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ThePOCI ’ Combustion Analysis. Validation of the Combustion Analysis module revealed the largest
Website-based applications. calculation errors in the thermal-based model for variables including flue gas temperature
(13.08%), temperature of boiler exit working fluid (16.93%), and turbine power (10.49%),
yet all fall within the low error range. Validation of the Steam Power Plant Design module
produced deviations of ideal and actual operating conditions of 2.22% and 0.88%,
respectively, categorized as highly accurate. The validation results confirm that ThePOCI
can accurately simulate the physical system of a steam power plant based on the ideal

Organic Rankine Cycle,

Corresponding Author: Rankine cycle. System emission calculations indicate potential for further research on the
><muhamad_yulianto@apps.ipb.ac.id use of calliandra biomass in Organic Rankine Cycle (ORC)-based steam power plants,
(Muhamad Yulianto) identified as the fuel producing the lowest emissions at 3,742.20 kgCOze/kW.

1. INTRODUCTION

The process of physically prototyping a power generation system requires a relative time consuming and costly.
Research by Hong & Lee, (2018) found that the technical design of a steam power generation system is the most
decisive factor in determining the amount of investment spent on physical construction. The physical construction of a
power generation system is precarious financially due to limited knowledge regarding potential technical constraints
of the system. The development of physical prototypes of power generation systems has the potential to reduce costs
and increase the intensity of return on investment, but tends to be financially risky. The costs of physical prototyping
increase initial capital, which can hinder the development of physical systems and reduce the rate of return on
investment because physical prototypes cannot meet commercial requirements (Lai & Locatelli, 2021a). On the other
hand, the continuously increasing demand for electricity and the requirement to provide low-emission electricity
systems present technological, economic, and cost uncertainties (Lai & Locatelli, 2021b).

Adopting a Digital Twin Technology concept is offered as a solution to streamline prototyping time and costs.
Digital Twin Technology accommodates the modeling and simulation of machine systems so that testing requirements
are carried out before the physical construction stage (Yildiz et al., 2020). The Digital Twin Technology framework
consists of physical, virtual, data, and control components. Virtual and data components play a role in system
modeling and simulation, predictive performance analysis, and measurement data management (Yassin et al., 2023).
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The development of the ThePOCI application aims to fulfill the role of virtual and data components of the Digital
Twin Technology framework so that the costs and time required for physical prototype development can be optimized.

Previous studies have extensively utilized available applications such as Refprop, Ebsilon Professional, and Cycle
Tempo for power plant system analysis (Chen et al., 2022; Hartulistiyoso et al., 2020; Khankari & Karmakar, 2017).
Additionally, previous studies have shown that the need for emission load analysis in power generation systems
requires users to add models or install additional applications. The study by Tovar er al. (2024) added a life cycle
analysis model to the MATLAB application to analyze emission loads in power generation systems. The study by
Mayanti ef al. (2021) also combined the Cycle Tempo and OpenLCA applications to analyze power plant systems and
the resulting emission loads. Khankari & Karmakar, (2017) analyzed power plant systems using the Cycle Tempo
application, but the emission load calculations were performed outside the application system. The applications
mentioned above require users to install the application on their computers. This poses potential challenges in terms of
accessibility and flexibility for users. Therefore, a thermal system application named ThePOCI was developed as a
web-based application to enhance user accessibility and flexibility, allowing the application to be used without
installing it on a computer (Kumar & Ram, 2023). Additionally, developing a web-based application enables the
availability of a database system for storing, sharing, and retrieving data (Ozorhon et al., 2014). The stored data is
expected to be the foundation for developing a better system. The thermal system application developed also includes
components for analyzing the emission load of steam power generation systems using life cycle climate performance
(LCCP) approach, so users do not need to install additional applications to accommodate these needs. The LCCP
approach is used in the ThePOCI application due to the potential use of refrigerants in steam power generation
systems such as ORC systems. The International Institute of Refrigeration (IIR) has recommended using the LCCP
method to analyze systems related to direct and indirect emissions from refrigerant use over their lifetime (IIR, 2015).

The research aims to develop a web-based thermal system application that enables thermal analysis of steam power
plant systems, particularly those based on the Organic Rankine Cycle (ORC) based on the ideal Rankine cycle,
evaluating the accuracy of the thermal system application in analyzing the specified planning parameters, including
the ability to calculate system performance and emission loads using the LCCP method in steam power plants based
on the ideal Rankine cycle. The research results in the form of the ThePOCI thermal system application are expected
to be accessible to the public to assist academics, researchers, and industry in designing steam power plant systems.

