢
+0.063d;¢
Biogas
TF,, = 2146.662 — 9.48 d;
+46.804 d, d; = Heat of dissociation ratio of F/A
—16.173 dg
1 0438d,d, ds4 = Calorific value ratio of F/A - (29)
+3.616 d,ds ds =C/H ratio of F/A
—0.201 d3ds
Methane
y = H/C atomic ratio c=¢$—-07(p>1)
TFap T = Pec/Pref B=a; +b;o+c0?
= Ac“exp(§(o + V) H)m6 P 0 = Tec/ Tret C=a, + b0+ c,0? o
c=¢(=<1 D = a; + b;0 + c50?
Zone Carbon monoxide formation Auxiliary equation Eq.
If TF,, > 2000 K
A; = 3.79Exp(—1.56/¢) — 0.8
Premixing CO = 2.52Exp(5000/TF,;,)(0.00017Exp(¢/0.126) (31)

+ 05)(PCC X 10_2/14 X 106)A1‘[A2
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If TF,, < 2000 K

CO = 0.122TF,, %2245 (Pee X 1072 /4.34 x 105)A1rhz

CE = 6.23 X 10* ¢>8Exp(—¢/0.56)175

Cpn = 4.54 X 10° p*Exp(—/1.02)%23

Reacting CO = Exp(—CE/TFap)Cpn(Pcc X 1072/1.4 x 109)43(2 x 1)A* (32)
A; =—0447¢$"%7 +0.2
A, =-0362¢"1°+0.2
Dilution CO = 0.122TF,, %2245 (Pec X 1072/4.34 x 10%)~016¢A2 - (33)
CO = (7 X 10~ 15Exp(TF,,t*%7/36.1)
Near the Combustor Wall - (34)

+ 140) (Poe X 1072/4.34 x 105)062
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Table 7-Constant values across various conditions [9,256,260].
A V] g A a1 az a3 b1 b2 b3 c1 c2 c3

03<¢$dp<1and092<0<?2

2361.76 0.12 -095 -1.09 0.01 04 001 -006 -044 -0.13 0.05 0.14 0.08
03<¢p<land2<6<3.2

231575 -0.05 -1.11 -1.18 001 057 0.01 -0.05 -0.55 -0.13 0.05 0.13 0.08
1<$p<16and092<06<?2

91683 029 0.15 -328 0.03 0.03 0 -0.08 026 -0.18 0.05 -0.13 0.1
1<p<l6and2<0<3.2

1246.18 038 035 -2.04 004 001 002 -009 05 -0.19 0.05 -025 0.1

Figure 36 represents the constructed network, wherein the flame zone is divided into 100 adiabatic
perfectly stirred reactors (PSR) for the primary combustion zone. The energy equation for all PSR
reactors has been solved by considering the equal input temperatures and operating pressures
extracted from the numerical simulation of the MGT. However, the equivalence ratio distribution
in this set of reactors has been accurately determined based on the results of previous researchers'
numerical simulations [261-266] and implemented on the flame front position. Also, the post-
flame zone, including cooling, dilution, and bypass, is modeled by one plug flow reactor (PFR),
and finally, the network is completed by other components, including inlets, splitters, mixers, and
exhaust. After defining reactor geometry in Ansys Chemkin-Pro to set up the simulation, the initial
and boundary conditions are specified by calling the design operating points (Table 5), the
calculated data from the MGT model developed in Fortran and utilizing an appropriate
comprehensive chemical kinetic mechanism. Finally, the simulation results are visualized, and the
NOx pollutants are calculated accurately for three mentioned fuels, whose databases, including
chemical kinetics mechanism, thermodynamics, and gas transport, are extracted from [267-269].
The operating conditions and control states required in modeling the recuperated MGT of all fuels
at 100% load and 9% pilot fuel proportion (PFP), along with the combustor’s geometry, are
specified in Table 5. In finite-rate chemistry models, the species conservation equations for all
reactants are solved directly throughout the simulation, a computationally intensive process due to
the complexity of detailed kinetic mechanisms. To mitigate this computational expense, the

present study employs reduced or global kinetic mechanisms during the Chemkin calculation
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process. These mechanisms simplify the inclusion of kinetics in finite-rate combustion models,

balancing accuracy with computational efficiency.

Air

PSR 5 i ‘
! @ ' | PFR Exhaust | |
PSR 6 f |

Fuel Post Flame Zone

! Primary Combustion Zone
! PSR 99

PSR100| |

Figure 36-ECRN model developed in Ansys Chemkin-Pro for analyzing NOx emissions.

3.6.3 Analytical Algorithm Flowchart

Figure 37 indicates the workflow for the numerical model and environmental pollutant projection
of the recuperated MGT. The algorithm illustrates the process of achieving a steady-state
equilibrium among the MGT's components. It details the interactions among the MGT's shaft
speed, the bypass valve's position, and the fuel consumption rate, ensuring efficient and effective
operation under steady-state conditions. For a specified compressor pressure ratio and shaft
rotational speed, two critical parameters—corrected mass flow rate and efficiency—are derived
from the compressor's performance characteristics (Figure 31). This step enables the calculation
of essential compressor outputs, including air mass flow rate, outlet temperature, and pressure,
determining consumed power. Within this framework, three iterative loops are simultaneously
resolved. The initial unknowns, the inlet temperatures at the combustion chamber (T3) and the
turbine (T4) are essential for calculating the fuel mass flow rate across three fuel scenarios.
Concurrently, the turbine's outlet temperature (Ts) is estimated to ascertain the working parameter

(WP) using Eq. (23). Two dimensionless quantities—corrected mass flow rate and efficiency—
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are then extracted from the turbine performance maps as depicted in Figure 33, and Figure 34,
based on the WP and specified shaft rotational speed, to determine the gas mass flow rate and
generated power. Following this, the bypass valve position (J) is obtained based on the heating
control strategy model algorithm (see Figure 38). The specified B with the effectiveness extracted
from the recuperator map (see Figure 29), the outlet temperature of the recuperator is calculated
(Te) (Eq. (20)), updating the inlet temperature of the combustion chamber (T3) until convergence
is achieved. The iterative refinement of the fuel mass flow rate leads to adjustments in the gas flow
rate and a subsequent adjustment of Ty, ,,p, based on precisely calculated values. A steady-state
solution is reached upon full convergence of the algorithm, providing outputs such as fuel mass
flow rate, electrical power, heat output, and electrical and heating efficiency. Subsequently, the
validated results are leveraged to assess pollutant levels using three distinct predictive approaches:
CFD simulations, the ECRN model in ANSYS Chemkin-Pro, and a mathematical methodology.
Finally, a comparative analysis between these methods is conducted to evaluate NOx and CO
emission concentrations. This comprehensive evaluation offers critical insights into the
environmental impact of the recuperated MGT, enhancing the understanding of its emission
characteristics. The pollutant concentrations, which are measured by the mentioned predictive

methods, are converted into the value of 15% O> using Egs. (35), and (36) [254,270].

209 - OZRef

NOppmv,Normalized @15% 0, — NOppmV,Measured X 209 — 0 (35)
: 2Measured
CO _ CO 209 - OZRef
ppmv,Normalized @ 15% 0, — ppmyv,Measured X 209 — 0 (36)
: 2Measured
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Figure 37-Flow chart illustrating the numerical model and pollutant emissions analysis from a recuperated MGT.
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3.6.4 Heating Control Model Flowchart

The possibility of meeting heating demand through the proposed cogeneration systems is studied
according to the demand response control. An algorithm flowchart depicting the heating control
strategy for the MGT system is shown in Figure 38. It represents a dynamic model for the CHP
system to display the accurate temporal aspects and include control components that allow for
understanding the objects' behavior over time. The algorithm involves three critical considerations.
The entire heating model entails a comparison between the heating demand (Qy), the generated
heat from the CHP system (Qcgp), and the required heat to fill the storage tank (Qy). When the
amount of Qcyp exactly matches the sum of Qg and Qy, it becomes necessary to fill the storage
tank. The valve can be adjusted from 0% to 100% based on the heating demand. If Qcyp exceeds
the sum of Qi and Qy, it demonstrates that the CHP system can meet the heating demands, and
the bypass valve should be gradually closed. When fully closed, filling the storage tank becomes
a requirement. In the final scenario, if Qcyp is less than the sum of Qg and Qy, the bypass valve
must be steadily opened until it reaches 100%. In this step, the heating demand and heat generated
by the CHP system are compared. If the heating demand is lower than the generated heat, the
model proceeds to fill the storage tank. Otherwise, to meet the heating demand, the storage tank
must be utilized. In case Qcyp and the storage tank are insufficient to meet the heating demand,
the auxiliary boiler must be available as a backup for the system. In the final scenario, when the
combined heat output from the CHP system, storage tank, and auxiliary boiler is insufficient to

meet peak heating demands, the PEM fuel cell must be activated to compensate for the shortfall.
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Figure 38-Heating control strategy model flowchart of the recuperated MGT coupled with a heat recovery unit.

Figure 39 presents various scenarios considered in the design of a heating control strategy
illustrated in Figure 38 for the CHP system. A detailed explanation of each scenario is provided

below.

In the first set of scenarios (1-3), the heating demand (Qy) is lower than the minimum generated
heat (Qcyp) from the CHP system. In scenario 1, the sum of Qy and the required heat to fill the
storage tank (Qy) is less than the minimum value of Qcyp, maintaining the bypass valve at 0%. In
scenario 2, the sum of Qy and Qy is between the minimum and maximum heat generated by the
CHP system, requiring the adjustment of the bypass valve position between 0% to 100% to meet
heating demands and charge the storage tank. However, in scenario 3, the total Qi and Qy exceed

the maximum Qcyp, necessitating a fully open bypass valve (100%).

In the second set of scenarios (4—6), the heating requirement (Qp) is between the minimum and
maximum heat outputs of the CHP system. Scenario 4 assumes a fully charged storage tank,
allowing the bypass valve to modulate between 0% to 100% based on Qy. In scenario 5, the
recuperator bypass valve is adjusted between 0% to 100% to meet heating demands (Qp) and to
fill the storage tank because the sum of Qy and Qy is within the CHP system’s capacity.

Conversely, Scenario 6 requires the bypass valve to remain fully open (100%) to meet the heating
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demand and charge the storage tank since the sum of Qg and Qy is more than maximum capacity

of CHP system.

