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Abstract- This research explored the relationship between 

fundamental smart port practices and the Smart Port Index (SPI) 

adoption, while assessing the effects of SPI implementation on port 

operational performance across three major ports in Bangladesh: 

Chattogram, Mongla, and Payra. Six hypotheses were tested, and 

the results indicated that AI integration in port management 

practices significantly predicted SPI adoption (β = 0.163, p = 

0.002). However, the study found that disposal management 

effectiveness had no tangible effect on SPI adoption rates (β = 

0.061, p = 0.241). The research further revealed that adopting 

smart port practices, such as real-time logistics, automation, and 

energy-efficient systems, leads directly to significant performance 

enhancements in port operations. The study’s findings underscore 

the importance of enhancing digital literacy, implementing 

artificial intelligence, establishing comprehensive energy policies, 

digitizing waste management, and integrating smart technologies 

into safety and security systems to drive SPI adoption and improve 

port performance. The research showed that Chattogram Port 

outperformed Mongla and Payra Ports, indicating its superior 

implementation of smart port practices. Future research could 

benefit from longitudinal studies to track the evolving impact of 

SPI adoption and its long-term effects on port performance. 

 

Keywords - Artificial intelligence, disposal management, energy 

policy, safety and security 

I. INTRODUCTION 

 

Transporting products via maritime vessels constitutes around 

80 percent of worldwide merchandise trade [1]. The rising need 

for maritime transport and logistics services, influenced by 

modern-day changes, has created the need for sustainable 

operations [2]. Seaports play a crucial role in transportation, 

enhancing transportation, smoothing supply chain 

effectiveness.  For seaports to thrive, safety and security must 

be enriched by taking proactive steps that help to identify risks  

and potential threats [3]. Embedding advanced technologies, 

including video surveillance and intelligent sensors, can help 

with early identification of safety issues [4]. Implementing 

sustainable transport systems yields positive outcomes for the 

environment, society, and different economic sectors. The 

maritime industry is crucial to Bangladesh’s economy, catering 
for more than 90 percent of the national overseas trade. Ports 

such as Chittagong and Mongla handle a significant volume of 

the country’s trade [5]. Mongla seaport handles approximately 

90 per cent of the country’s maritime market. 

1.2 Problem statement 

The development of a Sustainable Smart Port Index (SPI) is 

crucial for assessing and advancing the integration of digital 

technologies and sustainability in port operations [6]. While 

frameworks like the Triple-Bottom-Line Stakeholder 

Alignment Index (TBSAI) focus on evaluating stakeholder 

alignment in port governance, the SPI emphasizes the port’s 
digital and environmental maturity. The key distinction lies in 

the scope of assessment: while TBSAI provides insights into 

stakeholder engagement, SPI evaluates a port’s ability to 
integrate smart technologies, such as AI, energy-efficient 

systems, and automated operations, that contribute to its 

sustainability goals. However, a notable gap exists in the current 

literature and frameworks.  

Despite the use of TBSAI to evaluate stakeholder engagement 

and sustainability, no existing index combines AI, energy 

policy, and safety in a comprehensive manner. Such an 

integration is crucial for addressing the increasing complexity 

of port operations in a smart and sustainable way. The SPI is 

designed to fill this gap by considering not just stakeholder 

alignment, but also the digital transformation of ports and their 

environmental responsibility. The interoperability of diverse 

systems poses a significant challenge in the implementation of 

smart technologies within port environments [7]. Successful 

integration of these technologies requires substantial financial 

investment and the seamless transmission of data across various 

systems [8] [9]. Additionally, as seaports involve numerous 

stakeholders, effective collaboration among these entities is 

essential for the successful deployment of sustainable smart port 

technologies. 

1.3 Research Objective 

This study seeks to develop an inclusive smart port index that 

integrates several scopes of smart ports and correlates these 

dimensions and ports sustainability performance. The study also 

investigates specific limitations that may pose unresolved issues 

for future researchers and practitioners, thereby promoting the 

advancement of new research initiatives that integrate these 

underlying principles into their port transformation procedures 

and evaluate their impact on port sustainability. 