2. MATERIALS AND METHODS
2.1. Tools and Materials

The research used hardware in the form of computers and physical models of Organic Rankine Cycle (ORC) systems,
as well as software such as REFPROP for fluid thermal data provision, VS Code as a text editor, PHP for server-side
programming, Apache for local server providers, Python for thermodynamic equation scripting and user backends, and
MySQL for database management.

2.2. Experimental Setup

Data collection for validating of ThePOCI calculation of physical phenomena was carried out by testing the ORC
physical model with the following setup in Figure 1. In the initial stage, a hopper supplied biomass fuel into the
furnace. During the combustion process, three thermocouples were installed inside the furnace at the bottom, middle,
and top to measure the combustion temperature. The flue gas flowed toward the furnace outlet, which was connected
to a shell and spiral tube boiler. Thermocouples were installed on the furnace outlet and boiler outlet to measure the
flue gas temperature before and after passing through the boiler. In the ORC system, the working fluid was pumped
into the boiler with thermocouples and pressure transmitters installed on the pump outlet. The fluid received heat
from the exhaust gas in the boiler, then flowed to the turbine for expansion and power generation. Temperature and
pressure were measured at the boiler and turbine outlets before the fluid enters the condenser. The fluid exited the
condenser with temperature and pressure measurements at the outlet before returning to the pump. All thermocouples
and pressure transmitters were connected to the data acquisition system, which was then connected to a computer for
data storage.

2440



Kurniawan et al.: Development of Web-Based Application for Analysis and Design ....

1

NI Data Acquisition
Chimney 1 @
| v
I| L

- S
Computer

[

Thermocouple and
Pressure Transmitter

Condenser

Figure 1. Experimental setup testing for biomass furnace integrated steam power plant

Simulation using the

Start Identification of design | | Software design N
developed software

requirements

Validation using
MAPE method

.. Simulation of system
Finish .. ¥
emission loads

Figure 2. Research stage flowchart

| System investigation H System analysis H System design H Implementation H Testing

I I | No

Validation

Finish Maintenance

Figure 3. Software development flowchart using System Development Life Cycle (SDLC)

2.3. Stages of Research

The research consisted of several stages, which were presented in a flow chart in Figure 2. It shows the first step in
designing ThePOCI application, which is identifying requirements focused on software and hardware requirements for
application development. The thermal system application design stage follows the System Development Life Cycle
(SDLC) method by O’Brien & Marakas (2010), which had been modified and presented in Figure 3. The system
simulation phase was conducted after the ThePOCI application was fully developed using input data from a portion of
the test results. The simulation results were validated against the test results. The research continued by calculating the
system emissions after the validation results fell within the acceptable uncertainty category (MAPE < 20%).

2441



Jurnal Teknik Pertanian Lampung, Vol. 14, No. 6 (2025): 2439 - 2457

2.4. Investigation and Analysis of the System

An investigation and analysis of the system was conducted regarding user requirements for the parameters presented
on the application interface and the equations that compose the information. Steam power plant systems are divided
into furnace components and steam power plant systems. Simulation calculations were performed in steady state. The
equations for the boiler component refer to the principle of energy balance (Cengel & Boles, 2015), where the

combustion input energy (Qin) is equal to the useful energy (Qg) or mathematically Qin = Qg. Further, input energy is

the product of mass flow rate (mg,;) of biomass fuel per unit time (kg/s), and its calorific value (HHV) of fuel (kJ/kg),
which was expressed by the following equation.

Qin = Mg X HHV (1

The combustion models developed by Boateng (2016) and Mawardi et al. (2024) were used in the ThePOCI
application to calculate the chemical conversion process of fuel into combustion energy (QC). These combustion
models accommodate Air Fuel Ratio (AFR) conditions in excess fuel, stoichiometry, and excess air states. The
ThePOCIT application allows users to calculate these three combustion scenarios by inputting the equivalent ratio ()
value based on the following equation.

