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Abstract: Production changes enabled by Industry 4.0 (I4.0) allow industries to respond to
customer needs in a much more precise and agile manner. It also permits companies to focus
on the development of sustainable and more efficient solutions. The energy sector is still
lacking progress in this context, however, and the implementation of I4.0 and modularity
could help to solve such issues. The present research study contributes to addressing the
research gap in I4.0 implementation in the Gas Turbine (GT) sector by developing a design
application for modular GT configuration. The main objective of the developed modular
design application (MDA) is to facilitate the relationship between customer and engineer
by providing an accessible application (program), including pre-designed heat cycles
(HCs), that proposes optimized modular solutions, according to customer requirements,
using simulation. Indeed, this study presents the functioning of the novel application, the
different deployed components and their variables, such as the compressor efficiency, heat
exchangers, or turbine stages, and the decision variable, e.g., the costs of generated energy.
Simulations and comparisons using reported HCs in the literature have been performed to
validate the accuracy of the simulation processes. Finally, a study case is presented, placing
the MDA in an industrial context to illustrate its benefits and to provide solutions for GT
modularity. It is concluded that the developed MDA correctly simulates HCs and enables a
first step towards modular HC design. Indeed, the proposed MDA architecture allows for
continuous improvement and expansion, e.g., by the addition of HC-related components
or the integration of different entry variables, such as the company’s financial scope, world
location, desired power, and available components.

Keywords: modular design application; gas turbines; optimization; simulation; Industry 4.0;
heat cycles

1. Introduction
In today’s rapidly evolving industrial landscape, driven by the advent of Industry

4.0 (I4.0), companies face the challenge of meeting increasingly personalized customer
requirements while remaining competitive and considering new challenges, such as global
warming and ethically responsible production [1]. I4.0 is also referred to as the fourth
industrial revolution. This term first occurred in 2011 in an article published by the German
government [2] to rejuvenate the manufacturing industry sector. I4.0 is characterized by
a blurring of the boundaries between physical products and/or systems and their digital
representations and environment [3]. It represents the convergence of digital technologies,
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automation, and data-driven decision-making. I4.0 emphasizes the integration of cyber-
physical systems, the Internet of Things (IoT), big data analytics, and artificial intelligence
to enable smarter and more efficient industrial processes [3,4] and drive novel approaches
for smart, sustainable manufacturing methods [5].

Product modularity, existing before the introduction of I4.0, is among the fundamental
principles of I4.0 manufacturing systems, as I4.0 technologies allow for an effective adoption
of modular product manufacturing [6]. Modularity enables more flexible products that
can be tailored per individual client-specific needs, as they can choose the major design
for most of the product components. The concept of modularity involves breaking down
complex systems into modular components that can be easily interchanged, upgraded, and
reconfigured. This modular approach enables businesses to respond quickly and effectively
to changing customer demands, market trends, and technological advancements [7,8] and
is promising for achieving more sustainable manufacturing, as well [9,10].

In extreme cases, by pushing modularity to its limits, Mass Personalization Production
(MPP) can be achieved [11]. Such an MPP paradigm implies a high customer involvement,
medium unit costs, and aims at a market of batch-size one (i.e., unique products) [3].
Indeed, MPP addresses most of the customer’s requirements [12] while avoiding wasted
parts or over-specified products.

Implementing I4.0 and its related technologies is starting in some industries, such as
the automotive industry [13,14]. Indeed, the automotive industry finds itself within the
mass production paradigm, including many parts that can be modified without altering
the integrity or performance of a product. However, in most industries, and in particular in
small and medium-sized enterprises [15], such I4.0 implementation is more challenging [16].
In some industrial sectors, e.g., energy production, there are few margins for product
modifications. Here, components are purely functional and not concerned with aesthetics,
i.e., their design is optimized for optimal operation only. Combined with low production
volumes and demanding customers, I4.0 implementation is a significant challenge for the
energy supply equipment sector, being very sensitive to data safety. Hence, implementation
of IT infrastructure must be scrupulously supervised [17]. Therefore, research on novel
approaches is needed to address this challenge. Moreover, its contribution will be vital
to change in key industrial sectors, such as energy production. In the current situation
of global climate change, the energy sector is among the most crucial industrial sectors
requiring the acceleration of a significant change [18].

In fact, climate change is undeniably the biggest challenge the world is currently
facing, affecting human sustainability on earth [19,20]. Global net anthropogenic (GHGs)
emissions, including a 75% share of CO2 [21], are its main driver [22]. Together with an
ever-increasing demand for energy [19,21], and knowing that the energy sector represents
73.2% of the total global GHGs emissions [23], action and innovation in sustainability are
needed in this sector.

In addition, the pollution of affiliate sectors needs to be addressed as soon as possible.
These include coal and gas- and oil-fired power plants. The integration of I4.0 could lead to
a significant reduction in carbon emissions by improving the performance and efficiency
of these power plants [24]. To begin with such implementation, smaller sub-sectors could
be considered, for instance, sectors with on-site production. A well-suited sector for a
preliminary modular implementation case study in the field of energy production could
be the Gas Turbine (GT) sector. Undeniably, GTs must respond to the new customized
manufacturing paradigm challenges, as customers want GTs more optimized to their
business’ individual requirements, adapted to their needs, and responding to climate
changes and decarbonization measures. Moreover, the reuse of old components in a new
GT system could be of interest to improve the life cycle of components.
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Heat cycles (HCs) in GT applications include many complex components [25], but their
functioning principle is well-known and can be adapted for a wide range of applications
and needs. Indeed, two main HC types are commonly used: (1) the Brayton cycle, which is
composed of four operations [26], and (2) the Rankine cycle [27].