 

II.LITERATURE REVIEW 

 

Smart Ports and Digital Transformation in Shipping Industry 

Recently, technological changes have triggered shifts in the 

shipping industry, requiring better efficiency [10]. Smart Ports 
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rely on technology, automation and immediate data analysis to 

help port management, enhance efficiency, and safety. In Smart 

Ports, safety and security are maintained using policies, 

procedures, and technologies to reduce risks, avoid issues, and 

protect port workers, property, and goods [11]. AI and similar 

technology in ports tend to drive and support the development 

of new ideas [12]. Smart Port Index strives to make ports more 

transparent. With AI, it is simple to analyse data, understand the 

situation and monitor actions using the Smart Port Index 

standards [13]. The Smart Port Index improves efficiency in 

ports by helping them organise their actions and resources and 

addressing operational issues [14]. Furthermore, the Smart Port 

Index enables ports to reduce the time cargo and ships spend 

inside the port [15]. 

2.2 Research Gap 

A limited availability of empirical data and detailed cases about 

smart ports is apparent across different nations. The index to 

evaluate the efficiency of smart ports should be created by 

joining sub-indices in a rounded way, with each sub-index 

representing a key dimension of operations, environment, 

energy, and safety & security. It is vital to set global standards 

and recognise paths for development in port processes [21]. The 

current study aims to fill this research gap by collecting primary 

data from stakeholders in recognised ports in Bangladesh.  

2.3 Research Theory  

Resource-Based View (RBV) 

RBV places substantial importance on the impact of resources 

and capabilities in influencing a corporation's performance [22]. 

Smart Port Index implementation can be perceived as a tactical 

strength that expands port performance by positioning 

operations with the most current practices in the industry. Smart 

Port Index to be a tactical advantage that increases port 

performance by positioning processes with the most resourceful 

approaches presently existing in the business. 

 

2.4 Conceptual Framework 

The conceptual framework to assess the smart port index is 

composed of several dimensions, such as AI integration, waste 

management, energy policy, safety/security, and digital literacy. 

AI Integration: The AI-based enhancements and the approach 

to measure port efficiency are aligned, which improves the 

connection between AI use and the implementation of the Smart 

Port Index. Smart Ports have critically influenced the maritime 

sector by streamlining obsolete port procedures and supportive 

new ideas as the industry keeps shifting [11]. The use of AI in 

port activities allows operators to rely on information when 

making decisions. Those ports that rely on AI to analyse and 

project results know their strengths and weaknesses more 

clearly [13].  

Waste Management: Effective waste management is crucial 

for preserving the environment of any port [23]. It can help ports 

uphold their competitiveness, flexibility, and input to ensure a 

sustainable future [24]. If waste is handled improperly, it can 

pollute the air and water and destroy marine life [25]. 

Considering the state of the environment, ports should act 

sustainably, introduce digital technology, and implement smart 

port measures to introduce valuable changes [26]. Smart Ports 

incorporate pioneering technologies, data analysis, and green 

procedures to boost port productivity and lessen environmental 

impact [27]. Energy Policy Frameworks: Energy policy guides 

ports to use renewable sources, save energy, and cut down on 

carbon emissions [28]. Energy policy contributes to the 

deployment of Smart Ports by helping achieve sustainability, 

enhancing how ports operate, and modernising them [29]. 

Developing an energy policy helps ports avoid running into 

problems with guidelines and also assists them financially by 

cutting costs, receiving benefits, and entering the market for 

renewable energy [30]. Currently, many ports rely on smart port 

plans to become more efficient, reduce their negative effects on 

the environment, and promote sustainability [31]. When energy 

policy is executed, ports demonstrate their commitment to the 

environment and humankind (32; 33]. 

Safety/Security: Smart Port Index relates to putting safety and 

security measures in place, meaning that all countries 

participate in modernising and making sure the marine sector 

can recover from various difficulties [34]. Smart Ports employ 

advanced technologies to expand situational awareness, 

rationalise response times, and empower informed 

policymaking in safety and security processes [35]. Smart Port 

Index works as a standard to appraise port safety and security 

performance compared to industry norms and identify areas that 

necessitate improvement [36].  

