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Web-Based Thermal Simulation (SDLC) methodology. Functional testing was conducted using Black-box Testing, while user
evaluation was performed using the System Usability Scale (SUS). The results show that all
modules provide the expected information and can be used effectively. Model validation
against experimental data resulted in Mean Absolute Percentage Error (MAPE) values of
11% for compressor power, 17% for cooling capacity, and 14% for the coefficient of
Corresponding Author: performance (COP). User evaluation involving 47 respondents across the four modules
XImuhamad_yulianto@apps.ipb.ac.id yielded a SUS score of 64.41, indicating that the application is well accepted and has an
(Muhamad Yulianto) adequate level of usability.

1. INTRODUCTION

The growth of global industries, especially in the sectors of food, pharmaceutical, and cold chain logistics, has
increased the demand for refrigeration systems. Low temperature and freezing processes are needed to maintain
product quality during storage and distribution (Tassou ef al., 2010; Dhanya et al., 2023; Khan et al., 2023).
Maintaining temperature conditions is crucial to preserve product quality and also to reduce spoilage, prevent
microbial growth, and extend shelf life, which are essential factors in ensuring food safety (Smith ez al., 1994; Vaishali
et al., 2020; Lee et al., 2021). Cold storage systems based on vapor compression refrigeration cycles remain the most
widely used solutions due to their high efficiency and reliability (Ma et al., 2017; IIFIIR, 2019).

However, to build a cold storage facility is not a straightforward process. Designing the refrigeration system
involves several technical stages, including cooling load calculations, determining system capacity and components,
and prototyping to validate the system's performance before full-scale operation (Bodys e al., 2018; Yohannes ef al.,
2018; Lauff et al., 2019; Setyawan et al., 2021). These stages require significant time and financial resources. The
time-consuming and high cost of design and prototype testing pose major obstacles, especially when the system needs
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to be customized to specific products or storage conditions. These challenges can delay project timelines and increase
investment risks.

To overcome these issues, digital simulation approaches have emerged as effective alternatives. Currently, various
thermal simulation applications assist in thermodynamic analysis during the design process. However, most available
thermal tools are standalone software requiring installation and technical expertise. Web-based applications offer
advantages in accessibility and convenience by enabling users to perform calculations and simulations directly
through browsers without specialized software installations and with internet connectivity (Purwanto & Kuswandi,
2017; Singh et al., 2020; Wahyuni et al., 2023). This accessibility expands the reach to a broader range of users and
simplifies the design process, potentially reduce the reliance on physical prototyping, and cut down time and costs.

This research adopts the concept of Digital Twin Technology, which creates a virtual replica of a physical system
allowing for in-depth analysis, simulation, and optimization in a virtual environment (Ruzsa, 2020; Soori ef al., 2023).
Digital twin models provide the flexibility to explore various operational scenarios and system configurations without
risking material loss or damage due to design errors (Byrne et al., 2010). Such an approach not only accelerates the
design process but also improves the accuracy and reliability of the system before actual construction.

Moreover, vapor compression refrigeration systems contribute to environmental concerns. Direct emissions from
refrigerants and indirect emissions from electricity consumption are significant contributors to global warming. Many
refrigerants contain Ozone-Depleting Substances (ODS), which harm the ozone layer, while electricity consumption
leads to carbon emissions (Harby, 2017; Islam et al., 2021; Jones et al., 2022). Therefore, environmental impact
assessment is crucial in refrigeration system design.

The Life Cycle Climate Performance (LCCP) method provides a comprehensive evaluation of environmental
impact throughout the system's lifespan, considering both direct and indirect emissions related to HVAC-R systems
(Lee et al., 2016; Yulianto et al., 2022; Dubey et al., 2024; Suhengki et al., 2024).

Despite the rapid development of thermal simulation and digital twin technologies, most available software
primarily focuses on system performance analysis and operates as standalone applications, requiring local installation
and limiting accessibility. Moreover, these tools generally do not integrate environmental impact assessment,
particularly Life Cycle Climate Performance (LCCP), into the early design stage. To address these gaps, this study
proposes THE POCI, a web-based thermal simulation application that integrates digital twin concepts with
refrigeration performance analysis and LCCP evaluation. Although many HVAC-R manufacturers and principals offer
free design tools, they are often limited to specific brands, proprietary equipment, or predefined system configurations.
In contrast, THE POCI is designed as an open and flexible platform that supports a broader range of design scenarios
and enables users to perform cooling load calculations, system performance simulations, energy consumption
estimations, and environmental impact assessments through a single web platform accessible across devices.
Therefore, THE POCI provides a more versatile and integrated solution for early-stage design and decision-making in
cold storage refrigeration systems.