In the third set of scenarios (7-9), the heating demand (Qy) exceeds the maximum value of Qcyp,
leading to positioning the bypass valve to 100%. In Scenario 7, the storage tank is utilized to meet
the heating demand. In scenario 8, Qcyp and the storage tank are insufficient to meet the heating
demand, necessitating the activation of the auxiliary boiler as a backup heat source. In Scenario 9,

if the storage tank is depleted, the auxiliary boiler must be on standby to supply the required Q.

To make this model capable of meeting heating needs, particularly at peak load, an integrated
strategy involving a 100% bypass valve position, utilization of the storage tank, and the availability
of both the auxiliary boiler and PEM fuel cell as backup heat sources is imperative. In the final set
of scenarios (10—-12), the focus is on peak heating conditions where the bypass valve is fully open.
In scenario 10, the heating demand is provided by the maximum Qcyp, full utilization of the
storage tank, and activation of the auxiliary boiler. However, in scenarios 11 and 12, neither of
these solutions is able to meet peak heating demands, so the proton exchange membrane (PEM)

fuel cell must be activated to compensate for the heating shortage.
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Figure 39-Various scenarios involved in modeling the heating control strategy for the CHP system comprised of
MGT and HRU.

Based on the described numerical simulation and heating control strategy models, this section
defines the valve position (a), as well as the heating (1) and electrical (n,;) efficiencies of the
proposed CHP system. Determining the valve position enables operators to regulate the specific
gas flow quantities required to deliver heating to designated spaces, distribute (1-0)%, and

facilitate hot water provision with a % [13,249,252].

Wturb - Wcomp

= (37)
(nel)CHP Mfye) LHVfuel
Qchp = [(amgas +(1- a)mgas)(h7 - hs)]
(38)
x = (rhw Cp,w(Tout,w - Tin,w))/(rhgas (h7 - hs))
M) crp = Qcup
P o1 LHVpyel (39)

3.6.5 Case study

The present study analyzes various commercial micro-gas turbines (MGTs) using their specific
design parameters, including pressure ratio, rotational speed, component efficiencies, and other
critical specifications. The developed model in this thesis is capable of simulating different CHP

gas turbine units under their designed operating conditions. The simulated outputs for nominal
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power, electrical efficiency, and turbine inlet temperature are validated against actual data,
presented in Table 8, demonstrating the model's accuracy. Table 8 summarizes all MGT models

evaluated in the proposed simulation framework.

Table 8-The main characteristics of the commercial MGTs.

Shaft Inlet
Electrical Electrical
Model Pressure  rotational temperature
Manufacturer power Recuperator efficiency,
[271] ratio, T speed, ® of turbine
(kW) n (%)
(rpm) O
C30 Capstone 30 32 96,000 840 Yes 26
AS75 AlliedSignal 75 3.7 72,000 900 Yes 28.5
TA45 Elliott 45 43 116,000 870 Yes 30
Turbec Yes
T100 100 4.5 70,000 950 30
(Ansaldo)

PW70 PowerWorks 70 33 60,000 870 Yes 33
TG80CG Bowmen 80 43 68,000 680 Yes 25-28
Bladon12 Bladon 12 2.5 134,000 750 Yes 25

ET45 ETgroup 45 3.5 60,000 870 Yes 28

GT333s FlexTurbine 333 4.1 51,000 1300 Yes 37
E100 ENN 100 4.2 51,000 927 Yes 26
T2-200  Wisdomturbine 240 7.5 54,000 1100 No 22.9

While many companies offer a range of CHP gas turbine units for consumers, as presented in
Table 8, it is rare for customers to run these units exclusively at their designed operating point.
Most users prefer the flexibility to adjust their usage according to specific demands. Consequently,
the manufacturer-provided design point data is insufficient to accurately assess energy
requirements across diverse scenarios, which are shown in Figure 39. Ideally, the product should
perform effectively at the design point and under off-design (part-load) conditions. Therefore, a
more comprehensive model of micro-gas turbines is essential to fully understand their performance
across the entire operational spectrum. In this thesis, the model's innovation is not just theoretical,
but also practical. It can dynamically adjust outputs based on specific energy demands throughout
the entire operational range, making it effective for both design point and off-design (part-load)

conditions.
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The implemented model for the CHP systems is analyzed through a case study of five residential
buildings in Karlsruhe, Germany. These buildings are currently equipped with two mini gas-Otto
engine CHP systems, supported by an auxiliary boiler and thermal storage tanks, to meet both
electrical and heating demands. The project aims to replace the existing COMUNA cogeneration
modules type 2726 with a micro-gas turbine and PEM fuel cell powered by renewable fuels.
Information from P&ID files, heating, and electrical demand profiles, and the capacities of the
storage tank and auxiliary boiler are integrated into the model. The building schematic and the
time-dependent heating demands of the case study are depicted in Figure 40 (a) and (b),
respectively. The peak electrical demand for the five residential buildings is reported to be 120
kWh. Also, the technical specifications of the 2726 series are detailed in Table 9.

Based on the available MGTs in the market, as shown in Table 8, the GT333s model from
FlexTurbine, which provides 333 kW of nominal electrical power, is selected for the simulation.
Then, a comprehensive evaluation and comparison of the proposed cogeneration systems,
including the micro-gas turbine and PEM fuel cell is conducted across various scenarios. These
scenarios encompass different technological, fuel, control, and operational conditions, providing
a thorough understanding of the systems' performance and supporting informed decision-making
in selecting technology options for cogeneration systems. The technological scenario focuses on
meeting the electrical demands of the case study, involving a detailed assessment of system
performance for various options, particularly the proposed recuperated MGT and PEM fuel cell.
The objective is to identify the most efficient cogeneration technology to produce the highest
electrical output from a given fuel input. In the fuel scenario, different fuel types are evaluated to
identify the optimal source for the cogeneration system, considering parameters such as heating,
electrical output, and overall efficiency. This study performs a comparative analysis of renewable
fuels, including hydrogen and biogas, against conventional fossil fuels, including methane, under
various operational conditions to assess the performance of the MGT. Additionally, the analysis
focuses on the MGT's function at part-load conditions (i.e., 40% electrical production) to
determine the fuel consumption required to meet specific electrical demands. Additionally, a
demand response control strategy is proposed to enhance the availability and efficiency of
cogeneration systems in response to fluctuating heating demands. This control scenario
incorporates a dynamic heating management system that modulates heating output according to

real-time demand variations, thereby optimizing energy consumption and meeting specific thermal
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requirements. Lastly, the operational scenario aims to assess the performance of cogeneration
technologies by adjusting key operating parameters. This evaluation will inform future research

on optimizing the size and function of the proposed system, making it suitable for urban

applications.
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Figure 40- (a) Screenshot of five residential buildings in Karlsruhe, Germany, displaying house numbers, (b)
Heating demand (kWh).

94



Table 9- Technical specifications for the mini Gas-Otto engine CHP system series 2726.

Electrical Thermal Electrical Thermal Overall
Model Fuel
power power efficiency efficiency efficiency
COMUNA
METALL
Natural gas 50 kW 92 kW 32.0% 59.0 % 91.0 %
CHP module
2726-02
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Chapter 4: Results and discussion

4.1 Technological Analysis Results

4.1.1 Numerical and Thermodynamic Modeling Validation

The validation of the thermodynamic results of the PEM fuel cell and the numerical simulation for
the recuperated MGT fueled by methane at design operating points with the previous modeling
analyses are presented in Table 10. The former is compared with the research conducted by Zhao
et al. [12], and the latter is validated with experimental data presented by Rist et al. [13]. This

comparison underscores the study's accuracy, highlighted by minimal discrepancy.

Table 10-The validation of the proposed study and the work of Zhao et al. [12] and Rist et al. [13].

Technology Parameter Mean Absolute Error (%)
Voltage, V, (V) 7.62
Fuel Cell
Power output (Watt) 3.5
Fuel mass flow rate, mg,e (kg s™) 1.28
MGT (The first scenario) Electrical power, Wygr (KW) 1.08
Electrical efficiency, n¢; (%) 0.4

Figure 41 (a) and (b) illustrate the validation of single-cell power (Watt) and voltage (V) variations
based on current density (A cm), respectively. The figure demonstrates minor discrepancies
between the presented simulations and the study by Zhao et al. [12] for the PEM fuel cell modeling,

confirming the high precision of the results.
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Figure 41-Validation results of the present modeling and the conducted work [12] regarding single-cell (a) Power
output (b) Voltage against current density.
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Additionally, Figure 42 (a), (b), and (c) display the electrical power (kW), fuel mass flow rate (kg
s1), and electrical efficiency (%) versus shaft rotational speed (rpm) for both the numerical

simulation and the experimental work by Rist et al. [13].
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Figure 42-Validation results of the present numerical simulation and Rist's work [13] regarding (a) Electrical power
(b) fuel mass flow and (c) electrical efficiency against shaft rotational speed.

4.1.2 Comparison scenarios

In evaluating and comparing cogeneration technologies, it is essential to consider a range of
scenarios containing different technological, fuel, control, and operational conditions. This study
systematically analyzes these scenarios to provide a comprehensive understanding of the
performance and to support informed decision-making in selecting technology options for

cogeneration systems.
4.1.2.1 Technology scenario

The technological scenario includes assessing system functionality across various options,
specifically the proposed recuperated MGT and PEM fuel cell, aiming to determine the most
efficient cogeneration system technology at the same amount of burned fuel. Table 11 illustrates
a comparative assessment of MGT (GT333s model from FlexTurbine) and PEM fuel cell
performance at their design operational states that are specified in Table 5, and Table 4,
respectively. Considering specific parameters, the air consumption rates for the MGT (0.949 kg s

Y and PEM (0.89 kg s!) systems are determined when the same amount of H, (0.018 kg s!) is
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combusted. The data exhibits a notably higher power generation for a singular unit of PEM (1221.9
kW) compared to the MGT unit (627.11 kW). Furthermore, the compressor power consumption is
lower for the PEM fuel cell (114.78 kW) than the second technology option (293.44 kW).
Consequently, the net electrical power output from the MGT (333.67 kW) necessitates the
installation of one MGT unit to meet the electrical requirements of the mentioned case study.
Calculations based on Eq. (14) and (37) demonstrate electrical efficiencies of 41.34% for PEM
fuel cells and 37.13% for MGT. The higher electrical efficiency of the PEM fuel cell can be
attributed to its lower irreversible losses and higher operational efficiency of the electrochemical

reactions compared to the mechanical processes in the MGT.