Digital Literacy: The shipping industry is presently 

undergoing a substantial shift due to methodological 

innovations and the rise of Smart Ports [37]. The key feature 

driving this change is the digital mastery of port authorities, 

relating to their capacity to realise, adopt, and exploit digital 

technology to augment port operations and expand 

attractiveness [38]. Port authorities with a solid awareness and 

digital literacy can create strong cybersecurity guidelines, 

implement data privacy safeguards, and conform with 

legislative ideals that oversee data management [39]. The port 

authorities' expertise in digital literacy empowers effective 

association and continuous organization among port 

stakeholders [39]. 

2.5 Research Hypotheses  

Hypothesis 1: There is a positive relationship between the 

integration of AI in Port Management and the 

Adoption of the Smart Port Index. 

Hypothesis 2: There is a positive relationship between the 

efficacy of disposal management and the Adoption of 

the Smart Port Index. 

Hypothesis 3: There is a positive relationship between the 

Use of Energy Policy and the Adoption of the Smart 

Port Index. 

Hypothesis 4: There is a positive relationship between the 

Facility of safety and security and the Adoption of 

Smart Port Index. 

Hypothesis 5: There is a positive relationship between the 

Digital Literacy of the Port Authority and the Adoption 

of the Smart Port Index (SPI). Digital literacy enhances 

ports’ human capital, a crucial resource in Resource-

Based View (RBV), enabling port authorities to fully 

exploit digital technologies to improve operations.  

https://icebtm.iub.edu.bd/
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Hypothesis 6: There is a positive relationship between the 

Adoption of the Smart Port Index and Port 

Performance 

 
Figure 1: Conceptual Framework 

 

II. METHODOLOGY 

 

3.1 Research Design  

A quantitative research design was employed to examine the 

connection between various variables and the development of 

the Smart Port Index (SPI). The study utilized a cross-sectional 

design, enabling the collection of data at a single point in time, 

which allowed for the analysis of relationships between the 

identified variables. The quantitative approach was specifically 

chosen to identify patterns, describe the data, and diagnose 

problems within the maritime industry, particularly in relation 

to how the SPI and other maritime technologies can enhance 

port operations in Bangladesh. The research design also 

employed causal analysis to help derive accurate insights and 

identify the cause-and-effect relationships between variables. 

Additionally, the use of an explanatory research design helped 

investigate how Bangladesh’s maritime industry can leverage 
the SPI and digital technologies to address its strategic 

challenges. 

3.2 Measurement of Variables 

The study measured key variables using Likert scales, which 

provided a clear and structured way of assessing different 

dimensions of port management and performance. The 

variables were as follows: 

Independent Variables: 

[1] Integration of AI in Port Management: The level and 

impact of AI integration in port operations were 

assessed using a 5-point Likert scale (1 = Strongly 

Disagree to 5 = Strongly Agree). This measure gauges 

the extent to which AI has been implemented and its 

effectiveness in improving port efficiency and 

operations. 

[2] Efficacy of Disposal Management: A 5-point Likert 

scale was used to assess waste management practices 

at the port, focusing on the effectiveness of disposal 

systems in maintaining environmental sustainability 

and minimizing pollution. 

[3] Use of Energy Policy: The level of energy 

management and the adoption of renewable energy 

practices at the ports were measured using a 5-point 

Likert scale. 

[4] Facility of Safety and Security: This variable was 

measured using a 5-point Likert scale to assess the 

extent to which safety and security measures are 

implemented at the ports, including technologies used 

to monitor and secure port activities. 

[5] Digital Literacy of Port Authority: The digital 

competencies of port staff were measured using a 5-

point Likert scale, focusing on their training and ability 

to adopt and use digital technologies in port operations. 

Mediating Variable: 

Adoption of Smart Port Index (SPI): The level of adoption 

of smart port technologies and practices (such as the 

implementation of the Internet of Things [IoT] and 

smart infrastructure) was assessed using a 5-point 

Likert scale. 

Dependent Variable: 

● Port Performance: This variable was measured using a 

5-point Likert scale to evaluate key operational 

performance indicators, including efficiency, 

throughput, customer satisfaction, and financial 

performance. 