2. MATERIALS AND METHODS
2.1. Materials

This research was conducted at the Refrigeration Laboratory, Department of Mechanical and Biosystems Engineering,
IPB University. The study was carried out from August 2024 to March 2025.

Research materials involved hardware and softwares. The main hardware used in this research was an MSI
Notebook GF63 Thin 11UCX equipped with an 11" Generation Intel® Core™ i7 processor. This specification was
sufficient to support web-based application development and computational analysis. Several software programs were
installed on hardware devices and used to develop applications, as shown in Table 1.

2.2. Methods

This research developed Thermal Energy and Power Integrated (THE POCI), a web-based application for design,
performance simulation, and emission estimation of thermal systems. The application was developed using the SDLC
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Table 1. Programming Languages and Applications Specification

Language / Application Version Role

Visual Studio Code 1.102.3 A code editor used for all programming languages
XAMPP V3.3.0 Local server for running web applications

Google Chrome 138.0.7204.184 Browser used for interface testing

Microsoft Edge 139.0.3405.86 Alternative browser used for interface testing

Refprop v10 Provides thermodynamic property data of refrigerants
phpMyAdmin 10.4.32-MariaDB Graphical interface for MySQL database management
HTML v2.0.13 Defines the basic structure of the user interface

CSS v2.0.13 Styles and arranges layout of UI elements

JavaScript - Adds interactivity to the user interface

PHP v1.0.3 Handles backend logic and database CRUD operations
Python v1.7.0 Performs technical calculations and data processing

(Software Development Life Cycle) method, which is a structured process model for designing, developing, and
delivering software products (Shylesh, 2017). This method allows for a flexible and iterative process (Ghanghro ef al.,
2021). The SDLC stages applied as depicted in Figure 1.

During application development, errors can occur that require repeating certain processes. Figure 2 shows the flow
of THE POCT application development using the SDLC method.

2.3. System Investigation

The system investigation phase aimed to identify application requirements and system objectives. This phase was
conducted through literature review and observation to determine the type of thermal system to be modeled, target
users, and development procedures. The outputs of this phase served as the basis for subsequent system analysis and
application design. Based on observations and a literature review, the adopted system is a vapor compression
refrigeration system, recognized for its high efficiency (She e al., 2018). The target users of this system are workers
or engineers who are responsible for managing, maintaining, and implementing the systems according to specific
environmental needs (Soori ef al., 2023).

4’| System Investigation |
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—>| System Analysis |
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4>| System Design |
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—>| Implementation |
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Figure 1. SDLC method
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Figure 2. THE POCI development procedure

2.4. System Analysis

System analysis was conducted to evaluate the thermal performance and environmental impact of the proposed
refrigeration system. Thermal analysis aims to determine the total cooling load required by the refrigeration system.
The total cooling load is defined as the sum of all cooling loads acting on the system, including internal loads, external
transmission loads, and infiltration loads. Internal loads are primarily generated by the products (Q,) stored in the
refrigerated space and consist of sensible heat load (Q;) and latent heat load (Q)) (Yohannes et al., 2018; Dhumane et
al., 2021). Mathematically, the total product load can be expressed as:

Qp =0Q;+Q, (1

The sensible heat load is calculated based on the product mass (m), the specific heat capacity of the product (C,),
the temperature difference between the initial temperature and the target temperature (A7), and the required cooling
time (f) (She et al., 2018; Cengel, 2019). It is expressed as:

m - Cp(AT)

t

Qs = 2

The latent heat load is calculated based on the product mass (m), the latent heat of the product (L), and the target
cooling time (7), as expressed by:

Q=— 3)

The freezing load is calculated when a certain mass of product (m) is below the freezing point and all heat has been
completely removed. This load considers the specific heat of the frozen product (C,) and the temperature difference
before and after freezing (AT) as presented in Equation (4).

m - Cpr(AT)
t

Qr = “4)

The external load is represented by heat transmission through the wall (Q.), calculated using thermal resistance as
seen in Equation (5) (Holman, 1999). The infiltration load (Q;) caused by door opening during operation is calculated
using Equation (6) (Cengel, 2019). The total cooling load is obtained by summing all heat loads as in Equation (7).