The net heat energy (Qye¢) from the PEM fuel cell is derived from chemical energy (2677.60 kW),
decreased by sensible and latent heat losses (65.39 kW) and the PEM stack's power output. The
technological scenario proves that the PEM displays higher net heat energy (1390.5 kW),
contributing to an overall efficiency of 93.27%, significantly reducing thermal dissipation, and
surpassing the heating output (430.07 kW) and thermal efficiency (84.99%) compared to the MGT.
The MGT, with its low heat-to-power ratio (0.69) despite the same hydrogen combustion rate
(0.018 kg s), presents a clear limitation in this comparison. The PEM fuel cell demonstrates
superior overall efficiency primarily due to its direct conversion of chemical energy into electrical
energy through electrochemical reactions, thereby circumventing the inefficiencies associated with
combustion and mechanical energy conversion typical of MGTs. The high efficiency of the PEM
fuel cell is further enhanced by its low operational temperature, which significantly reduces
thermal dissipation and optimizes fuel utilization. In contrast, the MGT operates at higher
temperatures, leading to greater thermal losses and necessitating additional energy for air
compression, which diminishes its overall efficiency. Consequently, the PEM fuel cell emerges as
a more viable option for high-efficiency cogeneration systems.

Table 11-Comparative Performance Analysis of MGT and PEM Fuel Cells in Cogeneration Systems based on their
design operating points shown in Table 4 and Table 5.

Technology options
Parameter
Micro-gas turbine PEM fuel cell
Electrical power, W (kW) 627.11 1221.9
Consumed power of air compressor, Wcomp (kW) 293.44 114.78
Net Electrical power, Wygr (KW) 333.67 1107.12
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Heating output, Q (kW) 430.07 1390.5
Electrical efficiency, n (%) 37.13 41.34
Overall efficiency, 1 (%) 84.99 93.27
Consumed rate of air, ;. (kg s™1) 0.949 0.89

Mass flow rate of hydrogen, ry, (kgs™) 0.018 0.018

4.1.2.2 Fuel scenario

Evaluating different fuel types is essential to identify the optimal energy source for a cogeneration
system, considering its thermal output, electrical generation, and overall efficiency. This study
provides a detailed assessment of three distinct fuel scenarios under varying operational conditions
to evaluate the performance of the MGT. The analysis focuses on system performance under two
separate control strategies, specifically at a 40% part-load electrical production of the GT333s
model, to gain insights into the operational efficiency and adaptability of the system. At 100%
bypass valve position, the objective is to determine the most effective fuel that yields maximum
heat generation and efficiency. In the second condition, the system's operation is investigated by
keeping the same heating output for all fuels to find the percentage of the bypass valve that should
be opened to meet heating demands. The fuels considered are methane, hydrogen, and biogas,
which contains 60% CH4. Providing heating demands depends on several factors, including the
kinds of fuels, turbine shaft speed, compressor pressure ratio, and the position of the bypass valve.
Both scenarios are evaluated at specified off-design points, maintaining a pressure ratio of 4.3 and

a shaft speed of 53,000 rpm.

The results from 40% part-load electrical production indicate that at the initial operating condition,
the hydrogen-based gas turbine provides a substantial electricity output of 137.08 kW at an inlet
turbine temperature of 1610.84 K. However, the maximum quantity of biogas with 60% CH4
(0.049 kg s!) is combusted to provide less power (103.68 kW) at an inlet turbine temperature of
1440.43 K. When methane becomes the fuel source, power outputs of 118.76 kW are observed at
an inlet turbine temperature of 1564.94 K. Although hydrogen has a higher energy generation
potential due to its superior lower heating value (LHV), its electrical efficiency (14.28%) is slightly
lower than that of natural gas (15.51%). This difference arises because hydrogen's higher energy

content and lower volumetric energy density pose specific challenges in efficiently converting
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energy into useful work in micro-gas turbines (MGTs). Furthermore, MGTs originally designed
for natural gas may only partially adapt to hydrogen combustion due to its distinct thermophysical
and combustion characteristics, resulting in reduced overall energy conversion efficiency. The
combustion of biogas at its maximum rate (0.049 kg s!) yields the lowest electrical efficiency of
6.93%. The combustion of hydrogen facilitates elevated heat production (635.07 kW) with reduced
fuel consumption (0.009 kg s'compared to methane (591.8 kW and 0.019 kg s™'). However,
burning biogas in the proposed cogeneration system diminishes the heating output to 540.36 kW
under similar operational settings. Findings highlight that the micro-turbine system achieves peak
heating and electricity generation when fueled by hydrogen, concurrently demanding less fuel for
combustion. Moreover, the system attains its highest overall efficiency (80.42%) with H> while

operating at its lowest efficiency (43.07%) with biogas.

Under the secondary operational condition, when the cogeneration system is required to deliver
402.6 kW of thermal energy to meet the heating demand of the case study, the control system
adjusts the bypass valve positions to 60%, 56%, and 66% for CHa4, H>, and biogas, respectively.
Notably, it is discerned that alterations in the bypass valve positions exert minimal influence on
electrical outputs. However, a marked enhancement in electrical efficiency is observed, which
includes 29.99% for CH4, 38.59% for Hz, and 30.01% for biogas. This improvement is related to
the significant reduction in fuel consumption observed during the second operational condition.
According to the numerical simulation model depicted in Figure 37, the inlet temperature of the
combustion chamber is determined by the positioning of the bypass valve. Under these conditions,
a portion of the gas flow meets the heating requirements, while the remainder raises the inlet
combustion temperature above the initial setup, leading to a significant increase in the inlet turbine
temperature for all fuels. Table 12 demonstrates that under the condition of constant heating
output, the system achieves its maximum performance when the bypass valve is set at 56% and

the minimum quantity of hydrogen (0.006 kg s™') is combusted.

Table 12-Fuel scenario results for the recuperated MGT under two distinct control settings at a 40%-part load.

Types of fuels
Parameter Methane Hydrogen Biogas
First condition with 1=4.3, ®=53,000, B =100% for all fuels
Wyer (KW) 118.76 137.08 103.68
Qcup (kW) 591.8 635.07 540.36
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Net (%) 15.51 14.28 6.93

Noveran (%) 75.81 80.42 43.07
Tin.comb (K) 502.18 502.18 502.18
Tin,turb (K) 1564.94 1610.84 1440.43
Toutturb (K) 1279.29 1316.19 1177.56
Toutrec (K) 580.01 583.7 569.82

ger (kgs™) 0.019 0.009 0.049
Parameter Second condition with 1=4.3, ®=53,000
B (%) 60 56 66
Wyer (KW) 118.74 131.49 106.67
Qcup (KW) 402.64 402.64 402.64
Nthm (%) 66.99 60.56 34.02
Noveran (%) 87.14 80.35 43.03
Tin.comb (K) 823.03 873 755.65
Tin turb (K) 1586.91 1623.05 1480.96
Tyutturb (K) 1294.35 1322.96 1208.67
Tyutrec (K) 581.51 584.38 572.93
e (kg st) 0.014 0.006 0.038

The Effect of load on the overall efficiency

Figure 43 (a) shows the effect of the load on the overall efficiency of the systems for three different
fuels including hydrogen, methene and biogas. As is can be seen the overall trend of all three
figures are increasing by increasing the load percentage. The highest efficiency is for PEM fuel
cell with 100% full-load which is 93.27% (Figure 43 (a)) while the lowest efficiency is for biogas
in 40% part-load with 43.03% (Figure 43 (b)).
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Figure 43- Effect of the load on the overall efficiency for three fuels (a) hydrogen (b)methene (c) biogas

4.1.2.3 Control scenario

In this study, a heating control algorithm has been developed and designed based on the interaction
between the heat output (Qcyp) of the proposed CHP system, heating demands, bypass valve
positions, operational modes, including charging and discharging of the thermal storage tank, and
the standby mode or deactivation of the auxiliary boiler and PEM fuel cell as backup heat sources.
The algorithm is structured to respond dynamically to all operational scenarios outlined in Figure
39 and the heating control strategy illustrated in Figure 38. It effectively manages real-time
demand fluctuations observed in five residential buildings in Karlsruhe, Germany. The control
strategy aims to fulfill specific thermal requirements while enhancing the efficiency and
availability of the cogeneration system by effectively controlling energy consumption. The novelty
of this model lies in its flexibility and adaptability to different energy demands and MGT
configurations, enabling precise adjustments of system outputs to optimize performance across

diverse conditions and fuel types.
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The time-dependent heating demands of the case study are illustrated in Figure 44 (a). The
interaction between heat generated from the recuperated MGT and the buildings' heating demands
for all fuels is also indicated in Figure 44 (a). To ensure clarity, the interplay between temporal
analysis of the MGT heating performance when methane is utilized, and the buildings' energy
needs is plotted in Figure 44 (b). Specifically, the response of hydrogen-based MGT to urban
demands during the winter and fall seasons is shown in Figure 44 (c¢) and (d). The dynamic
analysis of the MGT heating performance reveals notable trends within the control scenario. As
illustrated in Figure 44 (c) and (d), during winter (1 to 2180 hours) and fall (6580 to 8760 hours),
the MGT coupled with the HRU effectively fulfills household heating requirements through
combusting hydrogen, with occasional reliance on storage strategies to address peak demands.
This performance is comparable to methane combustion in terms of efficiency. Subsequently,
methane emerges as the next viable option after hydrogen. However, biogas combustion during
these seasons presents limitations in meeting the CHP system's heating demands. Conversely,
during spring and summer, similar performance patterns are observed across all three fuel types,
revealing optimal system responsiveness to varying heating demands. This proficiency in meeting

household heating needs underscores the system's flexibility when utilizing diverse fuels.
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Figure 44- The response of the MGT to varying urban demands under the control scenario: (a) Comparison across
distinct fuels, (b) Performance with methane combustion, (¢) Temporal assessment of hydrogen-based MGT during
the winter season, and (d) Hydrogen-based MGT performance during the fall season.

Figure 45 (a), (b) and (c) developed from the scenario evaluations in Figure 39, illustrates the
accumulation and depletion of stored energy with seasonal variation, clarifying the interaction
between energy generation, utilization, and storage strategies for all fuel scenarios. The observed
fluctuations in the storage tank state (kWh) emphasize the co-generation system's response to
varying heating demands and fuel use. Additionally, the interaction of urban heating demands with
storage tank operations, including charging and discharging during hydrogen combustion in the

dual-axial swirler combustor, is depicted for the winter and fall seasons in Figure 45 (b) and (c),

respectively.
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Figure 45- Analysis of Storage and Heating Performance with Seasonal Variation: (a), (b) and (c) Temporal
variation in the state of the storage tank, illustrating charge and discharge profiles for three fuels; (d) Impact of
hydrogen combustion on storage strategies and MGT heating performance during the winter season under hydrogen
combustion; (e) A similar analysis for the fall season.