For the Brayton cycle (1), in the first step, the working fluid, a single phase-gas, is
compressed at a certain Pressure Ratio (PR). This medium is then heated to a Flaming
Temperature (FT), defined by the maximum combustion temperature reached inside the
HCs. The heating process can be realized in multiple ways, e.g., by combustion with a fuel
like methane or hydrogen, or by heat exchange utilizing solar heated water or an external
burner. Then, in the third step, the fluid medium is expanded in a turbine, which produces
electricity and subsequently powers the compressor. Finally, as most of Brayton cycles
are open process cycles, the exhaust is released directly into the atmosphere [25]. Brayton
cycle-based architectures are flexible and modular, which allows them to be designed in
different ways. Such architectures include a combination of compressors, turbines, and
heat exchangers to reduce fuel consumption or via the addition of external components,
e.g., solar panels, external heaters, and oxidizers. The output fluid can be reinjected into a
heat exchanger located just before the thermal addition to reduce heat loss, hence increasing
the cycle thermal efficiency (TE), resulting in regenerative cycles.

The Rankine cycle (2) is based on a phase change from liquid to steam. The working
fluid, e.g., water or organic fluid, is compressed with a pump, then externally heated to
change its phase, followed by reaching a maximum temperature. In the next step, it enters
a turbine to produces energy. Contrary to the Brayton cycle, the Rankine cycle is commonly
a closed process cycle. Therefore, the working fluid must pass through a condenser to
return to the liquid phase and to its initial temperature and pressure [28].

Combined cycles constituted by the combination of Brayton and Rankine cycles are
also commonly used cycles [29]. Here, the exhaust excess heat from the Brayton cycle is
reinjected into the Rankine heater, allowing an increase in thermal efficiency of almost
10%. However, these cycles have the disadvantage of having a rather large footprint, hence
requiring more space at a given location.

HCs are, by their nature, solutions where modularity holds promising potential as
components are independent and performance can be optimal for multiple configurations.
However, the GT power sector is not in need of mass production, as the overall number
of customers is limited, each having specific requirements that impact the functioning of
the product. Hence, implementing modularity without drastically increasing the cost of
functioning is a significant challenge and needs to be further investigated by academic and
industrial research. Therefore, when adding modularity to HC design, cost optimization is
among the most important parameters to consider [30].

Indeed, GT-based power plants are located in many different geographical locations,
with wide variations in ambient conditions and environments, which can greatly affect
their performances [31]. The available space, technologies, resources, and required power
are just a few of the many variables that make a GT client’s request unique. Thus, in-
tegrating modularity into the HC design process has strong potential to simultaneously
meet a customer’s requirement while also reducing cost for each unique solution [32].
Nevertheless, including modularity into HC design introduces some issues for the HCs’
performances. Indeed, as these specifically designed HC solutions have matured over many
years, decomposing an optimized system into modularizable components will inevitably
result in HC performance losses. As such, a novel modular design system will be needed
to optimize the components’ assembly to compensate for these losses. [33,34]

The industrial GT sector is starting attempts to implement modularity in their GT
developments. Some businesses have sought to modify the HCs by adding external
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components, such as a solar heater [35], a novel fluid medium, e.g., helium [36], or by
adding solid fuel cells and oxidizers [37]. Others have striven to implement tools to simplify
the design [38] or the performance optimization [39]. However, integrated designs with full-
scale modularity are not found within the energy industry, whether considering classical
HC hardware components or novel cycle designs. So far, in-depth studies on full-scale
modularity developments are mostly present in the automotive sector [12,13].

As illustrated in Table 1, existing research articles address topics that are connected to
the main subject of this research study. The literature reports discussions on various topics,
such as modularity design and optimization. However, global solutions suitable for HC
design in the paradigm of I4.0 and modular design are not yet proposed. Even though
scientific and industrial research work exists in the automotive sector, a clear research gap
on the comprehensive implementation of modularity in the GT sector can be identified.
Hence, the objective of this research study is to contribute to addressing this gap.

Table 1. Comparison of the modular design and/or GT elements addressed in the literature compared to
the present research study. The elements addressed in each study are marked with a green check mark.

Article Date One Component/
Cycle Modularity

Global
Modularity Design Optimization Use of External

Components
Gas

Turbine

[40] 1995
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standard type of HC, including a helium reactor, and Mueller [37] deploys an atypical
oxidizer cell controller, hence reducing the relevance for the industrial adoption of modu-
lar HC approaches. Other research work [38] focuses on creating a component database
for HCs. This is certainly a first step towards accessible information for HC modular-
ity; however, it does not propose to use this database on a larger scale for HC modular
design. Camporeale et al. [39], on the other hand, present an interesting simulation and
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optimization code relevant to any kind of GT-powered plant. Its global approach is perti-
nent to modularity integration, but it lacks strategies to design efficient HCs. The work by
Liu et al. [13] aims to develop such strategies by creating an optimization method for indus-
trial component design. However, this study is limited to the automotive sector, and more
precisely to only one automobile model, hence lacking multi-system design functionality.
Similar studies in the automotive sector are proposed by Cabigiosu et al. [14], presenting the
integration of external components in modular design approaches. In summary, research
is ongoing and emerging in the field of modularity for industrial manufacturing and HC
design, e.g., by adding external components, creating global optimization programs, or
building databases. However, none of the reported studies in the literature are propos-
ing comprehensive and integrative solutions needed to introduce modular design in the
GT industry.

Hence, the present research study is a pioneering work integrating modularity in the
full design space for typical GTs as used in the energy industry, hence contributing to the
adoption of modular design in GT development.

This research work presents the implementation of modularity in the GT sector by
the creation of a novel Modular Design Application (MDA) composed of an accessible HC
design tool, where most common HCs, including all needed components, can be created,
optimized, and stored in a database. The MDA provides an intuitive comparison of multiple
heat cycles based on the customer requirements, such as power output, used components
and their parameters, or financial scope. This comparison guides the customer’s HC
design by providing the best cycles according to its requirements. The MDA can be
adapted to integrate customer-specific components, providing an even more accurate
analysis. It should be noted that this application does not intend to provide a final, fully
optimized and built cycle but serves as a guideline for cycle selection based on optimized
cost and performance.

