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Abstract 
The maritime sector contributes significantly to climate change, given the 
number of global emissions that this represents. Emissions inventorying is 
one of the measurement system approaches considered in terminals to miti-
gate harmful emissions. The concept of sustainability has gained attention 
where economic, social, and environmental dimensions need to be balanced. 
Assessing all three sustainability dimensions is important. Both the environ-
ment and the society, e.g., human health and safety, are impacted by termi-
nal operations. Reducing their negative impact can compromise the economic 
growth of the terminal. This is challenging the maritime sector, and although 
some authors define methods to evaluate sustainability in terminals, no 
standard guideline is available in the literature. The lack of a common refer-
ence guideline makes comparison of sustainability actions in terminals difficult. 
This paper presents a sustainability assessment framework based on the 
analysis of the state of the art in literature contributing to sustainable devel-
opment of terminals and supporting decision-makers.  

Keywords: sustainability assessment framework, sustainable development, maritime 
terminal operations.

1. Introduction
The maritime sector, accountable for 80% in volume of the shipped goods 
(Sköld, 2019), has a huge impact not only on the global economy but also on 
climate change. Although it is regarded as one of the cleanest modes of 
transport (Cullinane and Cullinane, 2019), it releases a considerable amount 
of global green-house gasses (GHGs), and other toxic air pollutants. Thus, the 
maritime sector plays an important role when it comes to national and inter-
national decarbonization plans. Generally, the shipment of cargo by sea from 
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port to port consists of the transportation of cargo units to and from the port, 
cargo unit storage, and handling in the port, and sea voyage to the port of 
destination. There are different agents involved in the maritime chain of 
transportation such as shippers, freight forwarders, port agents, terminal op-
erators, and shipping companies, each of these performing a specific task of 
the chain (Roslyng, 2015). Current decarbonization plans for the maritime in-
dustry are mainly focused on ships and ship operations to reduce harmful 
emissions. However, port and terminal operations have gained attention in 
the last years. Improving cargo handling operations in terminals can contrib-
ute not only to the reduction of emissions released from these operations, 
e.g., using less fuel and energy, but can also reduce the emissions from the 
ships. For instance, faster ship loading and discharge can lead to an increase 
of available time for the sea voyage which means that ships can sail slower 
using less fuel and reducing emissions. Therefore, despite the ships are the 
main contributors to the release of emissions, port and terminal operations 
are also important to consider. This paper focuses on port operations, and 
more specifically operations in single terminals, i.e., area of the port where 
specific type of cargo is handled. There are different operational and technical 
actions that terminals apply to improve the energy efficiency and reduce GHG 
emissions. Some of the actions that Alamoush et al. (2020) mention are en-
ergy efficiency and emissions inventorying, monitoring, and reporting, alter-
native fuels, and digitalization of operations.  
 
Terminals in Europe currently measure and report sustainability, but they are 
mainly focused on the environmental aspect, e.g., energy efficiency and 
emissions, neglecting the social and economic dimensions (Alamoush et al., 
2020). The social dimension should be integrated in the analysis, since not 
only the environment is impacted by terminal operations but also the wellbe-
ing, health, and safety of people living in the vicinity of ports and working at 
them (Cai et al., 2020). The economic performance is also impacted, e.g., by 
emission taxes and high prices of fuels and electricity required for the 
operations. Terminals find it challenging to balance these three dimensions 
(Lam and Notteboom, 2014) since improving one of them can worsen the 
others. For instance, implementing solutions that mitigate negative environ-
mental impact can compromise the economic performance in terminals by 
high investment and maintenance costs of new technology. Therefore, all di-
mensions must be evaluated before the assessment can give a realistic pic-
ture. We refer to this as sustainability assessment. Although this practice is 
slowly increasing, we do not find available guidelines considering all three as-
pects in the referenced literature. Based on a structure like the work provided 
by Leal Jr. et al. (2021), we present a sustainability assessment framework 
for terminals. We consider different aspects covered in the current state of 
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the art, e.g., the United Nations sustainable development goals (UNs SDGs), 
sustainability indicator systems, the definition of a single sustainability index, 
and modeling and simulation as tools for current and future scenario assess-
ment. This paper contributes to inventorying, monitoring, and reporting sus-
tainability performance of maritime terminals. 
We present the state of the art of the related literature in Section 2, which 
defines the basis of the framework explained and discussed in Section 3. Sec-
tion 4 presents the conclusions and planned future research suggestions for 
further development of the framework, which can provide tools and guidelines 
for sustainability assessment of cargo operations in terminals.   