Assessing the 'System Availability Status' during the combustion of three different fuels across
various time intervals in the micro-gas turbine is shown in Figure 46 (a), which reveals valuable
operational patterns. The metric employs a binary representation, '0' denoting system availability
and 'l' indicating unavailability to respond to heating demands. According to the implemented
control strategy, the hydrogen-based system records just three instances of unavailability, as
specified in Figure 46 (b), which consistently facilitates its responsiveness to heating demands.
On the other hand, in the methane combustion scenario, the system status indicates 14 instances
of unavailability, which poses challenges and significantly affects the system's responsiveness to
heating demands. In biogas combustion, the higher frequency of the system's unavailability (109
instances) indicates prolonged periods during which the system is unable to respond promptly to
heating demands. This scenario highlights the operational interruptions among the fuel types and
helps detect functional limitations, resulting in informed strategies to enhance system reliability.
The percentage of the coverage of the demand on a whole year for hydrogen is 99.96% while this

value for methene and biogas are 99.83 and 98.73% respectively.
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Figure 46-Evaluation of system availability: (a) Comparison across three different fuel types; (b) Analysis using
hydrogen over various time intervals.

4.1.2.4 Operating scenario

The operational scenario is implemented to explore the interplay among the proposed technologies

concerning net power output, heating capacity, fuel efficiency, overall performance, and system
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control within future renewable energy frameworks. Key operating parameters, as shown in Table
13, are systematically adjusted along the beta line on the MGT's performance maps, including
component Efficiency (1), working parameter (WP), pressure ratio (), and shaft rotational speed
(o). This comprehensive exploration evaluates the behavior of the MGT coupled with the HRU
under off-design conditions. Table 14 presents the impact of key operating parameters on the CHP
system's functionality. The overall performance trends, detailed below, remain consistent across
the three distinct fuel types studied, though the specific values vary depending on the fuel utilized.
Based on the results obtained from the operational scenario mentioned in Table 14, it is evident
that increasing the rotational speed enhances the net power output of the CHP system, regardless
of the type of fuel employed. As described in the compressor map (Figure 31) by moving on the
axillary line, the rise of rotational speed (®) and pressure ratio significantly improves compressor
efficiency (Mcomp) and corrected mass flow rate (o). Based on Eq. (15), and Eq. (19) these
growths cause substantial increments in air flow rate (mg;.), and work consumption by the
compressor (Wcomp). The high value of fuel flow rate (my,e;) is also obtained accordingly based

on Eq. (22).

On the other hand, two main operational phenomena happen which make the turbine generates
more power. Based on Eq. (26), generated power is dependent on gas flow rate (hg,s), and the
inlet, and outlet turbine temperatures. According to the turbine map (Figure 33), when moving
along the beta line, the shaft rotation at the highest speed increases the working parameter (WP).
This increase leads to an improved corrected gas flow rate along the auxiliary line, as shown in
Figure 34, resulting in the highest value of mg,s. Moreover, adjusting the operational points along
the beta line in turbine maps allows the system to reach the optimal region where the highest values
of working parameter (WP) and turbine efficiency are achieved. This optimization leads to an
increase in both the inlet and outlet turbine gas temperatures. Consequently, the generated power
peaks at the maximum values of gas mass flow rate and turbine temperatures. The observed growth
in turbine power output surpasses the rise in compressor power consumption, signifying that higher
rotational speeds tend to substantially enhance the overall net power of the system. This
relationship underscores the critical impact of gradual increases in rotational speed on improving

overall system performance.
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Additionally, the observed fluctuations in the heat outputs depicted in Table 14 illustrate the
correlation among the bypass valve position (), charging and discharging of the storage tank, and
the operational states of the auxiliary boiler, both standby and active modes, to fulfill heating
needs. The valve position (a) is specified according to the heating control strategy, influencing its
distribution across hot water and space heating. The dynamic trend of the valve's distribution
adapts to the specific heating demands outlined by Eq. (38), enabling operators to switch the valve
between on and off modes in response to these requirements. Concurrently, a detailed analysis
investigates the various factors influencing PEM fuel cell performance, including cell count (Neen),
ambient temperature (Tamb), operational temperature (Trc), and the interaction of these operational
parameters. Table 15 provides an assessment of how each operational parameter impacts the
function of the PEM fuel cell, along with the range of values provided in Table 13. Initially,
variations in individual parameters are analyzed, followed by a comprehensive evaluation that
considers all factors simultaneously. The results from the operational scenario, particularly the
increase in generated heat and electricity due to the augmentation of cell numbers in the PEM fuel
cell stack, align with expectations based on electrochemical kinetics. Increasing the cell count in
PEM fuel cells leads to an enhanced reactive surface area, intensifying the electrochemical
reactions and increasing the number of catalytic sites, thereby augmenting the overall energy
output. This process is also associated with higher hydrogen consumption, a direct indicator of
increased electrochemical activity within the fuel cell system. These observations highlight the
positive correlation between cell count and system performance, demonstrating the potential for
scalability in PEM fuel cell stacks to improve energy output significantly. Such scalability is

essential for optimizing fuel cell technologies.

The conducted operational simulation signifies the sensitivity of the fuel cell's performance to
ambient temperature variations. Elevating the ambient temperature within the considered range
from 273.15 K to 303.15 K results in a noticeable rise in the fuel cell's overall efficiency, alongside
increased heat and electricity generation. Remarkably, despite the varying ambient temperatures,
the quantity of hydrogen consumption remains consistent, indicating a sustained reaction rate
within the fuel cell system. Based on evaluating the collective impact of critical parameters on
PEM fuel cell performance, the study reveals substantial increments in both generated heat and
electricity. The rise in hydrogen consumption is also attributed to intensified reaction rates

prompted by elevated temperatures and augmented cell counts. This increased activity within the
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fuel cell system requires more hydrogen to sustain the electrochemical reactions that produce
electricity and heat. However, the fuel cell exhibits robust stability in overall efficiency despite
these multivariate enhancements, indicating a noteworthy inherent resilience in its performance

under varied operating conditions.
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Table 13-Variability of key operating parameters across defined operating scenarios.

Technology Parameter item Ranges
Shaft rotational speed, ® (rpm) 30,000 < ® £ 65,000
Pressure ratio, « 2<m<8

MGT Working parameter, WP 5<WP<16
Turbine efficiency, Nurb (%) 71 < Neurb < 86
Compressor efficiency, Neomp (%) 65 < Neomp < 77
Number of Cell, Neen 500 < Neent <22000

PEM fuel cell Ambient temperature, Tamp (K) 273.15 < Tamp < 313.15
Operational temperature, Trc (°C) 30 <Trc <120

Table 14-Functional characteristics of the recuperated MGT coupled with HRU under the operational scenario.

® Wyer (kW) Qcup (KW) Mpye (kgs™) B (%) a (%)
(rpm) CH4 H:  Biogas CH4 H:  Biogas CH4 H:  Biogas CHs H: Biogas CHs H: Biogas
30,000 41.91 46.32 3849 32541 351.04 295.24 0.01 0.005 0.026 100 100 100 15.65 14.5 17.24
30,500 51.57 56.17 48.07 348.11 376.1 315.71 0.016 0.006 0.028 100 100 100 14.63 13.54 16.13
40,000 73.87  75.63 68.43 400.24 350.4 405.04 0.018 0.005 0.036 86 68 100 12.72 1453 12.57
45,000 101.97 109.71 92.04 277.95 220.61 341.89 0.01 0.004 0.033 40 26 58 1832 23.08 14.89
50,000 105.13 113.52  96.76 299.27 255.55 353.74 0.015 0.005 0.034 44 32 61 17.01 19.92 14.39
55,000 171.76  184.31 160.25 24098 257.02 243.39 0.014 0.006 0.03 0 0 0 21.13  19.81 20.92
60,000 304.94 333.67 279.58 397.36  430.07 400.55 0.018 0.008 0.049 0 0 0 12.81 11.84 12.71
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65,000 326.21 363.13 293.65 497.84 536.5 502.34 0.021 0.01  0.058 0 0 0 10.23 949 10.14

Table 15-Analyzing PEM fuel cell Performance under diverse operational conditions.

Operating parameters

Tamb (K) Neenn Trc (OC) Tamb, Ncell, and Trc
WNET QCHP ri‘1fuel - V.VNET QCHP ri‘lfuel - V.VNET QCHP ri’lfuel - V.VNET QCHP ri‘lfuel -
overall overall overall overall
(kW) kW)  (kgs™) (kW) kW) (kgs™) (kW) kW) (kgs™) (kW) kW) (kgs™)

1114.88 1344.42 0.02 91.85 42.58 53.48 0.001 93.27 1079.43 147297  0.02 95.32 41.82 54.88 0.001 93.9
1112.93 135591 0.02 922 85.16 106.95 0.001 93.27 1093.09 144931 0.02 94.95 84.54 108.83  0.001 93.88
111097 1367.4 0.02 92.56  340.63 427.81 0.006 9327 1102.87 1429.53  0.02 94.58 340.55 432.79  0.006 93.87
1109.01 1378.89 0.02 9292  596.11 748.66 0.01 93.27 1109.06 141336  0.02 94.2 598.24  754.85 0.01 93.85
1108.23 1383.48 0.02 93.06 851.58 1069.52 0.015 93.27 1111.56 1400.86  0.02 93.83 85595 107228 0.015 93.62
1107.05 1390.38 0.02 93.27 1107.05 1390.38 0.019 9327 1107.05 139038  0.02 93.27 1107.05 1390.38 0.019 93.27
1103.14 1413.36 0.02 93.98 136253 1711.23 0.023 93.27 1102.69 1389.74  0.02 93.08 135234 1738.73  0.023 93.8
1101.18 1424.85 0.02 94.34 1618 2032.09 0.028 9327 1087.73 1394.71  0.02 92.71 1581.18  2088.8  0.028 93.78

1099.22 143634  0.02 94.7 1873.48  2352.95 0.032 9327 1005.11 145734 0.02 91.96  1687.71 2544.04 0.032 93.39
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4.2 Environmental Analysis Results

4.2.1 NOx emission validation

Figure 47 presents a detailed comparative analysis of nitrogen oxides (NOx) emission predictions
from the combustion of methane, against empirical data referenced in [157] based on a range of
pilot fuel proportions (PFP%). The NOx emissions are normalized to a dry basis with 15% oxygen
content based on Eq. (35).