AT

Quw = % Ren ®)
Q= v -A(h;-h.)-pr- D, (6)
Q: = Qp+ Qw+ Q; (7
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After the total cooling load is determined, an analysis of the cooling system is conducted, which includes several
key parameters. Compressor power (Weomp) is defined as the energy required for the compression process and is
calculated by multiplying the refrigerant mass flow rate by the enthalpy change during compression (Yohannes et al.,
2018; Cengel, 2019):

I/Vcomp = m (h, — hy) (8)

Heat rejected (Q) represents the heat released by the refrigerant during the condensation process, expressed in
Equation (9) (Strommer ef al., 2016; Constantino & Kanizawa, 2022; Naduvilakath-Mohammed ef al., 2024):

Qn = m (hy — h3) 9

Cooling capacity (Q.) is calculated based on the refrigeration effect, which is the enthalpy difference of the
refrigerant entering and leaving the evaporator (Cengel, 2019). While, COP is defined as the ratio of cooling capacity
to compressor power (Iskan e al. 2021) and is formulated in Equation (11).

Qe = 1 (hy — hy) (10)

_ Qe _ m(hyi=hy)
cop = Wc 1 (hy—hq) (11)

Furthermore, environmental impact was assessed using the Life Cycle Climate performance (LCCP) approach,
considering both direct and indirect emissions throughout the system lifecycle (IIFIIR, 2016; Yulianto ez al., 2022).
Direct emissions are associated with refrigerant leakage during operation and at the end of the system’s lifetime, and
are calculated as the following:

Direct Emission : C x (L x ALR + EOL) x (GWP + Adp.GWP) (12)

Indirect emissions originate from energy consumption during system operation as well as emissions related to
material production, recycling, and refrigerant manufacturing and disposal. These emissions are calculated as follows:

L x AEC x EM + ¥(m x MM) + ¥ (mr x RM) + C x (1 + L x ALR) x REM + C x (1 — EOL) x RFD (13)

2.5. Testing, Data Collection, and Validation

Testing was performed using the Black-box method to validate the functions of THE POCI application and the System
Usability Scale (SUS) test to assess the ease of use by respondents. Data were collected through a questionnaire,
consisting of 10 statements rated on a 1-5 Likert scale (Lewis, 2018; Mahendra & Asmarajaya, 2022). The SUS
instrument test used in this research is shown in Table 2.

Table 2. Instrument for SUS test

Strongly Somewhat Somewhat Strongly
. q Neutral
disagree Disagree Agree Agree
. I 'think I would like to use this tool frequently. - - - - -
. I found the tool unnecessarily complex. - - - - -
. I thought the tool was easy to use. - - - - -
. I think that I would need the technical support or - - - - -
assistance to be able to use this system.
5. 1 found the various functions in this tool were well - - - - -
integrated.
6. I thought there was too much inconsistency in this - - - - -
system
7. 1 would imagine that most people would learn to use - - - - -
this system very quickly
8. I found the system very cumbersome to use - - - - -
9. I felt very confident using the system - - - - -
10. I needed to learn a lot of things before I could get - - - - -
going with this system

Question

R S
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Validation was performed by comparing the THE POCI results with experimental data obtained from an existing cold
storage system. Input parameters were set according to the experimental conditions, and the application’s outputs were
directly compared with measured results. Accuracy was assessed using the Mean Absolute Percentage Error (MAPE)
method, with adapted testing instruments and procedures to ensure reliable evaluation of the application’s
performance. The MAPE value is calculated using the formula (Singh ef a/., 2020; Al-Khowarizmi et al., 2021):

n |Actual—Predict
i=1

MAPE =( jf“w’ ) x 100% (14)

2.6. Data Analysis

Black-box testing results were analyzed qualitatively to ensure all application functions operated correctly (Khan &
Farmeena, 2012; Mahendra & Asmarajaya, 2022). SUS questionnaire data were analyzed quantitatively by converting
responses into usability scores ranging from 0 to 100, following the method proposed by Lewis (2018).