AFRgctual
— _ “"Mactual 2
AFRStoichiometry ( )
The air fuel ratio (AFR) was calculated physically by comparing the mass of air (m,;.) to the mass of fuel (mg,)

using the following equation.

woox
Mair _ (VairXPairX4inlet,air) X3600 — (}‘)(u+Z_E+Z) X(MRajr) (3)

Mfuel Miyel Miyel

AFR =

where Vi was the combustion air velocity (m/s), p_, - represented as air density (kg/m?), dan Ay .5 Was the air inlet
area (m?). Additionally, the air mass can be calculated using combustion models by Boateng (2016) and Mawardi et
al. (2024), where u is the number of carbon atoms (mol), w is the number of hydrogen atoms (mol), x is the number of
oxygen atoms (mol), and z is the number of nitrogen atoms (mol). These atomic numbers are multiplied by MR as
the relative molecular mass of air (kg/mol). The heat energy released during the combustion reaction was obtained
from the difference in enthalpy. The enthalpy calculation to produce combustion energy in the ThePOCI application
used the equation in the study of Mawardi ef al. (2024). Once the combustion energy is known, the combustion

efficiency (n ) is calculated as the percentage ratio of combustion energy (QC) to combustion input energy (Qin) using

the following relation.
Q
n = . X 100% (4)

Combustion energy can be released into the environment through the furnace wall by conduction (Qcon &)

convection (Q ), and radiation (Qra »)- Under steady-state conditions, heat transfer through the furnace wall is

conv
constant because there is no heat accumulation as the system reaches thermal equilibrium (Mo et al., 2019) so the

conductive heat loss (Q o) can be neglected. The convective heat loss Q was calculated according to the

con

following equation (Holman, 2010):

conv

Quony = MAW(Ty — To) )

where A,, represented as the wall surface area (m?), Ty, represented as the wall temperature (K), dan T, represented as
the inlet air temperature (K), and / represented convective heat transfer coefficient (kW/mK) which was calculated
using the following equation.

_ Nuxk
)

h

(6)
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where Nu is the Nusselt number, & is the thermal conductivity of air and flue gas (kW/m K), and L is the wall length
(m). Using a blower causes forced convection, and the Nusselt number (Nu) is based on the Reynolds number (Re).

Re=— @)

where V is the velocity of air or flue gas (m/s) and v is the kinematic viscosity of air and flue gas (m?/s). The Nusselt
number calculation based on turbulent and laminar flow, as seen from the Reynolds number, is expressed as follows.

4 1
Nuturbulent = 0.37 Re5 P13 (8)

1 1
Nujminar = 0.664 Rez Pr3 (9)

Pr represents Prandtl number obtained from the REFPROP version 10 software with a call function embedded in the
application using Python. In addition, Qra 4 s heat loss through radiation (kW) was represented in the following
equation (Holman, 2010).

Q.4 = €0A, (T, — Ta) (10)

where ¢ was represented as material emissivity and ¢ is the Stefan-Boltzmann constant (kW/m?K*). Heat loss also
occurs due to combustion air heating and furnace ventilation (Qyent). ThePOCI application inputs the estimated heat
loss in the form of air heat loss percentage (ALP) and was calculated using the following equation.

Q _ ALP x (Qconv + Qrad)
vent 100

(11)

The amount of heat energy loss (Qloss) and the useful heat energy (Qg) were calculated according to the following

equations.
Qoss = Qeoms T Qraa + Qent (12)
Q= Q. Qs (13)
The furnace efficiency (n,) and thermal efficiency (n,, ) of combustion were calculated using the equations.
N, = % X 100% (14)
Ny, = & X 100% (15)

in
The next stage involved calculations for the steam power generation system, including the pump, boiler, turbine,

and condenser components. Calculations for the pump to determine its power were performed using the following
equation (Moran et al., 2014).

Wpump = mref X (hz - hl) (16)

where Wpump was the pump power (kW), s was the mass flow rate of the working fluid (kg/s), 4> was the enthalpy
of the working fluid leaving the pump (kJ/kg), and /; was the enthalpy of working fluid entering the pump (kJ/kg).
The compressed working fluid flowed toward the boiler system. Numerical optimization based on the successive
substitution method was used to calculate the temperature of the working fluid exiting the boiler based on the
relationship between the heat transfer rate and the logarithmic mean temperature difference (LMTD) applied to the

boiler system to calculate the working fluid temperature exiting the boiler.