Pilot Fuel Proportion (PFP) is pivotal in studying combustion systems, signifying the fraction of
pilot fuel to the total fuel mixture. In these systems, pilot fuel, characteristically more ignitable
than the main fuel, plays a vital role in stabilizing the combustion process within the primary flame
zone. Adjusting the PFP is a control strategy to stabilize combustion and control flame distribution
within the combustion chamber. This regulation prevents blowout or inefficient burning and
significantly affects the flame's shape, location, and temperature profile, which, in turn, critically
influences the formation and emission of pollutants like nitrogen oxides (NOx) and carbon
monoxide (CO). In practice, the PFP is adjusted based on load conditions, fuel type, and standard
emission levels to maintain stable operation and compliance with environmental regulations.
Properly managing PFP is essential for reducing the environmental impact of combustion

processes while ensuring efficient energy conversion.

In this research study, the proposed NOx emission prediction approaches are the CFD simulation,
and ECRN model within Ansys Chemkin-Pro. The former models the combustor’s flow field using
the realizable k-¢ turbulence model, coupled with the Eddy Dissipation Concept (EDC) and a two-
step global reaction mechanism as outlined by Polifke. According to Figure 47, there are minor
variances between CFD-generated outcomes and the empirical data, so it proves that the CFD
methodology reliably estimates NOx emissions within the proposed combustor for all fuel
scenarios. Also, the algorithm implemented in Chemkin-Pro shows excellent agreement between
the predicted NOx concentrations and the experimental results for methane at 9% PFP. Given the

accuracy of the two proposed approaches in predicting NOx emissions for methane, it is concluded
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that the generated datasets significantly improve the ability to extrapolate or interpolate NOx

emissions across diverse operational conditions, as illustrated in Figure 47.
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Figure 47- Comparison of NOx pollutant level models with experimental results [157] in the context of methane
utilization at full load operating condition and diverse PFP.

4.2.2 CFD simulation results for various fuel scenarios
4.2.2.1 Temperature distribution

Figure 48 shows the temperature distribution across the central plane of the combustor for three
different fuel scenarios using all the design operating conditions listed in Table 5 and the
numerical results of the MGT model at 100% load and 9% pilot fuel proportion (PFP) specified in
Table 16. All fuel types exhibit a consistent temperature distribution pattern, highlighting two
distinct flame zones: a smaller, less intense pilot flame near the pilot cooling holes and a larger,
more intense primary flame closer to the liner. Hydrogen combustion, with its high diffusivity,
reaches the highest peak temperatures, leading to increased NOx emissions. On the other hand,
biogas demonstrates a more uniform temperature distribution with lower peak values at baseload

conditions because of the presence of CO», which absorbs heat and reduces combustion intensity,
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thereby lowering NOx emissions. Methane combustion reveals a balanced temperature profile,

with peak temperatures lower than hydrogen but higher than biogas.

Table 16- Numerical results of the MGT model for all fuels at full load, and 9% PFP.

Numerical results the MGT model Value
Air mass flow rate, i, (kg s') 0.949
Cooling and Dilution air mass flow rate (kg s') 0.474
Outlet pressure of compressor (kPa) 327.56
Inlet pressure of combustion chamber (kPa) 311.18
Inlet pressure of turbine (kPa) 295.62
Outlet temperature of compressor, T» (°C) 207.72
H, Biogas CH4
Fuel mass flow rate, e (kg s™) 0.008 0.048 0.018
Inlet temperature of combustion chamber, T3 (°C) 826.52 527.65 704.21
Inlet temperature of turbine, T4 (°C) 1409.47 1254.19 1373.33
Outlet temperature of turbine, Ts (°C) 1123.94 995.64 1095.29
Outlet temperature of recuperator, Ts (°C) 300.0 286.63 296.61
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Figure 48-Temperature distribution contours in the dual-axial swirler combustor at baseload, and 9% PFP. From top
to bottom: (a) Hydrogen, (b) Methane, (c) Biogas with 40% CO,.

4.2.2.2 Pollutant emissions (NOx) distribution

The distributions of NOx concentration levels from the combustion of hydrogen, biogas, and
methane within the dual-axial swirler combustor are observed in Figure 49. The findings align
with the results of Zong et al. [28], showing significant NOx production between primary and pilot

flames. Hydrogen combustion exhibits the highest NOx emissions, primarily due to the Zeldovich
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mechanism dominating thermal NOx formation at high temperatures. This mechanism involves
reactions between nitrogen (N2) and oxygen (O:) in high-temperature flame zones, thereby
increasing NOx formation. In contrast, CO> in biogas has a cooling effect that restricts the
formation of NOx. Methane combustion results in intermediate NOx emission levels compared to

those produced by other fuels.

Mole fraction of Pollutant no

I §.48e-04

6.79e-04
5.09e-04

3.3%e-04

1.70e-04

0.00e+00

(a)

Mole fraction of Pollutant no

l 1.26e-04

1.07e-04
7.46e-05

5.04e-05

247e-05

0.00e+00

0 0.2 (m)
)

(b)

122



Mole fraction of Pallutant na

I 2.28e-05

1.83e-05
1.38e-05

9.17e-08

4.58e-08

0.00e+00

1] 0.2 (1)
)

(©
Figure 49-Mole Fraction of NOx under different fuel types, including (a) Hydrogen, (b) Methane, and (c) Biogas.

4.2.2.3 Impact of PFP and fuel type on NOx emissions across operating loads

Figure 50 illustrates the changes in NOx emissions for three different fuel types across various
operating loads, as determined through the CFD simulation. The results reveal that decreasing
operational load leads to a reduction in NOx emission levels (normalized to a dry basis at 15% O»
[254]), a trend consistently observed for all three fuels studied in this research. At partial loads,
lower flame temperatures reduce thermal gradients, and because NOx formation is highly
temperature-dependent, the formation of thermal NOx is consequently diminished. According to
the NOx formation trends shown in Figure 50, higher combustion temperatures at full load result
in increased NOx concentrations. Additionally, turbulence and mixing in the combustion chamber
are generally less active at partial loads. Inadequate mixing can cause uneven combustion, with
some regions experiencing more fuel-rich conditions than others. This uneven combustion can
produce hot spots, which generate more NOx, and cooler regions, which lead to higher CO

production.

Also, based on the CFD simulation results indicated in Figure 50, it is evident that a reduction in
PFP causes a significant decline in NOx emissions regardless of the type of fuel employed. As the
PFP increases, the pilot flame often burns at a higher temperature due to the dense, rich mixture

and intense localized combustion. Higher flame temperatures accelerate the thermal NOx
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formation pathway, a mechanism by which atmospheric nitrogen (N>) and oxygen (O>) react under
high temperatures to generate NOx. The thermal NOx mechanism is highly sensitive to
temperature, so even small increases in flame temperature can lead to significant increases in NOx
emissions. Conversely, reducing the PFP can lower flame temperatures, thereby reducing NOx
emissions. Therefore, optimizing PFP is critical for balancing efficient combustion and minimizing

harmful emissions.

Specifically for methane and biogas at full load conditions, NOx emissions surpass the regulatory
limit of 25 ppmv when the PFP is above 13% and 18%, respectively. However, further reduction
in PFP brings NOx emissions below the specified threshold for these fuels. This trend is consistent
at partial loads of 70% and 50%, where a lower PFP effectively mitigates NOx emissions.
Although reducing PFP causes a declining trend in NOx emission, hydrogen fails to meet
regulatory thresholds across both design and off-design conditions, as illustrated in Figure 50 (a).
These findings signify that the highest flame temperature of hydrogen prevents NOx emissions

from staying within regulatory limits, even with minimized PFP at all operational loads.
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Figure 50-Effects of PFP on NOx emissions (ppmv @15% O,) at various operating loads based on CFD simulation
for three fuel scenarios: (a) Hydrogen, (b) Methane, and (c) Biogas.
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4.2.3 Effect of load on NOx emissions

Figure 51 shows the effect of the load on the NOx emission for three different fuels including
hydrogen, methane and biogas at 9% PFP. As it can be seen as the percentage of the load increases
the number of the emission increases in all cases. The highest increase can be seen in hydrogen
where the NOx emission incline from around 64.2 in part load to more than 150 ppmv in 100%
full load. Analysing the same scenarios for methane and biogas shows us although they follow the

same trend as hydrogen even at 100% part load they NOx emission is blow the threshold of 25

ppmv.
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Figure 51- The effect of the load on the NOx emission for three different fuels (a) hydrogen (b) methane (c)
biogas.
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4.2.4 ECRN model analysis of NOx emissions under off-design conditions

Table 17 displays the accuracy of the ECRN model in predicting NOx emissions under part-load
conditions, as validated by comparison with CFD simulation results. The analysis reveals that the
highest mean absolute error is 6.48% and the lowest is 1.64%, observed during the combustion of

biogas and methane at 50% load, respectively.

Table 17-ECRN versus CFD simulation: A detailed comparison for accurate NOx emission (ppmv) prediction.
Equivalent Chemical

Mean Absolute Error

CFD Simulation Reactor Network (ECRN)
(%)
Fuel Model
Operational Load Conditions

50% 70% 100% 50% 70% 100% 50%  70% 100%

Hydrogen 78.5 103.25 151.8 74.9 100.5 148.4 4.59 2.66 2.24
Methane 12.2 14.8 23.5 12 14.5 22 1.64  2.03 6.38
Biogas 10.8 13.1 18.5 11.5 12.7 17.7 6.48 3.05 4.32

A sensitivity analysis of NOx emissions formation is conducted using the CFD simulation under
off-design conditions, involving varying parameters such as ambient temperature, fuel
composition, and air-fuel ratio. For the parametric analysis, the airflow rate is fixed at 0.949 kg s°
! while the fuel flow rate is adjusted according to the type of fuel used to simulate different
equivalence ratio conditions. Figure 52 presents the relationship between NOx emissions and the
equivalence ratio (ER) for each fuel type studied. NOx formation is primarily affected by
combustion temperature, flame speed, and fuel characteristics. Hydrogen, with its high flame
speed and low ignition energy, tends to produce higher NOx emissions than methane and biogas,
particularly at elevated ERs, due to its notably higher adiabatic flame temperature. Methane,
characterized by moderate flame speed and ignition energy, yields NOx emissions that are
intermediate between those of hydrogen and biogas. Its adiabatic flame temperature, lower than
hydrogen's but higher than biogas's, results in balanced NOx production at similar ERs. Biogas,
with a significant CO; content, lowers turbine outlet temperature and reduces combustion

intensity. The inert CO2 acts as a diluent, decreasing combustion temperatures and slowing
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reaction kinetics. Consequently, under similar equivalence ratios, biogas combustion produces the

lowest NOx emissions among the fuels studied.
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Figure 52- Variation of NOx emissions (ppmv @15% O) versus equivalence ratio for three fuel scenarios.