 

2. Literature Review 
This section presents the state of the art of sustainability performance as-
sessment in terminals. The considered literature encompasses journal articles 
as well as reports covering the assessment and reporting of sustainability per-
formance in maritime terminals. The literature does not depict the state of the 
art of the sustainability assessment in other industry sectors. Available media 
including websites and online tools have also been analyzed. The section is 
divided in three parts. First, we introduce the concept of sustainability and its 
dimensions and we present to which extent the referenced literature covers 
the sustainability dimensions. Since most of the work has been focused on the 
environmental aspect, the second subsection presents how terminals currently 
assess the environmental performance. The last subsection presents the ap-
proaches that are currently applied to assess sustainability of terminal operations. 

 

2.1. Sustainability: A definition 
Sustainability represents the ability to meet “the needs of current generations 
without compromising the ability of future generations to meet their own 
needs” (United Nations, 1987). It is based on economy, society, and envi-
ronment, known as the three pillars. This is represented in the left side of 
Figure 1, provided by Garetti and Taisch (2012), showing the overlapping ar-
eas of these three dimensions. In the center, the areas defined by the inter-
section of these dimensions are shown, representing all possible assessment 
scopes that are: environmental (E), social (Sc), economic (Ec), socio-
economic (Ec-Sc), socio-environmental (E-Sc), eco-efficient (E-Ec), and sus-
tainable (S). Most of the literature referring to the sustainability assessment 
in cargo terminals is based on the environmental dimension. No reference re-
viewed in this paper addresses solely the economic or the social dimensions. 
This is also what Lim et al. (2019) conclude in their port sustainability litera-
ture review. This does not entail that economic and social assessments have 
not been carried out for cargo terminal operations, but it shows that the 
available literature on terminals’ sustainability considers the environmental 
dimension as the main aspect; see the right part Figure 1. This can be ex-
plained by the pressure to fight climate change.   
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Figure 1 - Representation of sustainability with the economic, social,     
and environmental dimensions. Source: (Garetti and Taisch, 2012), adap
ted by authors.  

Regarding the sustainability scope (S) there is available literature, but it 
mainly focuses on the identification of sustainability indicators based on litera-
ture studies. There is a lack of sustainability guideline development and avail-
able empirical work. The referenced literature in the right part of Figure 1 is 
provided in Table 1. 

 

Table 1 - Referenced literature in Figure 1, short description, and cove
red scope. 
Num. Reference Description Scope 

1 Alamoush et al. (2020) Review of different measures focused on decarboniza
tion 

E 

2 Azarkamand et al. (2020) 
 

Development of a tool to calculate carbon footprint  
at ports 

E 

3 BSR (2012) Assessment of the environmental performance in 
terminals 

E 

4 Budiyanto et al. (2019) Estimation of CO2 emissions in a container terminal E 

5 Cai et al. (2021) Port emissions inventory E 

6 Dong (2016) 
 

Introduction of the Green Port Award System E 

7 Dushenko et al. (2018) Ranking of sustainability indicators when comparing 
the impact of new projects 

S 

8 ESPO (2021a, 2021b) 
 

Environmental report and manual for greening ports E 

9 GEF-UNDP-IMO GloMEEP 
Project and IAPH (2018) 

Guideline for emissions inventory in ports and  
terminals 

E 

10 Green Marine (2019;2021) Guidelines for self-environmental evaluation in termi
nals and shipyards. It mainly focuses on environmen
tal impact, but it also contains community impact  
assessment 

E-Sc 

11 Haibo et al. (2019) Information system scheme for online energy consu
mption monitoring 

E 

12 IAPH (2021) International Association of Ports and Harbors.  
Promotes sustainable development 

S 
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13 ICHCA (2022) International Cargo Handling Coordination Associatio
n. Supports safety, security, productivity, and sustai
nability  

E-Sc 

14 Koilo (2020) Presentation of a sustainable development index bas
ed on economic, social, environmental, and governa
nce categories. 