In this study, the functioning of the developed application (program) and its principal
design and decision parameters will be presented and discussed. Preliminary test runs,
based on HC data from the literature [29,38,39,43,44], have been deployed to validate the
developed application. Finally, a case study was conducted to illustrate the functioning
and practical use of the application and to reveal its added value for HC design.

2. Methodology
In order to achieve the research study’s objective to develop a Modular Design Appli-

cation (MDA) for specific HC design, the developed methodology is described in Section 2.
In the framework of this study, based on typical industrial usage [45], the MDA needs

to comply with several requirements, e.g., it needs to be able to:

• Handle the design of different HCs, such as Brayton, Rankine, combined cycles, or
solar heating cycles, while allowing for the design of non-standard cycles;

• Include a wide variation of input parameters, such as fuel type, ambient temperatures,
and temperature limits, among others, described in Section 2.2 (Table 2);

• Optimize multiple HC parameters, such as Fixed Power (FP), varying PRs, and opti-
mum efficiency;

• Compare different HC configurations and extract the best cycles for a given set of
input parameters;

• Display an easy access to cycles in order to facilitate their modifications.

The selected software for the simulation of the HCs was Aspen HYSYS V10, a process
simulation software developed by AspenTech [46], which offers several advantageous at-
tributes. These include its accessibility, well-documented nature, and capacity for seamless
integration with other software applications. The intended MDA demands the incorpo-
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ration of an additional software solution, proficient in interfacing with Aspen HYSYS,
providing a user-friendly visual interface, and facilitating the storage of cycles and asso-
ciated results. Within this context, MS Excel emerged as the preferred software [47]. Its
merits for this purpose are notable, as it exhibits seamless connectivity with Aspen HYSYS,
offers a spreadsheet-based interface that enhances the visualization of cycles and associated
parameters, and streamlines the storage of data in distinct and easily reconfigurable sheets,
hence facilitating accessibility and data modification as required.

The MDA is modeled under the following commonly adopted assumptions for HC
design [45]:

• The system is at steady state;
• Pressure and temperature losses in pipelines are ignored;
• Gas is considered non-ideal;
• The Peng–Robinson model [48] is used for calculations.

As proposed by the work of Trawinski [48], the Peng–Robinson model is appropriate
for the simulation of combustion and HCs and is ideally suited for HC simulations. Indeed,
the Peng–Robinson equation [48] (Equation (1)) necessitates specific fluid characteristics to
accurately compute thermodynamic data. Such information is predetermined in Aspen
HYSYS. Steady-state is the most common mode for HC calculations [49], and it also is
the primary solving mode in Aspen HYSYS. The Peng–Robinson Equation (1) can be
formulated as follows: (

p +
αa

Vm
2 + 2bVm − b2

)
(Vm − b) = BT (1)

where p represents the pressure, T is the temperature of the medium, Vm is the molar
volume of the medium, B is the universal molar gas constant (8.314 J·K−1·mol−1), a denotes
the correction constant for molecular interactions (cohesive pressure), b presents the correc-
tion constant for the volume of molecules (co-volume), and α is the correction coefficient
for the acentric factor of molecules.

In the actual state of the MDA development, for the sake of simplification and gen-
eralization of the design tool, piping design simulations were not implemented and are
beyond the scope of this study. Consequently, the minor pressure and temperature drops
typically encountered in real-world scenarios are not yet factored into the calculations.

2.1. Modular Design Application (MDA) Principles

HC systems can be sub-divided into components, each providing a specific task to
the overall energy creation process. Compressors compress the air to a certain PR, heat
exchangers capture the waste energy from the turbine output to reintegrate it into the
system (i.e., combustion chamber) through the mixture and combustion of air and fuel,
raising the temperature to the FT, and finally, turbines allow for the expansion of the created
gas, generating a rotational motion that allows a generator to produce electricity. Therefore,
as illustrated in Figure 1, the HCs can be divided into individual components, or modules,
where each module has one or multiple inputs and outputs, e.g., as illustrated for the heat
exchanger. Each connecting stream, represented by arrows in Figure 1, is defined by its
pressure (p), temperature (T), mass flow (

.
m), and composition.

The MDA follows this fundamental system to design the modular HCs. As illustrated
in Figure 2, the MDA can handle and store two types of objects: modules and HCs. The
modules include compressors, turbines, or combustion chambers. Each module can be
parametrized independently, e.g., the number of stages, the PR, or the efficiency of the
compressor can be configured automatically by the MDA. Each used module has its proper
configuration. The second object type includes the HCs. These cycles are composed of
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blank modules, e.g., a standard Brayton cycle consists of a non-configured compressor,
turbine, and combustion chamber. The MDA, when designing a cycle, then associates
user-configured modules with HC objects.
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Each component is configured in Visual Basic for Applications (VBAs) as an object
with its proper characteristics. As Aspen HYSYS processes in a similar way, after the config-
uration of each component object and their stream connection in Excel, this is transferred to
HYSYS. Then, the cycle is created and simulated, and the results are extracted to the same
VBA object that supports the configuration of the cycle.

The developed MDA has two modes of operation that are interconnected, and their
functioning is summarized in a schematic overview illustrated in Figure 3.

Fluids 2025, 10, x FOR PEER REVIEW 9 of 26 
 

 

Figure 3. A schematic overview of the GT Modular Design Application (MDA) functioning, includ-
ing two branches for the two modes of operation. The first branch (“Design One Cycle”) results in 
a database that subsequently feeds the second branch (‘Find Optimum Working Cycle”). 

A second function of the MDA is the comparison of multiple cycles to find the opti-
mum point of functioning (2). A database of HCs was created, e.g., Brayton cycles, multi-
stage compressors, energy regeneration cycles, or solar heating. So far, almost 20 different 
cycles are available in the developed MDA. 