Figure 53 demonstrates the variation of NOx emissions with ambient temperature for different
fuel types. At lower ambient temperatures, NOx emissions decrease due to reduced combustion
temperatures, which inhibit the oxidation of nitrogen in the air to form nitrogen oxides.
Conversely, these conditions tend to increase CO formation, as the lower temperatures may lead
to incomplete combustion. As ambient temperatures rise, NOx emissions increase, driven by
higher flame and combustion temperatures that facilitate the oxidation of atmospheric nitrogen
into NOx. At the highest ambient temperature of 33 °C, the peak NOx emissions are observed as
218.9 ppmv for hydrogen, 34.1 ppmv for methane, and 23 ppmv for biogas. This trend highlights
the sensitivity of NOx production to variations in combustion and flame temperatures across

different fuels.
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Figure 53-Impact of ambient temperature on NOx emissions (ppmv @15% O) for all presented fuels.

The impact of CO; fractions in biogas on NOx emissions trends is depicted in Figure 54. It is
evident that under the same CO: concentration, transitioning from lean to rich combustion
conditions causes a substantial rise in flame temperature, leading to increased NOx emissions.
Conversely, in all tested scenarios, an increase in the CO> content in the biogas mixture results in
a significant reduction in NOx emissions. This reduction is attributed to the crucial role of CO2
concentration in mitigating thermal NOx formation, providing a practical approach to minimize

pollution and enhance combustion efficiency.
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Figure 54-Influence of CO; concentration on NOx emissions (ppmv @15% O) in biogas combustion.

4.2.5 Mathematical and CFD-based CO prediction methodology

Accurate prediction of carbon monoxide (CO) emissions remains a significant challenge for gas
turbine designers, despite extensive efforts in the field. Previous studies have demonstrated that
the ECRN model often fails to precisely predict CO emissions in gas turbine combustors. Although
the ECRN method employs a comprehensive mechanism to capture chemical kinetics,
discrepancies arise due to the simplifications in the flow field representation, resulting in notable
differences between experimentally measured and modeled CO emissions. This paper addresses
this gap by applying two distinct approaches, including a mathematical model and the Eddy-

Dissipation combustion model for CO emission prediction for all utilized fuels.

Several mechanisms contribute to CO formation, including low burning rates due to suboptimal
equivalence ratios or insufficient residence times, incomplete fuel-oxidizer mixing, and the
development of localized low-temperature zones near cooling holes. In the current combustor
configuration, the recirculation zones enhance both mixing and residence time of the combusted
gases, thereby simplifying the problem by assuming that CO formation is predominantly

influenced by the cooling effects near these regions. To develop a framework for the prediction of
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CO emission, first, the adiabatic flame temperature for methane, hydrogen, and biogas, are
calculated mathematically. Then, the total CO emissions for these fuels under full load operation

are obtained and presented in Table 18 to quantify the emissions.

Additionally, a new methodology, integrating a CFD simulation and a temperature-based criterion,
is proposed to accurately predict CO emissions near cooling holes. In the present simulation, a
three-step mechanism developed by Polifke is employed near the combustor wall, while a simpler
two-step chemical mechanism is applied to the remaining areas within the combustor. This means
the regions near the cooling holes are treated differently from the rest of the combustor. This
differential treatment accounts for the distinct thermal and chemical dynamics near the cooling
holes compared to the bulk flow regions. The critical temperature (T¢pitica) 1S introduced as a
threshold to delineate regions where cooling effects dominate, potentially leading to incomplete

combustion and higher CO formation. The formula to define this threshold is:

Tonax — Teriti
max critical = 0.99

Tonax — Teootant (40)

The ratio that is set to 0.99 signifies a very high temperature (near T, of the burnt gases) where
cooling effects start to impact. This criterion ensures that in the regions where T<T,,jtical the effects
of cooling become dominant, and the combustion process might start to become less efficient,
leading to higher CO emissions. Therefore, the chemical reaction is treated with the three-step
mechanism developed by Polifke at regions with T<T_jtica1, While the two-step mechanism 1s used

at regions with T>T_ itical-
4.2.5.1 Validation and results of predictive models for CO emissions

The numerical model's predictions of CO emissions are validated against experimental
measurements from a swirl flame database [157], as depicted in Figure 55. The results
demonstrate a strong correlation between predicted and observed CO levels (ppmv @15% O»)
under baseload conditions with a 9% pilot fuel proportion (PFP). This high level of agreement can
be attributed to the implementation of a comprehensive kinetic mechanism and an accurate
turbulence model within the simulation. These advanced modeling techniques enable the effective

capture of intermediate combustion products, contributing to the precise prediction of CO
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formation in swirling flows. Also, the proposed mathematical methodology is developed by
applying all the design operating conditions listed in Table 5 and the numerical results of the MGT
model at 100% load and 9% pilot fuel proportion (PFP) specified in Table 16. Then, its accuracy
is validated against empirical data [157] when methane is combusted, confirming its precision and
reliability are the same as the applied CFD simulation method. Consequently, this predictive
approach is extended to evaluate CO emissions for hydrogen and biogas, with the results specified

in Table 18.

Also, Figure 55 provides a comparison between the measured CO emission levels at the burner
outlet for methane and predictions obtained using the two proposed methods under various
operating conditions. The aim is to assess the accuracy of the CFD simulation technique against
empirical data and to highlight the potential alignments between the mathematical model
predictions and observed outcomes under off-design conditions. As shown in Figure 55, the
overall trend of CO emissions concentration with two predictive methods is consistent with the
experimental data. As a result, these validated frameworks are subsequently extended to predict

CO emissions for biogas at various operating states.
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Figure 55- Comparative analysis of predicted vs. measured [157] CO emissions in the context of methane utilization
at full load operating condition and varied PFP.
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Figure 56 (a), and (b) demonstrate the CO emission distributions in the dual-axial swirler
combustor fueled by methane, and biogas at full load operation, respectively. The temperature
analysis (see Figure 48) reveals that the upper part of the flame is extinguished, leading to
unreacted fuel escaping from the combustor's reaction zone, resulting in incomplete combustion
and elevated CO emissions. The CFD simulation utilizing the three-step Polifke mechanism, as

shown in Figure 56, indicates significant CO production near the liner wall.

Reducing CO emissions is essential for improving combustion efficiency, which depends on
oxygen availability and the fuel's chemical properties. Hydrogen, a carbon-neutral fuel,
substantially reduces CO emissions due to its high flame velocity, low ignition energy, and
superior diffusivity, which promote efficient fuel oxidation. Additionally, hydrogen combustion

generates reactive radicals (H, O, OH), enhancing the conversion of CO to COo.

While the CFD simulation results do not report CO emission levels for hydrogen combustion, it is
evident that using hydrogen in the MGT significantly reduces CO emissions compared to methane
and biogas under various operating conditions. However, the mathematical model, that considers
some parameters (see Table 6), including fuel composition, C/H ratio, heat of dissociation,
calorific value, and air-fuel ratio, can predict CO emission levels across different combustion zones
for all fuel scenarios, as detailed in Table 18. Although hydrogen theoretically produces negligible
CO emissions due to the lack of carbon, practical scenarios may involve trace CO formation due
to impurities and organic compounds in the hydrogen or air supply. These low levels of pollutants
can be further reduced using pure hydrogen, and clean air, or catalytic converters to convert CO

to COa.
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Figure 56-Mole Fraction of CO emissions for (a) methane, and (b) biogas at the central plane of the combustor
operated at 100% load condition, and 9% PFP.

Table 18 provides accurate CO emission predictions from the proposed mathematical model at
design conditions, listed in Table 5, for two fuel scenarios. It also includes a comparative analysis

of two predictive approaches across different operating scenarios. The analytical approaches show
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that the highest mean absolute error is 13.48%, observed under the baseload condition for methane

combustion, while the lowest error of 2.4% occurs under partial load (70%) for biogas combustion.

Table 18-Comparative analysis of CO emission levels (ppmv @15% O3) for two fuel types under diverse load
conditions, and 9% PFP using two prediction methods.

CFD simulation Mathematical model Mean Absolute Error (%)
Fuel Operational Load Conditions
50% 70% 100% 50% 70%  100% 50% 70% 100%
Methane 540.9 212.68 8.9 519.7  206.3 10.1 3.92 3.0 13.48
Biogas 773.7 520 99.84 748.6 5325 952 3.24 24 4.65

4.2.5.2 Sensitivity analysis of CO emission characteristics using CFD

The impact of pilot fuel ratios on CO emissions is analyzed under varying load scenarios using the
CFD simulation for methane and biogas. As depicted in Figure 57, a notable increase in CO
emissions (measured in ppmv at 15% O2) occurs for both fuels as the power levels decrease, which
contrasts with the trend observed for NOx emissions. Specifically, at a 50% load and a 25% PFP,
CO emissions peak at 795.3 ppmv and 1049 ppmv for methane and biogas, respectively. At partial
loads, combustion chambers often do not achieve optimal conditions for complete combustion.
This suboptimal operation is primarily due to reduced fuel flow rates, resulting in lower flame
temperatures and incomplete combustion, thereby increasing carbon monoxide (CO) emissions.
Additionally, partial load conditions may necessitate a higher pilot fuel proportion (PFP) to
maintain flame stability. This adjustment results in locally fuel-rich regions within the pilot flame,
where the fuel concentration exceeds the available oxygen for complete combustion. While the
overall oxygen level in the combustion chamber remains unchanged, the localized fuel-rich
conditions lead to insufficient oxygen in those zones for complete combustion. Consequently, this
oxygen deficiency in the localized regions promotes incomplete combustion, further contributing

to elevated CO levels.