3.3 Hypothesis testing using PLS-SEM 

The hypotheses were tested using Partial Least Squares 

Structural Equation Modeling (PLS-SEM). This statistical 

method allows for the simultaneous estimation of multiple 

relationships between constructs, making it ideal for testing the 

Smart Port Index (SPI) framework. PLS-SEM was chosen for 

its effectiveness in analyzing complex models involving both 

direct and indirect effects. The statistical significance of path 

coefficients was assessed using t-values and p-values, while 

model fit was evaluated using the following criteria: 

CFI (Comparative Fit Index) ≥ 0.90 

RMSEA (Root Mean Square Error of Approximation) ≤ 
0.08 

SRMR (Standardized Root Mean Square Residual) ≤ 0.08. 
This approach helped to assess how digital supply chain 

practices and smart port technologies affect the overall maritime 

supply chain performance and port sustainability. 

3.4 Survey tool development 

A structured questionnaire was developed to collect data, 

consisting of closed-ended questions and Likert scale items 

designed to measure the key constructs of the study. The survey 

was distributed through both online surveys and physical 

distribution of questionnaires to ensure broad accessibility. A 

representative sample of maritime professionals, including 600 

respondents, was selected. These respondents were involved in 

daily operations at various ports and were expected to be 

familiar with the latest technologies used in their respective 

ports. 

To ensure the validity and reliability of the survey, a pilot test 

was conducted with a small sample of 30 participants. The 

results confirmed the survey’s validity, as indicated by a 
Cronbach’s alpha (α) > 0.7, confirming strong internal 
consistency and reliability of the measurements used in the 

study. 

https://icebtm.iub.edu.bd/
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3.5 Data Analysis  

The researcher used SmartPLS (Partial Least Squares 

Structural Equation Modeling) for the statistical analysis. 

Descriptive statistics were reflected on the main variables. To 

evaluate internal reliability, Cronbach’s alpha and composite 
reliability were used. Meanwhile, CFA was performed to assess 

construct validity. SEM was used to examine the proposed 

relationships among the variables. Bootstrapping assessed the 

significance of mediation effects with confidence intervals. 

Bootstrapping confirmed the role of mediator variables in the 

study, understanding how the smart port index impacts the sea 

port performance. Mediation Analysis was used to test the 

mediating effect of the adoption of the smart port index. 
 

III. RESULTS 

 

4.1. Descriptive Statistics 

The implementation of AI-related practices in port 

management showed moderate strength based on the (M = 

13.98, SD = 2.73) average rating. The mean score for Efficacy 

of Disposal Management was M = 13.78 with SD = 3.10, 

demonstrating stable waste management outcomes. The Use of 

Energy Policy received a mean score of (M = 13.32, SD = 3.36), 

whereas the Facility of Safety and Security earned a slightly 

lower mean score of (M = 13.05, SD = 3.15), showing potential 

weaknesses in safety infrastructure. Digital Literacy scores 

obtained from Port Authority respondents demonstrate a 

moderate to high digital competency level with (M = 13.42, SD 

= 3.21). Both the mediating variable, Adoption of  Smart Port 

Index, and the outcome variable, Port Performance, exhibited 

similar average values (M = 13.14, SD = 3.21). 

 

Table 1: Descriptive Statistics 
  Min Max Mean SD 

Integration of AI in 

Port Management 6 19 13.98 2.728 

Efficacy of 
Disposal 

Management 7 20 13.78 3.099 

Use of Energy 

Policy 4 20 13.32 3.363 

Facility of Safety 

and Security 6 20 13.05 3.153 

Digital Literacy of 

the Port Authority 5 20 13.42 3.212 

Adoption of Smart 

Port Index 5 20 13.14 3.212 

Port Performance 5 20 13.14 3.222 

 

The violin plot demonstrates how port performance scores are 

distributed across Chattogram Port, Mongla Port, and Payra 

Port. Chattogram Port holds the highest performance ranking, 

with its median score exceeding 15 and a tight data distribution, 

indicating consensus among stakeholders on its superior 

performance. In contrast, Mongla Port and Payra Port display 

lower median scores of around 12, with broader distributions, 

signifying a greater variation in performance evaluations. This 

highlights Chattogram Port’s dominance in performance, likely 
due to its superior implementation of smart technologies and 

operational practices compared to Mongla and Payra Ports. 

 

 
 

Figure 2: Violin plot 

 

The violin plot reveals that Chattogram Port has the highest 

performance scores, indicated by the tight clustering of data 

points around the median score of 15. This suggests a strong 

consensus among respondents regarding Chattogram's superior 

performance. In contrast, Mongla Port and Payra Port show 

broader distributions and lower median scores (around 12), 

reflecting more variation in stakeholder perceptions and 

potentially weaker implementation of smart port practices. 