S 

15 Lam and Notteboom (2014) Review of port management tools and policies with  
focus on greening ports  

E 

16 Leal Jr. et al. (2021) Method for port terminal sustainability based on sust
ainability indicators, and the aggregation of these  
into a single sustainability index 
 

S 

17 Lim et al. (2019) Environmental, social, and economic indicators  
based on a literature study 

S 

18 MacNeil et al. (2021) Framework for the Canadian port sector to link the 
economic, social, and environmental indicators to  
the SDGs based on literature and industry cases 

S 

19 Michail (2019) IAPH workshop about integrating SDGs in port strate
gies and governance 

S 

20 PIANC (2022) World Association for Waterborne Transport Infrastru
cture. Supports green transport infrastructure in  
ports, marinas, and waterways 

E 

21 PIXEL (2021) Presents a solution based on internet of things (IoT) 
technology, modelling, and simulation to monitor en
vironmental performance in ports, terminals, and ves
sels 

E 

22 POLA and POLB, 2021 Emissions inventory methodology report E 

23 PSA International (2020) Sustainability report with SDGs that terminals most 
contribute to 

S 

24 Puig et al. (2014) Identification of environmental performance  
indicators 

E 

25 Roh et al. (2021) Review of practices in Kore for sustainable port devel
opment 

S 

26 Stankovic et al. (2021) Composite sustainability index using the entropy met
hod based on economic, social, and environmental in
dicators 

S 

27 U.S. EPA (2009) Methodologies to prepare mobile source port-related 
emission inventories 

E 

28 U.S. EPA (2020) Ports emissions inventory guidance E 

29 Visser (2019) Inclusion of SDGs in the maritime sector S 

30 WBCSD and WRI (2004) The Green House Gas protocol E 

31 WPCI and POLA (2010) Guidance document for carbon footprint calculation 
in ports and terminals 

E 

32 WPSP (2022) International IAPH program for sustainable developm
ent in ports 

S 

33 WMO and UNEP (2006) IPCC guidelines. National greenhouse gas inventories E 

34 Wu and Yang (2021) Ecological sustainability assessment approach for int S 

There are maritime organizations that support the sustainable development in 
terminals, e.g., the International Association of Ports and Harbors (IAPH), the 
International Cargo Handling Coordination Association (ICHCA), and the World 
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Association for Waterborne Transport Infrastructure (PIANC). ICHCA and PI-
ANC support safety and productivity of the cargo handling, and green 
transport infrastructure in ports, marinas, and waterways, respectively. IAPH 
has developed programs, e.g., World Port Climate Initiative (WPCI) (WPSP, 
2020), and World Port Sustainability Program (WPSP) (WPSP, 2022) together 
with member ports, e.g., Hamburg Port Authority, Port of Los Angeles, and 
Port of Antwerp. Other available initiatives are Global Clean Ports Hub, Green 
Ports Award System, Ecoports, and Green Marine. The first two aim to reduce 
particulate matter black carbon and to support the green performance evalua-
tion in terminals. Ecoports and Green Marine are environmental certification 
programs addressing issues, e.g., GHGs, waste management, spill prevention, 
and community impact; see (UNEP, 2022), (Dong, 2016), (ESPO, 2021a, 
2021b), and (Green Marine, 2019; 2021). These programs mainly focus on 
the environmental dimension and regard to a lesser extent to the economic 
and social ones (Roh et al., 2021).  

2.2. Methods for Environmental Assessment of Terminals  
The environmental performance in terminals is evaluated by emission inven-
torying (EI), the process that quantifies the GHG and air pollutants’ emissions 
from different sources within a geographical area and time span (Cai et al., 
2021). Implemented for air quality improvement and climate change mitiga-
tion, it is considered one of the most important measures to quantify the cur-
rent condition and prioritize emission mitigation actions (UNEP, 2022). In the 
following, we present the guidelines and tools that we find in the literature for 
the environmental assessment of terminals. 
 