q = U X Aguttube X LMTD an

LMTD = (Tinfg_Toutref)_(Toutfg_Tinref) (18)
ln[(Tinfg_Toutref)]
(Toutfg_Tinref)

2443



Jurnal Teknik Pertanian Lampung, Vol. 14, No. 6 (2025): 2439 - 2457

where ¢ was the heat transfer rate (W), U was the overall heat transfer coefficient (W/m?), Tj,f as the temperature of

the working fluid entering the boiler (K), T ,ef Was the outlet fluid temperature of the boiler (K), T;,q, was the inlet

nfg
flue gas temperature of the boiler (K), and T’ was the outlet flue gas temperature of the boiler (K). Amount of heat
energy entering the system through the boiler was calculated using the boiler outlet working fluid temperature
obtained and the following equation (Moran ef al., 2014).

Qboiler = l'href X (h3 —hy) (19)

where Qboﬂer was the energy input to the boiler (kW), A3 was the enthalpy of the working fluid leaving the boiler

(kJ/kg), and h, was the enthalpy of the working fluid entering the boiler (kJ/kg). Pressurized steam flows to the
turbine, generating a certain amount of power based on the following equation (Moran et al., 2014).

Wturbine = mref X (h3 - h4) (20)
where W, pine Was the turbine power (kW), /3 was the enthalpy of the working fluid entering the turbine (kJ/kg), and
hs was the enthalpy of the working fluid leaving the turbine (kJ/kg). The heat rejected at the condenser component
after passing through the turbine is calculated using the following equation (Moran ef al., 2014).
= mref X (h4 - hl) (21)

Qcondenser

where Q was the energy output of (kW), and A4 was the enthalpy of the working fluid entering the condenser

condenser

(kJ/kg), and h; was the enthalpy of the working fluid leaving the condenser (kJ/kg). The performance of a steam
power plant was represented by several parameters calculated using the following equation (Cengel & Boles, 2015;
Moran et al., 2014).

Wnet = Wturbine - Wpump (22)
BWR = ——Bum. (23)
turbine
Ny = 72 X 100% (24)
boiler
_ Tcondenser
Nearnot = (1 - Thoiler ) X 100% (25)

where W, was the net power (kW), BWR was the Back Work Ratio, « Was the thermal efficiency of steam power

plants (%), T condenser Was condenser outlet temperature (K), and Ty, as boiler outlet temperature (K). The next stage
was to calculate the system's emission load using the life cycle climate performance (LCCP) equation following the
calculations in the study by Azhari et al. (2025).

2.5. Design System

The system design consists of three stages: database design, back-end functions, and front-end functions. The
application usage flow was studied by creating flowcharts to determine the exact working mechanism of the
application. The application usage flow was presented in Figure 4. It is a reference for developing the user interface to
make the data input and output mechanisms easier to understand. Understanding the data input and output mechanisms
is a framework for building the ThePOCI application database system. Based on data input and output logic, the
composition of entities and attributes is defined to form the ThePOCI database tables. The relationships between
calculation variables are used as a reference to identify primary keys and foreign keys, thereby forming relationships
within the database structure. The database structure design follows the Entity Relationship Diagram in Figure 5.
Subsequently, development is carried out by designing the data transaction flow involving user interactions, the
application interface, the database, and the application's back-end functions. As the primary actors, users are designed
to input data parameters for calculations through the user interface developed using PHP programming. Next, the user
instructs the PHP page to save the input data to MySQL through the button system available on the PHP page. The
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user also gives the command to calculate the input data through the button system on the PHP page to activate the
Python programming function. The Python programming function retrieves input data from the database, calculates
the input data, and returns the calculation results to the database. In the final stage, the database sends the calculation
results to the output page to be displayed on the interface. The design of the data transaction flow between the user,
application interface, application back-end function, and database is shown in the sequence diagram in Figure 6. The
implementation was carried out by developing the ThePOCI application, which involved several software tools
described in subsection 2.1 Tools and Materials.

2.6. System Testing

The functional testing phase uses the black box method, which focuses on testing the functionality of the software
from the user's perspective (Rahadi & Vikasari, 2020). Features are declared to have passed the test if they function as
intended, while features that fail the test are noted for application improvement.