4.2 Correlation Analysis 

The study found that Port Performance correlated moderately 

positively with Integration of AI in Port Management (r = .365, 

p < .01) and Efficacy of Disposal Management (r = .334, p 

< .01) as well as Use of Energy Policy (r = .307, p < .01) to 

indicate that better AI integration and effective waste 

management coupled with strong energy policies lead to higher 

port performance. Port Performance demonstrates a direct 

positive relationship with Facility of Safety and Security (r 

= .250, p < .01), which signifies that safe infrastructure 

operations are essential to operational success. Port Authority 

staff's Digital Literacy demonstrated a strong and statistically 

significant relationship with Port Performance (r = .360, p 

< .01), which established its importance for digital tools to 

improve operational achievements. The adoption of the smart 

port index demonstrated the maximum correlation with port 

performance measurements at .384 (p < .01), indicating that 

smart port implementation strongly influences port operational 

success. 

 

Table 2: Correlation Analysis 

 
  1 2 3 4 5 6 7 

1. Port 

Performance 
1       

2. 
Integration 

of AI in Port 

Management 

.365

** 
      

3. Efficacy 
of Disposal 

Management 

.334

** 

0.0

12 
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4. Use of 

Energy 
Policy 

.307

** 

.15

1** 

.17

9** 
    

5. Facilities 

of Safety and 
Security 

.250

** 

.18

2** 

.12

3* 

.2

96
** 

   

6. Digital 

Literacy of 

Port 
Authority 

.360

** 

.19

0** 

0.1

06 

.2
46

** 

.3
12*

* 

  

7. Adoption 

of Smart 
Port Index 

.384

** 

.25

5** 

.13

0* 

.2

75
** 

.2

62*
* 

.3

80*
* 

1 

** p < 0.01 

* p < 0.05 

 

4.3 Regression with Mediation Analysis 

The mediation model evaluated the impact of five independent 

variables: Integration of AI in Port Management, Efficacy of 

Disposal Management, Use of Energy Policy, Facility of Safety 

and Security, and Digital Literacy of Port Authority on the 

dependent variable, Port Performance, with Adoption of Smart 

Port Index serving as the mediating variable. Standardised beta 

estimates (β), standard errors (SE), z-values, and significance 

levels (p-values) were calculated to determine the strength and 

statistical relevance of these associations. The results revealed 

that Integration of AI in Port Management (β = .260, SE = .058, 
p < .001), Efficacy of Disposal Management (β = .265, SE 
= .049, p < .001), Use of Energy Policy (β = .119, SE = .048, p 
= .019), Digital Literacy of Port Authority (β = .177, SE = .052, 
p = .001), and Adoption of Smart Port Index (β = .175, SE 
= .053, p = .001) had significant direct effects on port 

performance. The results from the Facility of Safety and 

Security had no statistically meaningful direct impact (β = .034, 
SE = .051, p = .492). Integration of AI (β = .163, SE = .063, p 
= .002) and Energy Policy (β = .143, SE = .057, p = .017) 
together with Digital Literacy (β = .277, SE = .053, p < .001) 
demonstrated significant relationships that could explain 

adoption pathways leading to performance outcomes. 

 

Table 3: Regression Analysis 
Predictor 

Variable 
Outcome 

Variable 
Estimate 

(β) SE z 
p-

value 

Integratio

n of AI in 

Port 
Managem

ent 

Port 

Performance 0.260 0.058 5.258 < .001 

Efficacy 
of 

Disposal 

Managem
ent 

Port 
Performance 0.265 0.049 5.559 < .001 

Use of 

Energy 
Policy 

Port 
Performance 0.119 0.048 2.353 0.019 

Facility 

of Safety 

and 
Security 

Port 
Performance 0.034 0.051 0.687 0.492 

Digital 

Literacy of 

Port 

Performance 0.177 0.052 3.390 0.001 

the Port 

Authority 

Adoption 

of Smart 

Port Index 

Port 

Performance 0.175 0.053 3.294 0.001 

Integratio
n of AI in 

Port 

Managem
ent Adoption 0.163 0.063 3.062 0.002 

Efficacy 

of 
Disposal 

Managem

ent Adoption 0.061 0.054 1.172 0.241 

Use of 
Energy 

Policy Adoption 0.143 0.057 2.394 0.017 

Facility 
of Safety 

and 

Security Adoption 0.096 0.059 1.649 0.099 

Digital 
Literacy of 

the Port 
Authority Adoption 0.277 0.053 5.247 < .001 

 