First, the user must define the global specifications of the cycle (see Figure 3(2.a)). 
Next, the selected cycles for comparison (Figure 3(2.b)) are opened in different Excel 
sheets and updated to meet the global specifications. Then, the simulation of each cycle 
can be run for different PRs (Figure 3(2.c)). The HC creation and optimization in Aspen 
HYSYS is similar to the “Design One Cycle” (1) mode. After extraction of each cycle’s 
results, the optimum functioning point and cost of the cycle are calculated (Figure 3(2.d)). 
Once all cycles have been created and all optimum points found, the results are compared, 
and the solution that best accommodates the clients’ requirements is selected (see Figure 
3(2.e)). Subsequently, the user is granted access to the best-performing cycle from the 
“Find Optimum Point” (2) mode. Here, the cycle can be modified as desired within the 
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database that subsequently feeds the second branch (‘Find Optimum Working Cycle”).

The primary functionality of the MDA is the design of HCs (1). From a specific
customer’s requirement, the user can design the cycle of their choice with no restriction
on components, fuel type, or cycles. The first step of the process (Figure 3(1.a)) defines the
global system specifications that apply to all types of HCs, such as ambient conditions, HC
power output, maximum temperature, and cost parameters, but also parameters specific
to each type of HC, such as component efficiency or pressure drops, can be specified.
The designed HCs can then be created in Aspen HYSYS (Figure 3(1.b)), and the different
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parameters are optimized to fit the customers’ requirements (Figure 3(1.c)), e.g., power
output and maximum temperature, among others. Subsequently, the results are extracted in
a second Excel sheet (Figure 3(1.d)), where the user can verify the details of each component
in the cycle (Figure 3(1.e)), as well as perform an evaluation of the global HC parameters,
e.g., efficiency, power, cost, and fuel flow.

Once the user is satisfied with the designed cycle, it can be archived in a database
(Figure 3(1.f)). This archiving process facilitates the cycle’s reuse in the second mode of
operation. Additionally, the user retains the flexibility to select different cycles stored in
the database that can be used for experimental purposes or to serve as a foundational
blueprint for designing an extended HC. This allows great design flexibility, allowing for
the combination of different cycle solutions, such as Brayton, Rankine, or combined cycles,
and the use of external components, e.g., solar panels or external heaters, to facilitate the
comparison between classical cycles and less conventional solutions.

A second function of the MDA is the comparison of multiple cycles to find the optimum
point of functioning (2). A database of HCs was created, e.g., Brayton cycles, multi-stage
compressors, energy regeneration cycles, or solar heating. So far, almost 20 different cycles
are available in the developed MDA.

First, the user must define the global specifications of the cycle (see Figure 3(2.a)).
Next, the selected cycles for comparison (Figure 3(2.b)) are opened in different Excel
sheets and updated to meet the global specifications. Then, the simulation of each cycle
can be run for different PRs (Figure 3(2.c)). The HC creation and optimization in Aspen
HYSYS is similar to the “Design One Cycle” (1) mode. After extraction of each cycle’s
results, the optimum functioning point and cost of the cycle are calculated (Figure 3(2.d)).
Once all cycles have been created and all optimum points found, the results are com-
pared, and the solution that best accommodates the clients’ requirements is selected (see
Figure 3(2.e)). Subsequently, the user is granted access to the best-performing cycle from
the “Find Optimum Point” (2) mode. Here, the cycle can be modified as desired within the
“Design One Cycle” (1) mode, allowing for further fine-tuning and customization of the
cycle to align it precisely with specific customers’ requirements and preferences.

The second operational mode of the application (2) significantly enhances the accessi-
bility of the customer–engineer relationship. By implementing an easy-to-expand database,
engineers gain the capacity to effortlessly conduct a variety of design tests while concen-
trating on solutions tailored to specific customer needs. The database also streamlines the
process of identifying the most suitable HCs, resulting in substantial time savings during
the HC design and customer–engineer meetings. This functionality enhances efficiency
and fosters a more streamlined approach to the design process, ultimately benefiting both
the engineers and customers alike.

It should be noted that the proposed MDA aims to provide an overview of the best
solutions for a given use case to support the user in quickly assessing different HC scenarios.
Hence, the obtained solution will not necessarily be the best-performing solution for all
scenarios, nor will the designed HC be fully optimized. Indeed, the overall performance
of a specific configured HC (e.g., GT type) can be obtained using generic building blocks,
i.e., modules. Once a satisfactory modular HC configuration is achieved, the user can
further optimize the selected cycle, including its components (modules).

The proposed MDA aligns with the concept of I4.0, aiming to deliver a high degree
of customization at economically viable costs and, here, opening the possibility of ac-
cessible and rapid modular HC solutions while including customer requirements and
design flexibility.
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2.2. Heat Cycle (HC) Variables

Multiple variables can be manipulated in the developed MDA, which are summarized
in Table 2. In fact, these variables can be categorized in the following three (3) groups:

Table 2. Parametrizable variables by the user for the simulation of a heat cycle (HC) in the MDA.

Parametrizable Variables

Global Specifications Heat Cycle Parameters Working Fluids

Power Ouput Pressure Ratio Pressure
Maximum Temperature Flaming Temperature Temperature

Ambient Conditions Pressure/Temperature Drops Mass Flow
Cost of Electricity Components Efficiency Composition

Operating/Maintenance Cost Combustion Reaction
Loan Characteristics Components Disposition

Operating Hours

1. Global specifications that affect all HCs. These include the customer requirements
and constraints, such as the demanded power, the location of the HC, and the number
of Operating Hours (OHs) per year.

2. HC parameters, which are defined by the ”Design One Cycle” mode (1), and sub-
sequently modified by the user or the developed MDA software when calculating
the optimum functioning point. These include the two main parameters of an HC,
i.e., the PR and the FT, as well as component (modules) efficiency, connection to other
components, and the different pressure drops in the components.