2.7. Validation

Validation was carried out by comparing the accuracy of the ThePOCI application's calculations with the test results.
The Combustion Analysis module was validated using three parameters, namely Flue gas temperature (Tf,), Working
fluid out boiler temperature (Tourer), and Turbin power (Wiyrpine). The Steam Power Plant Design module was
validated with references from research (Safarian & Aramoun, 2015) for ideal conditions, with validated parameters
being boiler input energy, condenser output energy, pump power, turbine power, net power, and thermal efficiency.
Actual conditions were validated using research (Akkaya, 2017).

Validation was performed using the Mean Absolute Percentage Error (MAPE) method following the equation
below (Sheikh & Unde, 2012).
Z?=1(xi_fi)

)
n

MAPE = (26)

where x; was ThePOCI calculation data result, f; was the experimental data, and n was the amount of data. The
performance of ThePOCI application was evaluated from MAPE values. According to Maruddani & Trimono, (2018),
the accuracy of prediction values are categorized as highly accurate with MAPE < 10%, accurate (11% < MAPE <
20%), reasonable prediction (21% < MAPE < 50%), and inaccurate prediction (MAPE > 51%).

3. RESULTS AND DISCUSSION
3.1. System Design and Implementation

The system design focuses on database design, operational procedures, and user interface. Database design refers to
the entity relationship diagram in Figure 3. Application operational procedures are designed based on the application
usage flow (Figure 4) and data calculation transaction mechanisms based on sequence diagrams (Figure 6). ThePOCI
application operational procedures were developed with one actor, namely the user. The user's main activities are
shown in the use case diagram in Figure 7. User activities are generally broken down in the user activity diagram in
Figure 8 to illustrate the interaction between the user, the ThePOCI application, and the developed database.

The next stage involves implementing the system design by designing a virtual database system using MySQL
software, designing the system operational flow using Python programming, and designing the application interface
using PHP programming. The system interface design is implemented through scripting to obtain the main application
interface shown in Figure 9.

The research focuses on developing the Steam Power Plant Design and Combustion Analysis modules. The Steam
Power Plant Design module is used to analyze steam power plant systems and is not connected to the combustion
system. In contrast, the combustion analysis module is provided to analyze steam power plant systems integrated with
the combustion system.
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Figure 9. The main view of the ThePOCI application: (a) login, (b) main menu, (c) Steam Power Plant Design module, (d) thermal-
based Combustion Analysis module, (¢) material-based Combustion Analysis module, (f) combustion system integrated system
analysis results

The combustion analysis module is the second module developed in this study. The combustion analysis module
accommodates combustion system calculations using three thermal-based models, material-based models with
estimated percentage loss inputs, and material-based models with furnace wall loss inputs. The thermal-based model
accommodates users who do not have proximate and ultimate fuel characteristic data. In the thermal-based method,
users only need to input combustion efficiency to estimate the energy produced from the combustion process. The
material-based combustion method with energy loss percentage input does not include heat loss analysis through the
furnace walls. However, users only need to input estimated energy loss as a percentage of the furnace to be designed.
The material-based combustion method with energy loss percentage input was developed to accommodate users who
will perform the initial design of the combustion furnace system and, therefore, do not yet have furnace wall
temperature data. The material-based method with input of furnace wall losses accommodates users who require
analysis of the combustion furnace system after completion. Combustion and enthalpy models are implemented in the
material-based combustion analysis. The calculation results from the combustion analysis module are displayed on the
pages in Figures 7d and 7e. The next button is used for users to continue the analysis to the page shown in Figure 2f.

3.2. ThePOCI Application Functional Testing

Functional testing of ThePOCI application using the black box method with test results shown in Table 1.

Table 1. Functional test results of the application using the black box method

No Function Testing procedure Result
1  Login Ensure users can log in to the system through https://thepoci.id/ Succeed
2 Access security Ensure users cannot log in to other pages Succeed
3 Access to the main menu Confirm on the main page Succeed
4 Access the field Ensure each input field is accessible, populated and deleted Succeed
5 Access to choose the choice of furnace Ensure material selection is available with thermal conductivity Succeed

wall material columns that can be filled in and displayed on the interface
6  Access selects fuel type Ensure the choice of fuel type and nature is filled Succeed
8  Access to the selection of working fluids  Ensure the selection of working fluids is available and displayed =~ Succeed
9  Display parameters of the calculation Ensure the system displays every calculation parameter Succeed
results
10  Displays the results of the working fluid ~ Ensure that the results of the selected working fluids can be Succeed

selection in the input column

displayed on every input page
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Figure 10. Flue gas temperature validation: (a) Thermal-based model, (b) Material-based model of the input percentage of losses,
(c) Material-based model of furnace wall temperature input