Conversely, the influence of PFP on CO emissions exhibits a similar pattern to that of NOx
emissions; decreasing the PFP consistently leads to a decline in CO emission concentrations. For

instance, when the engine operates at full load with methane, the combustor maintains CO
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emissions below the regulatory threshold of approximately 40 ppmv when the PFP is kept below
20%. However, this limit is not met under partial loads of 75% or 50%, primarily due to a leaner
fuel-air ratio in the reaction zone compared to the design conditions. While modifications in PFP
can alter fuel distribution locally, they do not sufficiently improve the overall fuel-air ratio,

hindering effective CO oxidation under these conditions.

When PFP is increased, a larger portion of the fuel is burned in the pilot flame, which typically
has a richer fuel-to-air mixture compared to the main combustion zone. This creates locally fuel-
rich conditions that may not have enough oxygen for complete combustion, leading to the
formation of CO due to incomplete oxidation of the fuel. The primary role of the pilot flame is to
stabilize the main flame, but an excessive PFP can disrupt this balance, causing uneven combustion
and poor mixing of air and fuel, which further increases CO emissions. The PFP is critical in
ensuring flame stability, particularly under varying operational conditions. However, increasing
the PFP beyond an optimal level can adversely affect flame dynamics, creating overly rich zones
near the pilot flame and resulting in less efficient combustion in the main flame zone. This can
lead to localized areas of incomplete combustion, further elevating CO emissions. Additionally,
the higher temperature and concentration of the pilot flame can increase NOx production due to
enhanced thermal NOx formation mechanisms. Thus, optimizing the PFP is crucial in combustion
design to balance flame stability and emission control. While a higher PFP can help maintain flame
stability and prevent blowout or instability at low loads or when using lower-quality fuels, it also
tends to increase CO and NOx emissions. Therefore, combustion engineers must carefully adjust

the PFP to ensure stable operation while minimizing emissions to meet regulatory limits.

In addition, Figure 57 (b) indicates that biogas fails to meet the compliance limit under different
load capacities because of the presence of CO; in methane, which poses critical challenges. CO»,
acting as an inert diluent, reduces flame stability and burning velocity, leading to a phenomenon
known as 'flame out' if the combustor fails to maintain adequate fuel supply. This effect lowers the
adiabatic flame temperature, hinders fuel oxidation, and inhibits CO-to-CO2 conversion, resulting

in higher CO emissions.
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Figure 57- Effect of PFP on CO emissions (ppmv @15% O>) at multiple power settings based on CFD simulation
for two fuels: (a) Methane, and (b) Biogas.

Effect of Load on CO emission
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Figure 58 illustrates the effect of the load on the CO emission for two different fuels including
methane and biogas. As it can be seen for both case scenarios the maximum amount of the emission
is released when the system works at the part load and as the percentage of the load increases the
amount of the emission decreases and reach its minimum at 100% full-load. Comparing these two
fuels gives us the insight that in all similar work load the CO emission of the biogas in more than
methane and this lays into two factors. First the existence of the CO» inside the biogas and second
its lower flame temperature. The same conclusion can be generated for the higher CO emission in
lower load percentage. Because when the percentage of the work is lower, we have lower flame

temperature and in causes the increase in CO emissions.
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Figure 58- The effect of the load on the CO emission for different fuels (a) methane (b) biogas

Figure 59 shows the impact of equivalence ratios (ER) on mitigating CO emission concentrations
during the combustion of biogas and methane in the MGT, as analyzed through CFD simulations.
According to the following scatter plot, methane generates lower CO emissions in comparison to
biogas, presenting a trend where CO emissions decrease to a minimum of 7.1 ppmv at an ER of
0.6, followed by a slight increase at higher ERs. For biogas, CO emissions reach a minimum of
about 98.4 ppmv at an ER of 0.8, thereafter experiencing rapid growth with increasing ERs. These
observations underscore the importance of fuel composition and ER in CO emission profiles,
emphasizing the advantage of hydrogen combustion, which inherently produces minimal CO

emissions due to its carbon-free nature.
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Figure 59-Variation of CO emissions ((ppmv @15% O) with ER for methane, and biogas.

Figure 60 illustrates the impact of varying CO> concentrations in biogas on CO emissions. At a
constant CO; level, CO emissions are minimized under lean combustion conditions. Specifically,
at the design condition with 40% CO., CO emissions reach 98.4 ppmv at an equivalence ratio (ER)
of 0.8 and then increase. Beyond this ER, a consistent trend is observed, with a relative rise in CO
emissions due to oxygen depletion and resulting incomplete combustion. Under lean and
stoichiometric conditions, CO emissions remain low and show minimal sensitivity to changes in
CO: content in the biogas. In contrast, under rich combustion scenarios, CO emissions increase
substantially, attributable to two main factors: first, CO; acts as a diluent, reducing flame speed
and temperature; second, there is decreased oxygen availability in the combustion zone at high

ER.
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Figure 60-Effect of CO: concentration on CO emissions (ppmv @15% O3) in biogas combustion.
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Chapter 5: Conclusion

Urban areas are experiencing increasing energy demands, which significantly contribute to the rise
in global emissions. Dependence on fossil fuels to satisfy this demand presents severe economic
and environmental threats due to the depletion of these finite resources and the pollutants they
emit. In response to these concerns, there is a growing shift towards integrating alternative and

renewable energy sources into cogeneration systems for urban energy generation.

This thesis contributes to identifying the most suitable small-scale cogeneration systems for urban
settings with varying energy demands. The study examines how renewable energy sources, notably
hydrogen and biogas, influence the efficiency of such cogeneration systems in contrast to
conventional methane-based fuels. This analysis underscores the importance of integrating
renewable fuels for sustainable urban energy solutions. Based on the comprehensive literature
review on a wide range of cogeneration technologies regarding their application, efficiency
priorities, power range, lifetime, and maintenance performance for renewable fuels, the two most
promising technology options for urban energy supply are selected for detailed analysis, including
a proton exchange membrane fuel cell (PEM fuel cell) and a recuperated micro-gas turbine (MGT).
The function and availability of proposed cogeneration systems under multiple scenarios,
including technology, control, fuel selection, and operational considerations, are modeled.
Additionally, their performance under off-design conditions, as well as various control strategies,

are comprehensively evaluated.

To model the proposed technologies, the governing mathematical equations, are implemented in
Fortran, a programming language, and thermodynamic data for the models are obtained through
the Engineering Equation Solver (EES). Detailed electrochemical and thermal models are
developed to simulate electricity and heat production from the PEM fuel cell. For the recuperated
MGT integrated with a heat recovery unit (HRU), a comprehensive numerical algorithm is
developed based on real maps and required assumptions. To achieve a converged steady-state
solution the Newton-Raphson (N-R) method is applied, also coded in Fortran. The focus of this
algorithm is to optimize heat recovery from exhaust gases and to find the best control strategy to
meet the required heating demand. The developed control strategy involves the precise adjustment

of the bypass valve position, which regulates the mass flow rate distribution between the heat
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recovery unit and the recuperator, where the preheating of the combustion inlet air improves the
system's overall efficiency. Additionally, to effectively meet the required heating demands, the
positioning of the bypass valve must be carefully coordinated with the charging and discharging
cycles of storage tanks, as well as the transition between standby and active modes of auxiliary
boilers. The model developed in this thesis can simulate various CHP gas turbine units operating
under both their designed and part-load conditions. For the simulation, the GT333s model from
FlexTurbine, which can provide 333 kW of nominal electrical power, is chosen to meet the

electrical and heating needs of five residential buildings in Karlsruhe, Germany.

Based on the technology scenario, the performance of the MGT and the PEM fuel cell is assessed
under their respective design conditions. The results show that a PEM fuel cell is a more attractive
option for high-efficiency cogeneration because it directly converts chemical energy into electrical
energy at a low operational temperature. This eliminates the inefficiencies associated with
combustion and mechanical energy conversion in the recuperated MGT. It also reduces thermal
dissipation and optimizes hydrogen utilization compared to MGT systems that operate at higher
temperatures. The developed model in this study is innovative in its practicality, as it can adjust
outputs based on different energy demands across various operational ranges. For the case study,
with specific data integrated into the model, the findings indicate that the net electrical power
output from the MGT (GT333s model by FlexTurbine), which generates 333.67 kW from
hydrogen combustion, necessitates the installation of a single MGT unit to meet the electrical

demands.

Assessing various renewable fuels in a MGT is essential to specify the effective fuel source for
this cogeneration system, considering its heating, electrical outputs, overall efficiency (both
electrical and thermal), and availability across diverse operational and control scenarios. During
partial load operations, particularly when the bypass valve is fully opened to accommodate peak
thermal demands, hydrogen emerges as the optimal fuel, enhancing both thermal and electrical
generation. Hydrogen combustion, noted for its high diffusivity, fast flame speed, and low ignition
energy, achieves the highest gas temperatures, contributing to improved system performance.
Secondly, methane combustion, with its stable combustion characteristics, favorable heat transfer
properties, and compatibility with turbine operation at lower power levels, demonstrates the

second most efficient efficiency. For example, in the proposed case study, when the turbine
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operates at 40% part-load with a 100 % bypass valve position, the hydrogen-based gas turbine
generates significant electrical and thermal outputs of 137.08 kW and 635.07 kW, respectively. In
comparison, the methane-fueled turbine produces 118.76 kW of electricity and 591.8 kW of
thermal energy, while the biogas-fueled turbine delivers 103.68 kW and 540.36 kW, respectively.
To supply 402.6 kW of heating for the described buildings, the bypass valve is adjusted to 60%
for methane, 56% for hydrogen, and 66% for biogas combustion to efficiently meet the required
thermal demands. These bypass valve positions result in overall system efficiencies of 75.14% for

CHa, 80.35% for H», and 43.03% for biogas.

During winter and fall, hydrogen combustion within the MGT demonstrates the highest efficiency
in meeting urban heating demands, achieving complete coverage without auxiliary boiler support.
Methane combustion is the next viable option, requiring auxiliary boiler operation for 43 hours to
supplement heating. In contrast, biogas combustion, due to its lower heating value, necessitates
the longest auxiliary heating duration, amounting to 230 hours. Additionally, the parametric
analysis shows that increasing rotational speed, pressure ratio, and working parameter enhances
gas flow rates and gas temperatures, which causes the generated power to peak at the maximum
values, regardless of the fuel type utilized. Moreover, the operating performance of the PEM fuel
cell is assessed under the sensitive analysis. The results indicate that increasing the cell count and
ambient temperature in PEM fuel cells leads to increased hydrogen consumption and enhanced
reactive surface area, intensifying the electrochemical reactions and increasing the number of

catalytic sites, thereby augmenting the overall efficiency and energy output.