3. Medium (e.g., working fluid) parameters that can be defined by ambient conditions
in the working environment or by the user.

With the exception of the global specifications, the remaining variables typically
do not require reconfiguration for the ”Find Optimum Point” mode (2) calculation, as
they have already been defined during the ”Design One Cycle” mode (1). In fact, the
PR varies during the mode (1) calculation, and the FT is constrained by the maximum
temperature defined in the global specifications (a). This HC design approach ensures
that these parameters align with the customer’s requirements, promoting efficiency and
accuracy in the optimization process.

The parameter considered for the choice of the optimum HC is the cost of electricity,
expressed in USD per kilowatt-hour ($/kWh). The MDA approach is oriented towards
a customers’ perspective. Variables, such as TE or fuel flow, are of interest to engineers
but do not show what matters most for the customer: the financial aspect. Indeed, cost
optimization is of paramount importance from an industrial perspective [30]. Furthermore,
this cost of electricity can be readily compared to prevailing market prices, enabling
a comprehensive assessment of competitiveness and cost-effectiveness in an industrial
context. Therefore, the customer can readily discern whether the proposed solution is
competitive and aligns with their budgetary constraints.

It is worth noting that the optimal operational point of an HC is often characterized by
its TE. The TE plays a pivotal role in the calculation of fuel cost, a substantial component
of the overall operational expenditure. Hence, the TE serves as a critical determinant in
achieving cost-efficiency in the HC operation [50].

Figure 4 illustrates the primary interface of a standard Brayton cycle in Aspen HYSYS.
The components and the medium streams that connect them are represented, as well (as
the energy streams).
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2.3. Cost Estimation

Table 3 summarizes the different costs considered in the MDA. This section will
describe and detail the calculations of these costs integrated in the developed MDA.

Table 3. Costs considered for the simulation in the MDA.

Cost Considered in the MDA

Purchased Equipment Cost (PEC)

Fuel Cost

Operating and Maintenance Cost

Capital Recovery Factor (CRF)

The electricity cost was defined as the decision variable for HC optimization. Therefore,
an estimation of all costs related to HC operations is needed to ensure the validity of the
proposed solution, i.e., the HC configuration, to the customer.

First, the cost of the equipment, Purchased Equipment Cost (PEC), is among the most
essential factors to consider [43]. This PEC includes the cost of each HC component and
constitutes one of the major parts of the global HC cost.

Estimating the PEC in a modular application, as in this study, presents notable chal-
lenges. Indeed, with the developed MDA approach being general, the HC components
are not based on a specific commercial catalog; hence, the multiple input variables make it
challenging to produce a fixed $/kW cost.

In reference [43], the formulas for the 4 most important components of an HC,
i.e., compressor (ac), turbine (HC), combustion chamber (cc), and heat exchanger (aph),
are expressed.

Equations (2)–(5) [43] were used to estimate the PEC of these components from ther-
modynamic quantities. Throughout this paper, monetary termed outputs are expressed
in USD.

PECac =

(
71.1 ∗ .

ma

0.9 − ηsc

)
∗
(

P2

P1

)
∗ Ln

(
P2

P1

)
(2)

PECcc =

(
46.08 ∗ .

ma

0.995 − P5
P3

)
∗ (1 + exp(0.018 ∗ T5 − 26.4)) (3)

PECGT =

(
479.34 ∗ .

mg

0.92 − ηst

)
∗ Ln

(
P5

P6

)
∗ (1 + exp(0.036 ∗ T5 − 54.4)) (4)

PECaph = 4122 ∗
( .

mg ∗ (h6 − h7)

18 ∗ ∆Tlm

)0.6

(5)
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where, P represents the pressure, T the temperature,
.

m the mass flow, h the enthalpy, and η

the isentropic efficiency. These variables are illustrated in Figure 5.
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and enthalpy noted for each input and output (adapted from [43]).

In the case of certain HC components, e.g., centrifugal pumps, steam turbines, and fired
heaters, graphical data and curves sourced from catalogs reported in the literature [51] was
methodically adapted. These characteristics were transformed into polynomial equations
using PlotDigitizer [52] and integrated into the Excel part of the MDA. Figure 6 illustrates
an example of the adaptation of a cost estimation curve, here presenting the purchased
equipment cost in USD (including inflation correction [53]) of a centrifugal water pump as
a function of its mass flow entry (adapted from [50]).
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In the context of solar water heaters, a distinctive approach was employed. Given the
absence of a standardized method for cost estimation, a cost approximation for these heaters



Fluids 2025, 10, 55 13 of 24

was chosen based on the electricity cost for solar heating and quantified in terms of dollars
per kilowatt-hour ($/kWh). While these values are well-documented, to accommodate a
diverse range of solutions, the cost can be selected as a configurable model input variable.

The second cost to consider includes the fuel cost. As illustrated in Figure 7, which
plots the ratio of the calculated PEC over the fuel cost used in the MDA for two different
cycles (Brayton and combined cycle) at varying PRs, both the PEC and fuel costs must be
evaluated simultaneously, as their ratio varies significantly from 2% to 50%.
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To estimate the fuel cost, the TE of the cycle was first calculated by determining the
ratio of the network output to the heat input [54] and subsequently converted to the heat
rate. Then, as the market price expressed in USD/MMBtu is widely accessible [55], the
fuel cost expressed in USD/kWh of each cycle can be deduced (Equation (6)). It should be
noted that the market price for energy was defined as an input parameter in the MDA due
to its high volatility.

Fuel Cost$/kWh =
Fuel Cost$/MMBTu

HeatRate
(6)

To consider the needed investment loans and its amortization, the Capital Recovery
Factor (CRF) has been considered, as well as the cost calculation, where i denotes the
interest rate and n the number of annuities (Equation (7)).