2.2.1 Reference Emission Inventory Guidelines and Approaches 
Organizations such as U.S. EPA, and IPAH have developed EI guidelines for 
terminals based on the GHG protocol and the Intergovernmental Panel on 
Climate Change (IPCC) guidelines which describe the GHG estimation and re-
porting process (WBCSD and WRI, 2004) (WMO and UNEP, 2006). The GHG 
protocol defines three scopes: emissions controlled by the organization (scope 
1), emissions from purchased electricity (scope 2), and other emissions not 
controlled by the organization (scope 3). The IPCC guidelines outline the nec-
essary data and steps to estimate and report GHG emissions. The EI guide-
lines provide tools to estimate emissions, e.g., active regulatory bodies, avail-
able data sources, and emission estimation equations; see (U.S. EPA, 2009), 
(WPCI and POLA, 2010), (GEF-UNDP-IMO GloMEEP Project and IAPH, 2018) 
and (U.S. EPA, 2020), (POLA and POLB, 2021).  
These guidelines commonly define three approaches. The surrogate-based 
approach also known as scaled, streamlined, or top-down uses proxy data to 
estimate emissions. The activity-based, comprehensive, detailed, or bottom-
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up approach is based on source specific data. The most used one, the hybrid-
based or screening approach, combines both approaches depending on data 
availability. The activity-based approach is the most accurate one since it us-
es source specific information. However, the amount of required data and the 
uncertainties in EF calculations are a drawback compared to the surrogate 
based one. We further see that the equations to estimate emission have the 
same basis in all guidelines; Equation 1 and Equation 2, energy-based (eb) 
and fuel-based (fb) emission estimation equations, respectively.  
 

Eeb = MCR ● T ● LF ● LLAF ● EF ● FCF ● ER      (1) 
Efb =FC ● EF ● FCF ● ER                              (2) 

Eeb: Emission volume, energy-based 
Efb: Emission volume, fuel-based 
MCR: maximum continuous rated 
engine power 
T: source activity time 
LF: engine load factor 

FC: and fuel consumption 
LLAF: low load adjustment factor  
EF: emission factor  
FCF: fuel correction factor  
ER: emission reduction factor  

 
The mathematical calculation for the emissions’ volume is simple, but the re-
quired amount and quality of data for accurate estimations requires a good 
infrastructure for data collection and storage, e.g., flow sensors for CHE that 
collect the fuel consumption. Parameters such as maximum continuous rated 
engine power, source activity time, engine load factor (ratio between average 
used load and maximum load), and fuel consumption are measured for each 
source and activity mode, e.g., loading and unloading cargo by each cargo 
handling equipment (CHE). Values for the low load adjustment factor (used 
only if LF is less than 20%), emission factor (conversion from used ener-
gy/fuel into pollutant emission rates), fuel correction factor (only if the fuel is 
less pollutant than reference fuel for EFs) and emission reduction (for emis-
sion reduction technologies) can be found in related literature or reports, e.g., 
GHG protocol and IPCC guidelines. 
 
With similar equations, Budiyanto et al. (2019) provide an emission estima-
tion methodology to estimate source CO2 emissions. They use average dis-
tances to estimate the FC using a satellite photo of the terminal. Direct meas-
urements using measurement technology gives more accurate estimations, 
since FC also depends on the speed, weight, cold starts, etc. However, more 
equipment implementation time, maintenance and robust information sys-
tems are required to collect and share such data (Vujičić et al., 2013).  
 
2.2.2 Terminal Emission Inventory Calculation Tools  
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Azarkamand et al. (2020) develop a tool to calculate carbon footprint at ports 
based on the WPCI guidelines (WPCI and POLA, 2010). Users provide infor-
mation such as annual TEU, and FC from the equipment, and they obtain a 
GHG report. Selected ports and environmental experts have validated the tool 
and suggested further actions, e.g., electricity as a possible fuel, and life cycle 
perspective for emissions. The tool allows to monitor emissions when a solu-
tion is implemented. However, the evaluation of different strategies before 
applying them is not enabled. Similarly, the Port of Los Angeles develops an 
online carbon footprint calculator for all three scopes defined in the GHG Pro-
tocol (POLA, 2011).  Authors in (BSR, 2012) present a spreadsheet to evalu-
ate the environmental performance. The tool consists of yes/no questions to 
assess different environmental indicators and metrics. The indicators cover 
the environmental aspect, but the social dimension is also present to a lesser 
degree, e.g., impact on communities, noise, and light pollution. This tool 
helps to understand how the operators manage environmental issues and to 
establish economic priorities, but it does not quantitatively measure perfor-
mance of their operations.  
 