3.3. Validation of Combustion Analysis Module
3.3.1. Flue gas Combustion Output Temperature Validation

The validation of flue gas temperature is shown in Figure 10. Model two has the highest error (13.08%), while model
one has the lowest (1.67%). The variables composing the numerical model have uncertainty ranges originating from
the measurement process and measuring instruments. Variable uncertainty can propagate, leading to larger uncertainty
ranges in calculation results due to the accumulation of uncertainty from the model's constituent variables (Sharifian et
al., 2019; Faes & Moens, 2020). Model one, a thermal-based model, comprises input data from physical system
experiments. In contrast, models two and three include additional input data on the proximate and ultimate
characteristics of the fuel from laboratory tests rather than physical system experiments. The combustion enthalpy is
obtained from thermodynamic table interpolation (Cengel & Boles, 2015). The increase in proximate, ultimate, and
combustion enthalpy input data that did not originate from physical system testing increased the uncertainty range of
models two and three. Additionally, models two and three were based on mass balance calculations that referred to the
combustion model. The calculation results of combustion characteristic variables based on the combustion chemical
reaction model approach are highly dependent on the initial determination of the fuel's ultimate and proximate mass
fractions. The initial determination of the ultimate and proximate fractions of the fuel determines the composition of
combustion products, which impacts the increase in the uncertainty range of combustion characteristic calculations
(Paraschiv et al., 2020; Popescu et al., 2020). Fuel decomposition during combustion is influenced by combustion
temperature, so the proportion of compounds formed can vary based on temperature (Popescu et al., 2020; Thabit ez
al., 2022). Combustion temperature during the experimental process tends to fluctuate. In contrast, the calculation of
flue gas temperature from models two and three is based on the assumption that the composition of combustion
products follows the combustion chemistry model. Therefore, the uncertainty range increases in the calculation results
of flue gas variables in models two and three due to the accumulation of uncertainty from the combustion chemistry
model. Model three has a lower uncertainty range than model two because the additional wall temperature input data
in model three is derived from experimental data of the physical system, making model three's calculation results
closer to experimental data. However, models one and three have limitations because they require thermal
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characteristic input data obtained from experiments, so they can only be used after conducting experiments on the
entire physical system. Users requiring an initial system design without prior physical system experiments can use
model two. Flue gas temperature validation of combustion results was conducted by Yentumi ef al. (2022) with an
error of 14.7%, while Mawardi ef al. (2024) reported the highest error for flue gas temperature validation at 19.3%. In
general, the error of each model is still within an acceptable range. This indicates that each model developed from the
ThePOCI application can simulate combustion systems with an acceptable range of uncertainty, particularly Model 1,
which is highly suitable for thermal characterization analysis of combustion systems based on physical system.

3.4.2. Boiler Output Working Fluid Temperature Validation

The results of validating the working fluid temperature output from the boiler can be seen in Figure 11. The boiler
outlet fluid temperature shows a phenomenon similar to the flue gas temperature, which produces an error in model
two (16.93%) and the lowest in model one (9.53%). The propagation of uncertainty from flue gas temperature data
affects the boiler outlet working fluid temperature because flue gas temperature is one of the variables in the equation
used to calculate the boiler outlet working fluid temperature. Cai et al. (2020) reported a validation result of 13.95%
for the boiler outlet working fluid temperature in an ORC system. Azhari ef al. (2025) reported a validation result of
7% for the boiler outlet working fluid temperature. The overall validation results indicate that the calculation model
within the ThePOCI application can estimate the boiler outlet working fluid temperature within an acceptable
uncertainty range (MAPE < 20%).