The table below shows an analysis of the independent variables' 

impact on Port Performance employing the Adoption of Smart 

Port Index as a mediating factor. AI integration within port 

management created significant effects (β = .34, p < .001) that 
extended through the smart port adoption mechanism (β = .03, 
p = .028), demonstrating partial mediation results. Digital 

Literacy of Port Authority demonstrated the strongest indirect 

effect (β = .05, p = .004) based on confidence interval analyses, 
indicating solid mediation route properties. Use of Energy 

Policy showed a borderline significant indirect effect (β = .02 at 
p = .071), which indicates a weak but existing mediating 

relationship. Efficacy of Disposal Management generated 

strong relationships with port performance, including direct (p 

< .001) and total (p < .001) effects, but failed to establish a 

significant relationship between adoption processes (p = .293), 

suggesting weak mediation occurred. 

 

Path

way 

T

otal 

Eff
ect 

(β) 

p 
(Tot

al) 

Di

rect 

Effe
ct 

(β) 

p 
(Dir

ect) 

Ind

irect 
Effe

ct (β) 

p 
(Indi

rect) 

95% 

CI 
(Indire

ct) 

Medi
ation 

Type 

Integr
ation 

→ 
Adopti

on → 
Perfor

mance 

0.

34 

< .

001 

0.

31 

< .

001 

0.0

3 

0.0

28 

[.01, 

.07] 
Parti

al 

Media

tion 

Effic
acy → 
Adopti

on → 
Perfor

mance 

0.

29 

< .

001 

0.

28 

< .

001 

0.0

1 

0.2

93 

[–.01

, .03] 

Parti

al 
Media

tion 

Energ
y → 
Adopti

on → 
Perfor

0.
14 

0.0
05 

0.
11 

0.0
19 

0.0
2 

0.0
71 

[.00, 
.05] 

Parti

al 

Media
tion 
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mance 

Safet
y → 
Adopti

on → 
Perfor

mance 

0.

05 

0.3

11 

0.

03 

0.4

92 

0.0

2 

0.1

58 

[.00, 

.04] 

Parti

al 
Media

tion 

Litera

cy → 
Adopti

on → 
Perfor
mance 

0.

23 

< .

001 

0.

18 

0.0

01 

0.0

5 

0.0

04 

[.02, 

.08] 

Parti

al 

Media
tion 

 

Table 4: Analysis of the independent variables' impact on Port 

Performance 

The mediation analysis examined the direct and indirect 

relationships between five independent variables (Integration of 

AI, Efficacy of Disposal Management, Use of Energy Policy, 

Facility of Safety and Security, and Digital Literacy of Port 

Authority) and port performance, with the adoption of Smart 

Port Index (SPI) serving as the mediating variable. In particular, 

the variable Facility of Safety and Security showed non-

significance in its direct impact on port performance (β = .034, 
SE = .051, p = .492), meaning that safety and security 

infrastructure did not directly improve port performance in this 

context. 

This non-significance may reflect under-investment in smart 

security technologies, such as IoT-based sensors or automation 

systems, which are essential for improving security 

infrastructure in smart ports. Traditional, non-digital security 

systems are less effective in the context of modern port 

operations, where digital tools and real-time data are required to 

respond quickly and accurately to potential security threats. It is 

crucial for ports to consider investing in smart security 

technologies, like IoT sensors, which can provide real-time 

monitoring, predictive alerts, and improved threat detection, 

contributing more effectively to overall port performance and 

the adoption of Smart Port Index (SPI) practices [46]. The path 

plot for mediation analysis is as shown below. 