Haibo et al. (2019) suggest an information system scheme based on sensor 
data collection, transmission, and processing for online energy consumption 
monitoring. The scheme supports data sharing and real-time monitoring, but 
high technology costs and installation difficulties on terminal equipment are 
mentioned as an obstacle. Also based on information and communication sys-
tems, the “PIXEL Ports” collaboration project with IAPH (PIXEL, 2021) pre-
sents a solution based on internet of things (IoT) technology, modelling, and 
simulation to monitor environmental performance in ports, terminals, and 
vessels. The authors present an environmental performance index calculated 
from data provided by the IoT infrastructure as a measure of performance. 
We consider the combination of IoT, modeling, and simulation a potential ap-
proach to evaluate sustainability in terminals if all dimensions are considered.   
 
2.3. Sustainability Assessment of Terminals 
In comparison to the EI related literature, there is a lack of guidelines and 
available empirical work, which leads to an incomplete picture of the terminal 
sustainability assessment (Lim et al., 2019). Assessing sustainability presents 
some barriers that hinder port terminals from doing it. The lack of resources 
such as people, finance, and data collection systems together with the una-
vailability of data to estimate the indicators are some of the identified barriers 
(WPSP, 2020). The difficulty to estimate and interpret the indicators can 
translate into more effort as well as time consumption for users, and thus 
may trigger resistance to implement such systems unless the benefits out-
weigh the barriers. The high implementation investments are a major barrier 
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since adopting necessary measures can be economically infeasible (Lim et al., 
2019; Roh et al., 2021). However, it also presents benefits such as the identi-
fication of improvement areas that can lead to an increased productivity and 
reduced resources, e.g., energy, fuel, time, and related costs is one of them 
(UNEP, 2022). Terminals can enhance their reputation due to increased 
transparency towards stakeholders, taking them to a higher competitive posi-
tion since the brand image can contribute to generate profit (WPSP, 2020) 
(Lam and Notteboom, 2014). However, this can also worsen the competitive 
position if the results are not satisfactory. The risk management is also im-
proved (WPSP, 2020), as risks become easier to identify, evaluate, and moni-
tor based on the sustainability assessment.  
 
2.3.1 Methods for Assessing Sustainability Performance of Terminals 
Lim et al. (2019) conclude that analytic hierarchy process (AHP), Delphi, and 
data envelopment analysis (DEA) are some of the preferred methods to iden-
tify sustainable operations. These methods combine mathematical calculations 
and human criteria to assign priorities to different alternatives and goals. Life 
cycle assessment (LCA), life cycle sustainability assessment (LCSA), and driv-
ers-pressures-states-impacts-responses (DPSIR) are also mentioned by Wu 
and Yang (2021) in their ecological sustainability assessment approach. LCA 
is used to evaluate the environmental impact of a product/process in its whole 
life cycle, i.e., from raw material to its end of use. LCSA extends LCA by con-
sidering all sustainability dimensions (Chang et al., 2017). DPSIR methods 
model the relationships between social and environmental factors, but they 
have been currently adapted for sustainability assessment (Carr et al., 2009).  
 
All mentioned methods are used to identify the cause-effect relationships and 
rely on high amounts of data which can be complex to obtain in such a multi-
disciplinary and dynamic system such as terminals (Wu and Yang, 2021). Wu 
and Yang (2021) suggest a multi-dimensional decision making (MDDM) ap-
proach combining bottom-up data collection with expert’s opinions which has 
shown to be advantageous to reduce uncertainty of impact evaluation. The 
approach that the authors use focuses on the environmental dimensions since 
the assessment is done from an ecological point of view, e.g., plant, animal, 
and air. However, they provide current methods that are used for sustainabil-
ity assessments and they present their approach as a supplement to these.    
  
The UNs SDGs are a common approach that we find in the literature to inte-
grate sustainability in terminals. This can be seen in port or terminal sustain-
ability reports, e.g., PSA International (PSA International, 2020) and WPSP 
(WPSP, 2020) who present the SDGs that terminals most contribute to priori-
tizing them based on ports’ interests. The emphasis to the SDGs can also be 
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observed in the work of Visser (2019) and Michail (2019) where the inclusion 
of SDGs in the maritime sector is discussed. In line with this, MacNeil et al. 
(2021) develop a framework for the Canadian port sector to link the economic, 
social, and environmental indicators to the SDGs based on literature and in-
dustry cases. However, a methodology that links the terminal operations, the 
indicators, and the SDGs is not available to our knowledge. 
 