140

Ta 140
& 120 3 SRR
o 3 Y
2 100 1 5 100
i E ©
2 80 ’\J\"'k'/“ ) g 80 /\MV\
5 E £
= 60 4 2 60
2 3 k3 Experimental
S 40 1 . = 40 p
= E Experimental & ThePOCI
5 3
S 20 ThePOCI 3 0
0 +—rrrrrr e e e T 0 T T T T
0 20 40 60 80 0 20 40 60 80
Time (minute) Time (minute)
140

~ iCc

& 120 1

2 100 3

g7 ] /N

S 80 4

£ b

£ 60 1

EE

g 404 Experimental

g 20 i ThePOCI

0 e e S
0 20 40 60 80

Time (minute)

Figure 11. Boiler outlet working fluid temperature validation: a) Thermal-based model, (b) Loss-based model, (c) Wall temperature
input-based model

3.4.3. Turbine Power Validation

The results of turbine power validation under steady state conditions are shown in Figure 12. Turbine power validation
shows the highest value in model two (10.39%) and the lowest in model one (7.49%). The heating process inside the
boiler influences turbine output power, so uncertainty propagation occurs in turbine power because it consists of boiler
outlet temperature variables. However, pump speed, pressure, and evaporation temperature changes are directly
proportional to turbine power (Xu et al., 2017), so inputting mass flow rate, pressure, and turbine temperature
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variables that match the physical system experiment results can reduce errors. Dickes et al., (2017) reported turbine
power validation errors up to 17.95%, while a 5% error was obtained in the study (Xu et al., 2017). Based on the
MAPE result, the validation results of the model developed in the combustion analysis module can simulate the steam
power generation system within an acceptable uncertainty range (<20%).

0.06 A

a Experimental 0.05 b Experimental
5 005 ThePOCI £ ThePOCI
s
= 0.04 ] = 0.04 4
E E
&£ 0.03 4 O~ U 2 0.03 4 B,
(5] (<)
£ 002 /V 5002 /V
E E
F o014 / F 001 ] /
0 ++—++r—r—r——r——Trrrrrrrrrr 0 ++*+rrr—r—rrr—rrrrrrrrrreeereeer
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (minute) Time (minute)
0.06 0.01
C Experimental d Experimental
<0.05 =0.008
3 ThePOCI e ThePOCI
s s
+0.04 § g
g £ 0.006
£0.03 ] ~—" & V'\
@ \’ @ 0.004 RANSNCAS ~
-_§0,02 3 / V\ _g ""\_Jh, _,v-l-\
Foo1 ] / ¥ 0.002
o +—"+Hr———— 0 +—rr—r—rrr—r—rrrr
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (minute) Time (minute)
0.01 1 0.01
i e Experimental f Experimental
S 0.008 § ThePOCI g 0.008 ThePOCI
& ] <
g 0.006 % 0.006 {
& ZVv\ @S o 0.004 M
2 0.004 Mw\_,.,-/‘-\l. @ 0, ] AN A ~
£ £ N
£ 0.002 J £ 0.002
3 0 N —
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Time (minute) Time (minute)

Figure 12. Turbine power validation: (a) Model 1 fuel calliandra, (b) Model 2 fuel calliandra, (c) Model 3 fuel calliandra, (d) Model
1 fuel sengon, (¢) Model 2 fuel sengon, (f) Model 3 fuel sengon.

3.5. Steam Power Plant Design Module Validation

The Steam Power Plant Design module is one of the modules that has been developed in ThePOCI application. The
validation of the Steam Power Plant Design module was conducted by comparing the application's calculation results
with research studies (Safarian & Aramoun, 2015) for ideal conditions and (Akkaya, 2017) for actual conditions, as
shown in Tables 2 and 3. The validation results for the steam power plant design module indicate that the MAPE value
falls within the highly accurate category (< 10%). The error range results confirm that the ThePOCI application is
capable of accurately representing a steam power plant system, making it a viable methodological option for physical
system prototyping without incurring additional costs. The research by Giardiello ef al. (2022) validated the organic
Rankine cycle system with an average error of 6.2%. The organic Rankine cycle system was previously validated with
an average error of 4.8% (Davidy, 2021).

The development of the ThePOCI application is currently limited to simulating steam power plant systems based
on the ideal Rankine cycle with assumptions under steady-state conditions. Developing the ThePOCI application to
accommodate transient conditions presents an opportunity for further research. Additionally, development for more
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complex Rankine cycle analysis, such as the addition of preheating devices, modification of system component
geometry, and modification of more dynamic system component specifications, presents further research
opportunities.