3. RESULT AND DISCUSSION
3.1. System Design and Implementation

The system implementation process is carried out through several stages, including database system, user workflow
design, and user interface design. The POCI is designed for a single-user level, ensuring that all users have the same
access rights to all available features. The system consists of three main features: (1) cold storage design based on
cooling load calculations, (2) cold storage performance simulation based on component enthalpy analysis, and (3) cold
storage emission estimation using the Life Cycle Climate Performance (LCCP) approach. These features are designed
to be used sequentially to ensure a consistent calculation flow that corresponds to the actual stages of refrigeration
system design, as illustrated in Figure 3.

The system design includes three main aspects: user interface design, data design, and process design. User
interface design focuses on user interaction with the web-based application and is developed using a prototyping
approach based on user feedback. Data design defines the database structure used to store calculation inputs and
outputs, while process design describes the logical workflow and calculation procedures implemented in the system.
To support the calculation process, the system is developed using a modular structure consisting of four main modules,
where each module processes a set of input data and produces corresponding outputs according to the type of
calculation performed, thereby facilitating data management and integration between modules, as shown in Figure 4.

Cold Storage Design Cold Storage Performance LCCP
Simulation
Calculate Internal .| Input Parameters | Calculate Direct
Load " Design " Emission
v A\ l
Calculate External Find the enthalpy of Calculate Indirect
Load every component Emission
Calculate L
CalculatLeOI:cfﬂtratlon performance Cal culfat e Total
parameters Enussion

Figure 3. THE POCI calculation flow
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Figure 5. Entity relationship diagram of THE POCI
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The system is implemented within a local server environment using XAMPP. During the implementation phase, a
database is developed using MySQL and phpMyAdmin. The database consists of input tables containing design
parameters according to the main module of The Poci, as well as output tables that store the results of calculations
performed by the module. All data are organized according to their respective entities and are represented in an Entity
Relationship Diagram (ERD), as illustrated in Figure 5.

The user interface (UI) and user experience (UX) were developed using HTML, JavaScript, and PHP, and CSS was
used to create the page layout, buttons, and navigation. The pages were built based on the designed modules and
include input and output forms. Users can enter design data into the input forms, which are then stored in the database.
The calculation results are retrieved from the database and displayed back to the user, creating a two-way data flow. A
simple illustration of the vapor compression cycle is also provided to help users understand the system and fill in the
required data. The implementation results of THE POCI UI/UX are presented in the Figure 6.
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THE POCI
WELCOME TO THE POCI
THERMAL, ENERGY, and POWER INTEGRATED

Logn Form

Figure 6. THE POCI Page Preview: (a) Login Page, (b) Main Menu, (c) Performance Analysis Result of Refrigeration System, (d)
Parameter Input Form of Module 1, (e) Navigation Page for Cooling Load Calculation, (f) Parameter Input Form of Module 2, (g)
Parameter Input of LCCP Module

THE POCI was developed as part of a refrigeration system functional module aimed at facilitating users in
calculating the heat load that must be handled by the refrigeration system. The calculated heat load serves as the basis
for determining the required cold storage capacity as well as evaluating the performance of the refrigeration system
under operating conditions. The design module of the application is equipped with a database of materials commonly
used in cold storage wall construction, enabling more accurate heat transfer analysis. In addition, the application
provides various refrigerant options sourced from the REFPROP library, allowing reliable modeling of the
thermophysical properties of refrigerants. The outputs generated by the application include cooling capacity, system
energy consumption during operation, and estimated environmental emissions expressed in units of kg CO, equivalent.

3.2. Functional Verification of THE POCI Application

Black box testing was conducted to verify the functionality of all main modules in the system, including user
authentication, navigation, data input, database operations, computational processes, and result visualization. The
testing covered the Login and Main Menu modules, Refrigerasi Sederhana module, Life Cycle Climate Performance
(LCCP) module, Refrigeration Design modules (external, internal, and infiltration cooling load), refrigeration cycle
parameter input, and final performance analysis display. Each test case was evaluated by comparing the actual system
output with the expected output based on predefined scenarios. The results demonstrate that all modules functioned as
intended, with correct navigation flow, accurate data processing, reliable thermodynamic and cooling load
calculations, and successful integration of energy consumption and emission analysis, indicating that the application is
functionally reliable and ready for operational use.
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Table 3. Functional verification of system modules based on Black Box testing