CRF =

{
i ∗ (1 + i)n}{[
(1 + i)n]− 1

} (7)

Once these three cost values (PEC, fuel and CRF) is calculated, and considering the
annual OHs and the cost factor of the Operating and Maintenance (O&MFactor) for the
HCs, the Simple Levelized Cost of Energy (SLCE) can be calculated (Equation (8)) [54]. This
SLCE is also defined as the decision variable.

SLCE$/kWh =
PEC ∗ CRF ∗ O&MFactor

OH
+ Fuel Cost$/kWh (8)



Fluids 2025, 10, 55 14 of 24

3. MDA Validation
To establish the MDA’s capability to yield results congruent with real HC behaviour, a

series of tests were conducted across various real-life HC configuration scenarios. These
tests aimed at extracting and analyzing the influence of input parameters and, subsequently,
comparing the obtained results to data available in the literature [29,38,39,43,44]. Never-
theless, the literature only scarcely provides complete and detailed information on the
required parameters to fully replicate an HC. Consequently, the modular HC configurations
simulated within the developed MDA inherently exhibit slight variations from configura-
tions described in the literature [29,39]. Hence, this study concentrates mostly on relative
comparisons of different modular HC configurations, considering HC performance curve
trends and order of magnitude cost and efficiency estimations. Certainly, variations in
variables, such as TE, may be evident between the simulated cycles and those referenced in
the literature. However, such differences remain sufficiently minor to allow for a mean-
ingful interpretation of the prevailing trends and behaviours upon using the developed
MDA tool. To complete the validation, two simulations were executed using data from
cycles reported in the literature [29,39], offering a sufficiently detailed dataset to validate
the precise creation of the HCs within the MDA. For comparison with the performance
and costs curves derived from the MDA tool with typical HCs data from the literature, the
PlotDigitizer (https://plotdigitizer.com/) software and Python scripts using the Matplotlib
library were used to convert hardcopy curves from the literature into digital curves [52].

3.1. Process Analysis and Comparative Study

As discussed in Section 2, several parameters impact the HC efficiency and, conse-
quently, its cost. The key driver for HC performance is the PR, hence, its value was studied
for each HC design parameter, such as the FT or the ambient temperature. The results
presented in this section were obtained deploying a Brayton cycle, as it is the most common
HC in industrial applications and most reported in the literature. However, the same
behaviour was noticed for the other types of cycles (e.g., Rankine and combined cycles).

One of the dominant parameters for HC operation is the turbine FT [44]. As this
includes the maximum temperature of an HC, this FT value characterizes the mechanical
aspect and cost of the HC. Indeed, higher FT results in the associated requirement to use
more exotic materials (e.g., creep-resistant material), resulting in higher component costs.
Hence, it is important to determine the impact of the FT on the TE to evaluate the balance
between fuel cost and component cost, despite some differences in efficiency, which can be
explained by the differences in input parameters and solving solutions.

For the next figures, it should be noted that Figures 8, 9, and 10a) are results extracted
from the MDA, whereas Figures 8, 9, and 10b) are results extracted from the literature. First,
Figure 8 demonstrates a similar trend in the impact of the PR on the thermal efficiency at
different FTs.

The impact on the FT becomes increasingly pronounced as the PR escalates. At lower
PR values, the TE tends to exhibit relatively minor differences among various FT values.
However, as the PR increases, the gap between the TE and different FT values grows
significantly (Figure 8). The same behaviour is noticed in both Figure 8a) simulated in the
MDA and Figure 8b) adapted from [44].

https://plotdigitizer.com/
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Another noticeable trend emerges where low FT values at higher PR levels are associ-
ated with a substantial drop in efficiency. In contrast, the TE remains comparatively stable
for higher FT values, even as the PR increases. This observation supports the sensitivity
of the TE to FT at higher PR levels and the distinct performance characteristics of HCs at
varying operating conditions. When the compression ratio increases, the temperature of ex-
haust gases decreases, and the temperature on the compressor inlet increases. For standard
cycles, the impact of the temperature increase in the compressor inlet is compensated by the
increase in power generation in the turbine. Therefore, in these cycles, efficiency tends to
stabilize at a high-pressure ratio. In the case of a combined cycle, the same behaviour will
happen for the first cycle. However, for the second cycle, which uses exhaust temperature
to operate, the efficiency drops as the exhaust temperature decreases.

Another essential parameter of influence is the inlet temperature of the HCs [31],
typically the ambient temperature for open HCs. Certainly, this parameter is vital to
consider because of the versatility of uses of an HC.

Gas Turbines (GTs) offer remarkable versatility and can indeed be employed in a wide
range of environmental conditions. They are well-suited for use in arid and hot regions,
such as deserts, where they can efficiently generate power under extreme temperatures.
Similarly, GTs can also function effectively in extreme cold environments (T < 0 ◦C), such
as, for example, in Greenland [56].

As witnessed in Figure 9, for both curves, the TE increases with higher ambient
temperatures. Similarly, as for the FT, the TE deviations are much higher at high PRs. In
the case illustrated in Figure 9b (adapted from [31]), the PR is limited to 10. Therefore, the
comparison between Figure 9a,b cannot be extended beyond this value. However, as the
behaviour is similar for the two curves at lower pressure, the same can be expected for
higher PRs.

It can be concluded that the impact of input parameters on the behaviour of the
developed MDA simulation seems to be in agreement with the literature trends for
most variables.

3.2. Behaviour of Different Cycles

The developed MDA includes three (3) main types of cycles: Brayton, Rankine, and
a combined cycle. Each type of cycle has its specific variations, with varying config-
ured chains of compressors or turbines, regeneration, or external components, such as
solar panels.