 

  
Figure 3: Path plot for mediation analysis 

 

The path plot represents the relationships between five 

independent variables (predictors), the mediating variable, the 

adoption of Smart Port Index (SPI), and the dependent variable, 

Port Performance (Prf). It is used to examine direct, indirect, 

and total effects in the model, with standardized path 

coefficients (β) indicating the strength of these relationships. 
The model fit is strong, as indicated by the R² values: R² = 0.78 

for the adoption of Smart Port Index (SPI) and R² = 0.64 for Port 

Performance (Prf). These values suggest that the model explains 

a significant portion of the variance in both SPI adoption and 

port performance, confirming the relevance and effectiveness of 

the independent variables in influencing port operations. The 

findings suggest that AI, digital literacy, and energy policy are 

key drivers of smart port adoption, with digital literacy having 

the strongest mediation effect. However, safety/security and 

disposal management require greater focus on digital 

technologies to have a more significant impact. 

 

IV. DISCUSSION AND CONCLUSION 

 

5.1 Discussion 

This study investigated the integration of key innovative port 

practices with Smart Port Index (SPI) adoption, exploring the 

effects of AI integration, energy policies, and digital literacy on 

port performance. The findings largely support the hypotheses 

but also present contradictions that merit further discussion. The 

first hypothesis, regarding the positive relationship between AI 

integration in port management and SPI adoption (β = 0.163, p 
= 0.002), was supported. The deployment of AI technologies, 

including predictive analytics, automation, and digital twins, 

proves essential for optimizing port operations [40]. AI 

functions as a critical driver in smart port development, enabling 

better operational decision-making, performance tracking, and 

process automation.  However, the efficacy of disposal 

management did not significantly impact SPI adoption (β = 
0.061, p = 0.241), leading to the rejection of Hypothesis 2. The 

lack of significant impact can be attributed to the limited 

visibility of waste management integration with broader smart 

port technologies. While sustainable waste practices are crucial 

for environmental performance, their direct impact on SPI 

adoption can be minimal unless these practices are integrated 

with smart technologies [38]. Future studies may explore how 

IoT integration could enable waste management to play a more 

significant role in SPI adoption. 

Hypothesis 3, regarding the use of energy policies and SPI 

adoption, was supported (β = 0.143, p = 0.017). Ports with 
policies focused on energy efficiency, carbon footprint 

reduction, and renewable energy sourcing exhibit better 

alignment with smart port practices. The study aligns with 

research showing that energy policies are critical for enhancing 

port sustainability, especially when combined with smart grids 

and automated energy controls [41]. Contradicting findings 

were observed in Hypothesis 4, where the relationship between 

safety and security infrastructure and SPI adoption was not 

significant (β = 0.096, p = 0.099). This result suggests that 
traditional safety infrastructure, if not digitized, fails to make a 

substantial contribution to SPI adoption [42]. The impact of 

safety and security measures on smart transformation may 

depend on their integration with advanced digital systems, 

which is a critical factor for successful adoption. 

The study found strong support for Hypothesis 5, which 

suggests that digital literacy of port authority employees is a 
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strong predictor of SPI adoption (β = 0.277, p < 0.001). Digital 
literacy is key in driving human capital development within the 

port sector [43]. Ports that have well-trained staff equipped with 

the knowledge to operate and maintain digital technologies are 

more likely to successfully implement smart port technologies. 

This finding highlights the crucial role of human resources in 

leveraging smart technologies for performance enhancement. 

Finally, Hypothesis 6 was confirmed, showing that SPI 

adoption directly enhances port performance (β = 0.175, p = 
0.001). The integration of real-time logistics, automation, and 

energy-efficient systems leads directly to improved port 

efficiency and throughput. This outcome highlights how the SPI 

framework acts as a catalyst for operational improvements in 

ports, making it a valuable tool for both strategic and 

operational decision-making. 

5.2 Managerial and Policy Implications  

Based on the findings, several managerial and policy 

recommendations can be made to enhance port development in 

Bangladesh: Policy Integration: To make ports smarter, 

Bangladesh should adopt policies that encourage the use of 

technology and data integration. These policies should prioritize 

AI adoption as a first step, followed by the integration of smart 

operations across the ports.Collaboration with Technology 

Firms: Port authorities should collaborate with technology firms 

to implement smart port systems. This partnership will facilitate 

the smooth and efficient adoption of digital tools and 

technologies that can enhance port operations [45]. Energy 

Policy: Energy policies that focus on renewable energy, energy 

efficiency, and carbon reduction should be developed and 

implemented at Bangladesh’s ports. Core operations should 
integrate energy-efficient practices to promote sustainability. 