Module Tested Features Expected Outcome Result

Login & Main Menu User login, menu navigation Successful login and redirection to selected Pass
module pages

Refrigerasi Sederhana  Refrigerant selection, component Correct data processing and thermodynamic Pass

navigation, data input, enthalpy and cycle outputs
calculation

LCCP Module Input, save, calculation, result integration ~ Emission calculation completed and displayed Pass
correctly

External Cooling Surface input, material selection, load External cooling load calculated accurately Pass

Load calculation

Internal & Infiltration  Internal and infiltration parameter input, Individual and total loads calculated correctly Pass

Load load calculation

Total Cooling Load Load aggregation and navigation Total cooling load displayed and forwarded to Pass
cycle parameters

Refrigeration Cycle Refrigerant selection, parameter input, COP and cycle parameters calculated without Pass

Parameters cycle performance calculation error

Final Results (Siklus Display of performance, enthalpy, and All analysis results displayed correctly Pass

Refrigerasi) emission results

Table 4. Input parameters for simulation

Parameters 1.3 bar 1.8 bar 2.3 bar 2.8 bar

Evaporation temperature (°C) -35.39 -30.26 -25.58 -21.97

Condensation temperature (°C) 26.75 27.34 28.19 29.80

Heat loss (%) 15.00 10.00 10.00 8.00

Superheat (°C) 60.37 54.84 50.11 44.78

Subcool (°C) 0.78 0.29 0.74 0.54

Volumetric efficiency (%) 85.00 85.00 85.00 85.00

Compressor rotational speed (rps) 220.05 170.20 146.24 136.58

3.3. Validation of Cold Storage Performance

The simulation was conducted using input parameters obtained from the design results and experimental data. These
parameters were used to simulate the operating conditions of the cold storage system at various suction pressures in
order to evaluate the consistency of the model under different operating conditions. Table 2 presents the simulation
input parameters derived from the experimental results. The main performance parameters evaluated include the
coefficient of performance (COP), cooling capacity (Q.), compressor work (), and refrigerant mass flow rate (1h).
The validation process was primarily carried out on the refrigerant mass flow rate, as it is a key factor influencing the
thermodynamic behavior of the refrigerant during the compression cycle. However, to evaluate overall system
performance, the comparison was focused on cooling capacity, compressor work, and their ratio expressed as COP.
The accuracy of the simulation results was assessed using the Mean Absolute Percentage Error (MAPE) method by
comparing the experimental data with THE POCI simulation results, as presented in Table 5.

The results indicate that THE POCI error for the refrigerant mass flow rate parameter is 1.99%, demonstrating a
high level of accuracy. The simulated mass flow rate ranged from 0.0154 to 0.0173 kg/s, which is comparable to
values reported in previous studies. In a ship cold storage system, the refrigerant mass flow rate was reported as 0.018
kg/s for a % HP capacity unit (Suhengki e al., 2024). Meanwhile, the errors for cooling capacity (Q.) and compressor
work (W.) are 17.78% and 11%, respectively, resulting in an overall system performance error of 14.30%. The
simulated Q. ranges from 4.9 to 5.3 kW, which is comparable to the 4.98 kW reported for a ship cold storage system
with a % HP unit (Suhengki et al., 2024). The simulated W. ranges from 0.7 to 0.8 kW, also aligning with previous
studies. Suhengki et al. (2024) reported 0.66 kW for an R32 ship cold storage system with a % HP capacity, while
(Hadya et al., 2015) and (Pujianto & Nugroho, 2024) reported compressor work values of 1.038 kW and 0.8 kW,
respectively, for 1 HP air conditioner units. These findings suggest that the mathematical model is capable of
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predicting the performance of a cold storage system that has not yet been constructed or is still in the design stage.
Therefore, the POCI application can be considered a reliable tool for predicting system performance and providing
valuable information to users without the need to experimentally test a prototype.