As illustrated in Figure 10, the behaviour of different combined cycles from the MDA
simulation are similar with equivalent cycles reported in the literature. Indeed, efficiencies
are different due to lack of detailed information on the literature-derived cycles, but the
same behaviour can be observed for the classical combined cycles, i.e., a TE increase with
a growing PR until a certain limit has been reached. The hierarchy between the cycles
is respected with the solution including two (2) turbines having a higher global thermal
efficiency than the one (1) compressor solution. The regenerative cycles in both solutions
have similar behaviour, which is different from other cycles, demonstrating an efficiency
peak at low PRs, i.e., a PR = 5 from the literature and a PR = 7.5 for the MDA simulation.
The HC efficiency drops after this peak, passing below the classical solutions. Also, the
simulation curve (Figure 10a) stagnates from a certain PR onwards, while that of the
curve reported in the literature [29] steadily declines. This difference can be explained by
differences in the generation of the cycles and by the employed optimization algorithm in
the simulation, which may prioritize the Brayton cycle and might differ from the method
used in the documented study from the literature.
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Finally, comparisons were conducted between HCs sourced from the literature [39,44],
where all relevant data were provided, and the behaviour of these cycles when configured
and analyzed within the developed MDA tool. Two cycles were studied, the first being a
regenerative Brayton cycle, including two (2) compressors and three (3) turbines [57]. The
comparison of the simulation results and the data from the literature are summarized in
Table 4. The second cycle is a standard regenerative Brayton cycle, derived from the work
of Gorgi [43]. The results of the comparison are summarized in Table 5 and allow for the
verification of a proper implementation of Equations (2)–(5).

Table 4. Comparative values and the relative simulation error for a 2 compressors and 3 turbines
regenerative Brayton cycle GT system, obtained by simulation using the MDA and data reported in
the literature [57].

Unit Literature Turbine Application Turbine Relative Error

Power kW 6300 6300 0.00%
FT K 1450 1453 0.18%

Fuel Mass Flow kg/s 0.278 0.256 −7.72%
Entry Mass Flow kg/s 18.72 15.40 −17.72%

TE 0.43 0.44 2.6%

Table 5. Comparative values and the relative simulation error for a regenerative Brayton cycle-based
GT system, obtained by simulation using the MDA and data reported in the literature [43].

Unit Literature Turbine Application Turbine Relative Error

Power (kW) kW 140,000 140,184 0.13%
FT K 1320 1321 0.08%

Fuel Mass Flow kg/s 8.52 7.21 −15.4%
Entry Mass Flow kg/s 510 564 10.6%

TE 0.29 0.30 4.6%
Cost ($) $ 35,000,000 35,945,762 2.70%

Equation (9) was used to calculate the relative error (Er) between the simulation results
and data from the literature.

Er =
(LiteratureValue − SimulationValue)

LiteratureValue
(9)

The results of the relative error can be found in the last column of both Tables 4 and 5.
Some differences can be noted, notably in the flow of air and fuel, which can be explained
by the used assumptions made for the calculation, such as the thermodynamic model (here,
the Peng–Robinson model (Equation (1)) was adopted), and the optimizing method for the
turbine. Table 4 presents the error (Er), which is relatively low for the FT and TE parameters
(0.1% for power and FT, and less than 5% for TE).

For the second cycle, detailed in Table 5, the error (Er) is similar to the values docu-
mented in Table 4. The fuel and airflow errors are still higher than 10%. The simulation
results indicate that this results in the turbine PEC is similar to [43], with an error (Er) of
only 3%.

4. Case Study
To illustrate the effective application of the MDA tool in an industrial context, a case

study was conducted. This case study serves as a practical demonstration of the MDA’s
utility and its potential to address real-world challenges within the industry. It offers
valuable insights into the application’s operational feasibility and its capacity to provide
solutions that align with industrial requirements.
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The case study context:

• A customer from an industrial site based in Quebec, Canada, needs a 15 MW GT to
power its site. The installations that will be powered by the GT operate 90% of the
time, accumulating in an annual run-time of 8000 h.

• The loan envisioned by the company to fund the needed investments has a 10% interest
rate for 20 years of annuities.

• The location of the plant benefits from a substantial and mostly unused parcel of land.
This advantageous land availability means that there are no constraints on the size of
the GT nor the potential incorporation of solar panels. Therefore, solutions, such as
combined cycles and solar heated sources, will be evaluated in this case study.

• The mean sun radiation of Quebec is around 4.7 kWh/m2 (Hydro-Quebec, 2022),
which, combined with the surface available and the market of solar water heaters,
gives a maximum of 15 MWth solar heater. In Quebec, the average temperature over
the year is 278 K [58]. As the effect of ambient temperature on GT efficiency can be
considered as linear, this value will be used as the ambient temperature of the cycle.

The GT customer has access to two different fuels:

• Pure methane is a commonly used fuel in GT operations. It is a relatively low-cost and
performant fuel, which costs around 3.7 USD/kWh [REF].

• Biomethane is a Renewable Natural Gas (RNG) with a composition as represented
in Table 6 [59]. This RNG is more expensive than pure methane. It costs around
7 USD/kWh.

Table 6. Composition of the renewable natural gas (RNG) used for the simulations.

Gas Composition (%)

Methane 61.3
CO2 35

Nitrogen 0.79
Oxygen 0.21

H2 2
H2S 0.7

The company aims to reduce its carbon emissions. Therefore, if a solution using
biomethane is viable, they are ready to choose this solution even if its price is higher than a
methane fuel solution. This maximum price limit is fixed at 80% of the market price. In
Quebec, the average cost of electricity is 0.073 USD/kWh [60], thus, the company is ready
to spend up to 0.058 USD/kWh.

The operating and maintenance cost is evaluated at 6% of the total cost of the GT per
year. All selected parameters are summarized in Table 7.

Table 7. Input parameters for the case study simulations.