Data Exchange Infrastructure: Port authorities should focus on 

developing infrastructure that facilitates data exchange and 

distribution across ports. This will support the adoption of smart 

port systems and help overcome current technological and 

management barriers. 

5.3 Conclusion 

This study examined the relationships between AI integration, 

energy policies, and digital literacy with the adoption of the 

Smart Port Index (SPI), and how these factors influence port 

performance. The findings support the positive impact of AI, 

energy management, and digital literacy on SPI adoption, which 

ultimately leads to improved port performance [44]. The 

evidence shows that the adoption of smart technologies leads 

directly to enhanced operational performance, throughput, and 

customer satisfaction. This highlights the Smart Port Index as 

an effective framework for both strategic and operational 

decision-making. The study's analysis of three major ports in 

Bangladesh; Chattogram, Mongla, and Payra, revealed 

significant differences in the adoption of smart port practices 

and their impact on performance. Chattogram Port, the largest 

and most technologically advanced of the three, demonstrated 

the highest levels of AI integration, digital literacy, and energy 

policy implementation, leading to the best overall performance 

in terms of operational efficiency and sustainability. Mongla 

Port showed moderate adoption of smart technologies, 

particularly in energy policies, but lagged behind Chattogram in 

areas such as AI integration and digital literacy. Payra Port 

exhibited the least adoption of smart port technologies, with 

limited progress in digital infrastructure and sustainability 

practices, resulting in the lowest performance scores. 

 

The findings from these three ports emphasize the need for a 

more integrated approach to adopting smart port technologies 

across Bangladesh. Chattogram Port serves as a model for 

leveraging digital literacy and AI integration to improve port 

performance, but ports like Mongla and Payra must catch up by 

investing more in smart infrastructure, AI-based systems, and 

training for port personnel. This research underscores that the 

SPI framework can guide all three ports toward smarter and 

more sustainable operations, improving their competitiveness in 

the global maritime industry. 

 

5.4 Research contribution  

This research makes several key contributions to the 

understanding of Smart Port Index (SPI) adoption and its impact 

on port performance, particularly within the context of 

Bangladesh’s maritime industry. First, it introduces the SPI 
framework as a comprehensive tool for evaluating the digital, 

environmental, and operational maturity of ports. By applying 

this framework to major ports in Bangladesh, the study provides 

valuable insights into how different levels of AI integration, 

digital literacy, and energy policies influence port performance. 

The findings contribute to the existing literature by confirming 

that AI integration and digital literacy are crucial enablers of 

smart port transformation, with Chattogram Port serving as a 

model for other ports in Bangladesh and beyond. By 

demonstrating how AI technologies, such as predictive 

analytics, automation, and digital twins, can improve port 

operations, the research highlights the importance of human 

capital, specifically the digital skills of port authorities, in 

driving successful smart port adoption. 

The study also contributes to policy and management practices 

by emphasizing the need for a strategic roadmap for SPI 

adoption. It provides practical recommendations for port 

authorities in Bangladesh, suggesting that policies should focus 

on fostering collaboration with technology firms, prioritizing AI 

training, and integrating energy-efficient practices into core port 

operations. Moreover, the study underscores the importance of 

developing digital infrastructure to enable the seamless 

exchange of data across ports. 

5.5 Limitations and Future Research  

The study's cross-sectional research approach hinders 

researchers from establishing causal relationships between 

variables. The study findings show limited generalizability 

because they depend on the unique characteristics of the three 

selected ports, which might differ by policy environments, 

investment levels, and technological capabilities. The research 

contains potential response bias because self-reported data 

relies on respondent interpretations about digitization capacities 

and port performance evaluation. Future research must employ 

blended methodologies while integrating quantitative 

performance indicators such as container processing timelines 

and energy utilization data for stronger results. 
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Longitudinal research approaches should be employed by 

future scholars to fully understand both the development of SPI 

implementation and its enduring effects on port operational 

performance. The empirical foundation for smart port 

policymaking becomes stronger when researchers combine 

their use of quantitative performance metrics with qualitative 

stakeholder feedback. 
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