Table 2. Validation results of the Steam Power Plant Design module under ideal operating conditions

Parameters (Safarian & Aramoun, 2015) This Research (ThePOCI) APE (%)
Qin (kW) 252 256.30 1.71
Qout (kW) 202 205.51 1.74
Whurbine (kW) 51 52.77 3.47
Woump (KW) 1.96 1.98 1.02
Whet (kW) 49.04 50.79 3.56
1 (%) 19.46 19.82 1.85
MAPE (%) 2.22

Table 3. Validation of the Steam Power Plant Design module under actual operating conditions

Parameters (Akkaya, 2017) This Research (ThePOCI) APE (%)
Qout (kW) 2,514 2,499.03 0.60
Woump (KW) 1.96 1.98 1.02
Whet (kW) 303.50 299.12 1.44
N (%) 10.80 10.75 0.45
MAPE (%) 0.88

Table 4. Steam power generation system emission load

Fuel Emissions (kgCO2e/kW) Net Power (kW)
Calliandra 3741.20 0.026
Sengon 4895.26 0.019

3.6. System Emission Load Analysis

LCCP analysis is used to determine the emission load of steam power generation systems by accommodating
refrigerant usage factors, especially in organic Rankine cycle (ORC) systems. Biomass power plant emission factors
are included in LCCP calculations with the assumption that carbon is also produced from transportation, combustion,
and potential disruption of the natural carbon cycle (Ahamer, 2022). Model one was selected for LCCP calculations
due to its better MAPE value. The results of the emission load calculations are shown in Table 4. Fuel emissions from
sengon are higher than those from calliandra. In the LCCP equation, the system's net power output serves as the
divisor, so an increase in net power output tends to reduce the system's emission load. Table 4 shows that the net
power calculated using ThePOCI application yields an average power output of 0.026 kW for calliandra and 0.019 kW
for sengon fuel. The study by Kusnanto ez al. (2024) reported that an increase in the calorific value of fuel tends to
increase the power output generated by the power generation system. The results of independent laboratory tests
showed that the calorific value of calliandra was 20,007.89 kJ/kg, while that of sengon was 19,911.7 kJ/kg. The
calorific value represents the thermal energy potential that can be converted into power, so an increase in the calorific
value has the potential to increase the power output of the steam power generation system. Such results indicate that
selecting fuel with a high calorific value can help reduce system emissions. The study by Lan ez al. (2022) reported the
same phenomenon, that an increase in energy and temperature of the heat source impacts a reduction in power
generation system emissions. Thus, calliandra may be more favorable in ORC-based systems for minimizing
environmental impacts due to its higher thermal performance and lower carbon output per kW generated. Additionally,
LCCP-based emission calculations also consider the amount of refrigerant used in the system, so an increase in the
capacity of an ORC-based steam power generation system leads to an increase in refrigerant usage, which ultimately
results in higher emissions. He ef al. (2024) reported R134a emissions of 3,777 kgCO,e/kW, while Tovar et al. (2024)
recorded emissions of 109,933.63 kgCO,e¢ for a turbine power of 188.88 kW in a biomass system.
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4. CONCLUSION

ThePOCI thermal system application has been developed with two main modules, Steam Power Plant Design and
Combustion Analysis, each serving its respective function. The Combustion Analysis module exhibited the largest
calculation deviation in the material-based model with energy loss percentage input. Based on the variables of flue gas
temperature, boiler exit working fluid temperature, and turbine power —13.08%, 16.93%, and 10.39%, respectively—
the results remain within the accurate range. Validation of the Steam Power Plant Design module yielded calculation
deviations for ideal and actual operating conditions of 2.22% and 0.88%, respectively, which fall into the highly
accurate category. In general results, the validation results confirm that ThePOCI application is capable of accurately
simulating the physical system of a steam power plant based on the ideal Organic Rankine Cycle (ORC). The systems
emission calculations indicate potential for further research on using calliandra biomass in an ORC-based steam power
plant, identified as the fuel producing the lowest emissions at 3,742.20 kgCO2e/kW compared to Sengon of 4,895.26
kgCO.e/kW. ThePOCI application is expected to contribute to the education sector, particularly as a teaching tool for
thermodynamics and Rankine cycle-based energy conversion analysis. In the industrial sector, it is expected to assist
in steam power plant prototyping processes based on system modeling and simulation. Furthermore, integrate a
biomass furnace system, an ORC-based steam power plant system, and an emission calculation module can support
the development of low-emission energy conversion systems, thereby contributing to greenhouse gas mitigation and
the advancement of sustainable technologies.
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