GT Parameters Units Value

Power of the GT kW 15,000
Maximum Temp of the GT K 1400

Ambient Temperature K 278
Ambient Pressure kPa 101
Cost of Electricity USD/kWh 0.073

Interest Rate % 10
Number of Annuities - 20
Maintenance Factor - 1.06

Operating Hours Per Year h 8000
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The customer requirements align with the conditions for each cycle contained in
the database. Consequently, each cycle will undergo a thorough optimization process to
identify the most optimal global solution. It is worth noting that the results for simple
Rankine cycles are omitted from the case study to facilitate readability; nevertheless, these
results will be presented in the subsequent part of the case study. The findings from the
simulation of the chosen cycles within the context of the case study (1) are summarized in
Figure 11.
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Figure 11. Optimum cost comparison for multiple heat cycles (HCs) using methane and RNG fuels in
the case study (1), obtained by the MDA.

As expected, methane GT solutions are less expensive than their equivalent source,
biomethane (see Figure 11). Nearly all solutions fit in the imposed budget margin, except
for the classical Brayton solution. However, for the biomethane option, only one solution
respects the budget margin. The optimum solution found for both fuels is the solar regen-
eration Brayton cycle. This cycle, simulated in Aspen HYSYS, is illustrated in Figure 12.
In line with the customer’s specifications, the cost of the biomethane optimum solution
has been confirmed to be under 80% of the prevailing market price, which was defined as
0.058 USD per kWh. Consequently, this solution aligns with the customer’s requirements
and will be selected as the preferred choice. Thus, in this case study (1), the solution
proposed to the customer is a regenerative Brayton cycle powered with biomethane fuel
for a cost of electricity (including PEC and fuel cost) of 0.049 USD/kWh.

After some time, the customer returns to the GT provider. There have been some organiza-
tional changes in the company. It was decided to invest in the creation of a new warehouse next
to the already existing factory, resulting in a modified context for the case study (2).

As a consequence, the land available for the solar panels is now occupied by the
warehouse, and the company needs to dismantle the existing solution. They need a new
solution that can, if possible, reuse some parts of the precedent solution (i.e., the case
study (1)). Further, to power the new warehouse and its equipment, they desire to increase
the available power from 15 MW to 25 MW. As the investment requirement for this new
warehouse changes the initial budget, a loan for the GT has to be rediscussed. The new
loan includes a 15% interest rate and 10 years of annuities. As the available space is now
significantly smaller, the combined cycle or solar panels cannot be used anymore. Brayton
and Rankine cycles are, then, the only cycles considered in this case study (2).
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Figure 12. Solar regeneration in the Brayton cycle, created and simulated in Aspen HYSIS via
the MDA.

As the previously installed solution was a solar-assisted regenerative Brayton cycle
(Figure 12), the components that were part of the Brayton cycle can be reused as a basis for
the new HC design. To increase the efficiency and power of this turbine, more compressors
or turbines could be added.

The optimum solution for both fuels, outlined in Figure 13, is a regenerative Brayton
cycle, including two compressors and three turbines. This cycle is obtained by combining
three heat cycles, “Two-compressors”, “Regenerative Brayton”, and “Three-Turbines”, as
illustrated in Figure 2. Here, a cooler is placed between the two compressors to reduce the
second compressor inlet temperature, increasing its operating efficiency. The three turbines,
with different impeller configurations, work in series. The exhaust gas is then inputted into
a heat exchanger, which heats the outlet of the second compressor, reducing the amount of
gas to burn in the combustion chamber. This HC design (represented in Figure 14) results
in a cost of 0.031 USD/kWh for methane fuel and 0.057 USD/kWh for the RNG as fuel.
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Figure 13. Optimum cost comparison for the multiple heat cycles (HCs) using methane and RNG
fuels in the case study (2), obtained by the MDA.
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Even if the RNG energy cost is under the maximum allowable limit, i.e., 0.058 USD/kWh,
considering the volatility in the global fuel market price and the new investments performed
by the company, this solution seems not the best in this case (2). The solution proposed to
the company is, therefore, a regenerative Brayton cycle, including two compressors and
three turbines fueled with methane. This solution allows for the reuse of the core of the
first solution (case study (1)) by reusing one compressor, the combustion chamber, one HC,
and the heat exchanger, hence contributing to a more sustainable HC design solution.
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Figure 14. A schematic overview of a 2-compressors, 3-turbines regenerative Brayton cycle-based GT
system, created and simulated in Aspen HYSIS via the MDA.

5. Conclusions
The operation of a novel developed MDA, facilitating the simulation, optimization,

and cost estimation of a diverse range of GTs and, more widely, HCs, has been compre-
hensively outlined. The developed application serves as a pivotal contribution to the
integration of I 4.0 principles within the realm of GT technology. It empowers users to
address various customer requirements by simulating precise cycle configurations and
evaluating the cost implications of these solutions. The user-friendly design and efficient
storage of new solutions render this application an easily updatable tool, fostering rapid
and effective decision-making within the GT sector. It embodies the future of HC design
and optimization, aligning with the ever-evolving landscape of industrial technology.

The adopted simulation process appears to provide accurate and reliable results. The
behaviour of the simulated HCs aligns with thermodynamic principles, and the trends in
the generated curves closely correspond to available data in the academic and industrial
literature. Furthermore, the inclusion of a detailed case study elucidates and exemplifies the
MDA’s practical utility. It demonstrates the extensive range of possibilities and potential
applications, offering a clear and comprehensive illustration of how the application can
address real-world scenarios and requirements.

While the developed application for modular HC design is currently functional and
relevant, there remain numerous opportunities for further research. First, the scope of the
design system could be broadened by incorporating a greater number of components, such
as distillation columns and additional solar-derived heaters. Moreover, the database can
be expanded to encompass a wider variety of HCs, potentially including configurations
like the solar regenerative combined cycle. In terms of optimization, the VBAs code can
be refined to reduce calculation time. Additionally, exploring the advanced functionalities
of HYSYS could yield more precise and detailed simulations. Furthermore, the “Find
Optimum Cycle” mode of the application can be enhanced to allow for the variation of
parameters like power output, ambient conditions, or fuel for a single run. Currently,
users must adjust these parameters manually and initiate a new run, but streamlining and
automating this process can simplify and expedite the optimization phase.
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