Environmental considerations are critical in technological advancements, necessitating precise
prediction and control of fuel combustion pollutants. The validated results from MGT’s numerical
model are utilized to assess pollutant levels through advanced strategies and innovative
methodologies. Based on a comprehensive literature review and input from manufacturers, various
combustor designs for micro-gas turbines are compared to identify the most effective technology
for reducing emissions. A dual axial swirler combustor is selected because its design features
ensure a uniform temperature distribution across the combustion chamber, minimize localized hot
spots and significantly enhance fuel-air mixing. These characteristics contribute to improved
combustion efficiency and flame stability, even at partial loads, making this type of combustor

particularly effective in achieving low NOx and CO emissions. To analyze the combustion
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dynamics of the dual-axial swirler combustor focusing on the premixing, reacting, and dilution
zones, a numerical simulation is carried out in Ansys Fluent utilizing the Eddy Dissipation Concept
(EDC), and realizable k-¢ turbulence model, suitable for swirling flow regimes. The emission
characteristics of the proposed combustion chamber under distinct fuel and operational scenarios
are studied using three pollutant level models, including CFD simulations, an Equivalent Chemical

Reactor Network (ECRN) model in Ansys Chemkin-Pro, and the mathematical modeling.

To evaluate NOx emissions, a two-step global reaction mechanism, as developed by Politke, is
implemented within the CFD simulations. Additionally, NOx concentrations are quantified using
an ECRN model in CHEMKIN, which facilitates a deeper understanding of combustion
mechanisms by accurately calculating the production rates of chemical species within defined
computational cells. Furthermore, a comprehensive analysis of key species destruction pathways
is conducted in CHEMKIN, providing valuable insights into reaction dynamics that are difficult

to capture using conventional CFD models alone.

Combustion analysis of methane under the baseload condition and a 9% pilot fuel ratio reveals a
minor discrepancy between NOx emissions from the CFD (23.5 ppmv), ECRN model (22 ppmv),
and empirical data (22.5 ppmv). This alignment confirms the accuracy of NOx formation
predictions in swirling flows by the two proposed methods, validating their reliability in predicting
emissions from other fuels, across various operating conditions. The temperature, and NOx
emissions distribution from the CFD simulation reveal that hydrogen combustion, due to its high
diffusivity, and flame velocity, achieves peak temperatures around 2400 K, leading to the highest

NOx emissions compared to other fuel types.

Also, a parametric analysis is performed through the CFD simulation to assess the combustion
chamber’s performance for three fuel scenarios under various parameters, including power
settings, pilot fuel proportion (PFP), ambient temperature, equivalence ratio (ER), and CO»
concentration. The numerical simulation shows a similar decrement pattern for NOx and CO
emission levels by decreasing the PFP under different load capacities, irrespective of the fuel type
utilized. However, pollutant levels have different behaviors under varying load scenarios. Under
parametric analysis, the findings reveal that NOx emission levels from the combustion of methane

and biogas comply with the regulatory limit (25 ppmv) at partial loads. However, under the base
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load, the emission levels meet the regularity threshold when the PFP is below 13% and 18% for
methane and biogas, respectively. Moreover, hydrogen fails to meet the emission limit at any
operational loads because of the highest flame temperature, the highest flame velocity, and the
lowest ignition energy demand of hydrogen, even with a minimized PFP. Notably, in two distinct
control scenarios, including the enriched combustion (ER=1.2) and the highest ambient
temperature (33°C), peak NOx emissions are observed during hydrogen combustion, while

methane and biogas yield moderate and the lowest NOx concentrations, respectively.

Since an accurate prediction of carbon monoxide (CO) emissions remains a significant challenge
for combustion designers, and due to the limitations of the ECRN methodology in predicting CO
emissions, a three-step chemical mechanism developed by Politke in the CFD simulation and a
mathematical model are applied in this thesis to accurately predict CO emissions. The
mathematical model simplifies the complexities of CO formation, making it more accessible for
combustion engineers who require quick and practical estimates of attainable emission levels

based on available design parameters.

The comparative analysis of CFD simulations (8.9 ppmv) and mathematical modeling (10.1 ppmv)
for CO emission predictions, normalized to a dry basis with 15% oxygen content, demonstrates
excellent agreement with experimental data (7.5 ppmv) from a swirl flame database in the context
of methane combustion under design conditions. The CFD simulations also indicate that biogas
fails to meet the CO emission limit (40 ppmv) across all operating conditions. This is primarily
due to the dilution effect of CO; in biogas, which reduces the efficiency of the fuel-air mixture by
not actively participating in the combustion process. As a result, combustion becomes even less

efficient under partial load conditions and complicates emission control strategies.

The parametric analysis, conducted using CFD simulations, reveals that under 50% engine load
and 25% PFP, CO emissions for both biogas and methane reach their peak values. This behavior
is driven by suboptimal combustion conditions at partial loads, where reduced fuel flow rates lead
to leaner fuel-air mixtures in the combustion zone. As a result, flame temperatures drop below
optimal levels, causing incomplete combustion and elevated CO emissions. At the same PFP, the
analysis confirms that as the engine transitions from baseload to partial load, CO emissions

increase, while NOx emissions follow the opposite pattern. This inverse relationship is a direct
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consequence of the combustion process: at higher temperatures, typical of full-load conditions,
thermal NOx formation is dominant, while lower temperatures at partial loads hinder complete
fuel oxidation, leading to increased CO production. Although PFP is critical for maintaining flame
stability, especially under varying operational conditions, increasing PFP beyond its optimal range
can negatively impact flame dynamics. Excessive PFP can create fuel-rich zones near the pilot
flame, leading to less efficient combustion in the main flame zone. This results in localized regions
of incomplete combustion, further elevating CO emissions. At the stoichiometric ratio, the CO
emission concentrations from burning biogas are increased by the increment of CO> concentration

from 20% to 60%.
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Chapter 6: Future work

This thesis has offered significant insights into compact-size technology options by conducting a
comprehensive analysis of their functions, availability, control strategies, and operational patterns.
Additionally, it has provided a comparative assessment of pollutant emissions from the swirler
micro-gas turbine combustor across three different fuel scenarios, utilizing distinct predictive
methods. However, there are several promising directions for future research and development.

Below are some potential areas for further investigation.

Working on BPP, and cooling stacks: It is crucial to focus on future research for developing
Bipolar Plates (BPPs) and cooling stacks to enhance the overall efficiency and longevity of PEM
fuel cells. Bipolar plates are essential components that separate individual cells and guide the flow
of reaction gases for the fuel cell stack while providing mechanical support. They are classified
based on materials into non-metals, metals, and composites. BPPs have essential functions such
as electrical conduction, gas distribution, gas sealing, and thermal management. Advanced
materials and innovative designs in BPPs can significantly reduce weight, cost, and corrosion
issues while improving electrical conductivity and mechanical strength. Optimizing the cooling
stack 1s equally essential as it directly impacts the thermal management of the fuel cell, which is
vital for maintaining performance and preventing degradation. Therefore, a strong focus on BPP
and cooling stack advancements will benefit the industry by reducing manufacturing costs,
improving fuel cell performance, and enhancing durability, making PEM fuel cells more viable

for widespread adoption.

Multi-objective Optimization: Future research on recuperated MGTs should focus on multi-
objective optimization frameworks to balance minimizing emissions and maximizing system
performance. This approach requires a comprehensive evaluation of various parameters, including
pilot fuel proportion (PFP), combustion chamber design, operating conditions, and control
strategies. Optimizing the PFP can help stabilize the flame and reduce NOx emissions without
compromising combustion efficiency. Additionally, adjusting design parameters like swirler
geometry and cooling strategies can enhance mixing and temperature control, thereby decreasing
pollutant formation. Identifying optimal operational conditions involves modifying variables such

as recuperator efficiency, working parameters, and component efficiency. These modifications are
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vital to optimizing the turbine inlet temperature, air-to-fuel ratio, and other crucial factors, thus
enhancing the overall system efficiency while concurrently reducing CO> and NOx emissions.
Moreover, applying advanced control mechanisms, including Model Predictive Control (MPC)
and adaptive algorithms, enables dynamic adjustment of the MGT's functioning to ensure superior
performance across a diverse range of loads and fuel types. By integrating these optimization
strategies, researchers and engineers can develop advanced MGT systems that meet environmental

regulations and contribute to sustainable energy solutions.

Life cycle assessment (LCA): Conducting a comprehensive Life Cycle Assessment (LCA) of
PEM fuel cells and recuperated micro-gas turbine (MGT) systems is essential for evaluating their
environmental impacts across all life cycle stages, from raw material extraction to disposal. LCA
provides a detailed analysis of where CO; emissions and other ecological impacts occur, enabling
the identification of critical areas for improvement to enhance the overall sustainability of these
technologies. Among the various LCA methodologies, Consequential LCA (cLCA) is particularly
relevant for assessing the broader environmental effects of changes in product systems, such as
fluctuations in demand or shifts in production processes. By considering market responses and the
potential shifts in production or consumption patterns, cLCA offers insights into the long-term
environmental consequences of adopting these technologies. This future work is crucial for
industry stakeholders and policymakers, as it supports the development of greener technologies

and aids in compliance with increasingly stringent environmental regulations.

Combustion Design and Characteristics: Modifying current combustion chamber designs to
optimize hydrogen combustion is a critical area of future research, particularly for reducing NOx
emissions to comply with regulatory limits. Although hydrogen is a clean fuel that significantly
reduces carbon emissions, its combustion at high temperatures results in the formation of NOx, a
harmful pollutant. To mitigate NOx production while maintaining high combustion efficiency,
innovative combustion chamber designs are needed. Key strategies include lean premixed
combustion to lower flame temperatures, the use of cooling holes and angled injectors for effective
cooling and fuel mixing, swirler modifications to enhance fuel-air mixing, flame stabilization
techniques to maintain stable combustion under lean conditions, micro-mixing injectors for precise
control of fuel distribution, advanced cooling methods like film cooling, and burner head

modifications for optimal flame control. These advancements are essential for developing low-
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emission hydrogen combustion technologies that align with environmental regulations and support

a sustainable energy future.
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