Table 5. Comparison of experimental and simulation results for system performance

Parameters Suction Pressure Experimental THE POCI APE (%) MAPE (%)

Mass flow rate (kg/s) 1.3 bar 0.0154 0.0158 2.76 1.99
1.8 bar 0.0150 0.0153 1.57
2.3 bar 0.0156 0.0160 2.28
2.8 bar 0.0173 0.0175 1.36

Work of Compression (kW) 1.3 bar 0.631 0.708 12.08 11.00
1.8 bar 0.710 0.862 21.36
2.3 bar 0.796 0.740 7.03
2.8 bar 0.883 0.852 3.54

Cooling Capacity (kW) 1.3 bar 4.7028 4.9006 20.12 17.78
1.8 bar 4.5443 4.6843 17.39
2.3 bar 5.0218 4.8691 17.19
2.8 bar 5.0218 5.2274 16.44

COoP 1.3 bar 6.46 6.92 7.18 14.30
1.8 bar 5.62 5.44 3.28
2.3 bar 5.22 6.58 26.05
2.8 bar 5.08 6.14 20.71

3.4. LCCP Simulation

The potential emissions generated by the cold storage system during its operational lifetime were calculated using the
Life Cycle Climate Performance (LCCP) method. This calculation was performed directly through simulation in THE
POCI application. For the refrigeration system using R32 refrigerant, the main properties used in the LCCP calculation
were GWP = 675, ADP GWP = 0, and RFM = 7.2, with an assumed operating time of 5,760 hours per year (Saito
2017; Islam et al. 2021). These parameters refer to the LCCP guideline (IIFIIR, 2016) with some modifications based
on experimental results. The lowest emission value was obtained at a suction pressure of 1.3 bar, amounting to 31,598
kgCOqe. This result is consistent with the emission calculation based on experimental data, which yields 25,261
kgCO:¢e with a power consumption of 0.63 kW.

3.5. System Usability Scale Test

The System Usability Scale (SUS) test involved 47 respondents and yielded an average score of 65.41, which falls
into the marginal category (grade C) (Figure 7). This indicates that THE POCI application is usable, but still requires
improvements, particularly in terms of interaction efficiency and ease of use. Based on the adjective rating, the
application is classified as “OK”, while the Net Promoter Score (NPS) falls into the passive category, suggesting that
users are moderately satisfied but not strongly motivated to recommend the application. The item-level analysis shows
that core system functions received relatively high scores (odd-numbered questions), indicating that users generally
agree that the main features work well. However, several even-numbered questions also received relatively high
scores, suggesting that many users perceived the system as difficult to use. This issue is likely related to the fact that
the majority of respondents were students with limited practical experience and limited understanding of the role of
THE POCI in cold storage design. Therefore, to reduce perceived complexity and improve usability, it is
recommended to provide clearer guidance, simplify the workflow, and enhance the clarity of the interface and output
presentation (Figure 8). Respondent characteristics also influenced the results. Most respondents (81%) were students
with limited practical experience, which increased the need for clearer guidance (Figure 9). Meanwhile, HVAC
professionals (11%) and academics (9%) were more concerned about workflow efficiency and the clarity of output.
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THE POCI web-based thermal application for vapor compression refrigeration systems has been successfully
developed with three main features, system design, system performance calculation, and environmental impact
estimation based on LCCP. The application enables interactive simulation and analysis of cold storage refrigeration
systems, integrating both technical performance and emission assessment within a single platform. Model validation
shows acceptable accuracy in representing system performance. The MAPE values for refrigerant mass flow rate (71),
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compressor work (W#.), cooling capacity (Q.), and COP are 2%, 11%, 17%, and 14%, respectively. These results
indicate that the model can reasonably predict system behavior, although performance prediction for some parameters
still requires improvement. The LCCP simulation results indicate that the lowest emission value occurs at a suction
pressure of 1.3 bar, with emissions of 31,598 kgCO,e, which is consistent with the low electrical power consumption
of 0.631 kW. Usability evaluation involving 47 respondents resulted in a SUS score of 65.41 (marginal, grade C). The
application is categorized as “OK” in adjective rating, and NPS falls into the passive category, indicating moderate
user satisfaction but limited willingness to recommend the application. The study has limitations, including validation
under specific operating conditions and a usability test sample dominated by students, which may affect
generalizability. Future work should focus on improving model accuracy and extending validation under varied
operating conditions, adding transient simulation capability, and enhancing usability through clearer guidance,
standardized input formats, and simplified workflows.
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