Roh et al. (2021) point out that optimized operations planning is the most im-
portant factor for stakeholders to add in the sustainable development in ter-
minals. The authors present a framework for port–stakeholder sustainable 
development decision making. For each of the possible strategies, e.g., opti-
mized operations planning and external social programs they define the ac-
tions “proceed”, “negotiate” or “suspend”, depending on if the strategy is con-
sidered relevant for the port, primary stakeholders, and secondary stakehold-
ers, in that order. The framework has only been applied in the Korean ports 
context and the authors suggest to empirically test it in other regions. Leal Jr. 
et al. (2021) present a port terminal sustainability assessment method that is 
based on an eight-step framework including, e.g., data collection, estimation 
of sustainability indicators, and the aggregation of these into a single sustain-
ability index. Unlike other studies, they use probabilistic values for the varia-
bles to achieve realistic results due to the non-deterministic essence of sus-
tainability in a complex system as authors point out. They use Monte Carlo 
simulations to model the indicators’ uncertainty. The authors identify indica-
tors from related literature, and they assume a triangular distribution for all 
the variables due to lack of historical data. This can impact the accuracy and 
interpretability of the results.  
 
2.3.2 Sustainability Indicators for Terminal Operations 
Identifying meaningful indicators is essential to measure and monitor perfor-
mance. Clear and comparable metrics are one of the aspects that stakehold-
ers highlight, together with comprehensibility and feasibility of data collection 
(BSR, 2012). Lim et al. (2019) present environmental, social, and economic 
indicators based on a literature study where they conclude that most indica-
tors only address the environmental dimension, e.g., water and air pollution, 
energy, and resource usage. Social and economic indicators, e.g., safety, job 
generation, and foreign direct investment are mentioned in a lesser extent. 
However, the economy is the dimension with higher relevance when evaluat-
ing sustainable projects. Dushenko et al. (2018) solve the decision-making for 
different sustainability measures as an eigenvalue and eigenvector problem, 
based on the Analytical Hierarchy Process (AHP). The eigenvalues represent 
the weight for each indicator that depend on preferences from decision-
makers. Their analysis shows that the economic dimension has on average 
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higher priority, followed by environment, and lastly social aspects. Total costs 
are set as the most relevant indicator showing that economy is a major con-
cern of terminals which is also concluded by Leal Jr. et al. (2021) where 73% 
of the reviewed articles prioritize this dimension. Stankovic et al. (2021) high-
light that the maritime decision making tools are mainly cost oriented.   
 
2.3.3 Aggregated Sustainability Indicators for Terminal Operations 
Around 300 environmental indicators are in use in the maritime sector (Puig 
et al., 2014). If social and economic aspects are added, the vast number of 
indicators to estimate can be impractical and lead to discrepancy in calcula-
tion as well as to poor interpretation and decision making. Some authors sim-
plify this problem by aggregating all the indicators into a single sustainability 
score referred to as the composite sustainability index. Composite indices 
measure multidimensional concepts making the comparability between termi-
nals easier. Stankovic et al. (2021), Leal Jr. et al. (2021), and Koilo (2020) 
present sustainable development indexes based on the aggregation of the in-
dicators from all three dimensions.  
 
Stankovic et al. (2021) use the entropy method for this purpose, a multicrite-
ria method that establishes weights for each indicator based on their entropy 
level. A high entropy represents a high uncertainty for the value that the indi-
cators can have and thus is related to low available information range. An ad-
vantage of this method is that only objective data is required since the criteria 
from decision makers is avoided. However, it requires more historical data to 
accurately measure the entropy level. Leal Jr. et al. (2021) normalize the sus-
tainability indicators using the gray relational analysis (GRA) multicriteria 
method and estimate the sustainability index by considering all indicators and 
their priority weights. The authors use equal weights for all indicators due to 
lack of data. Koilo (2020) presents sustainable development index (SDI) 
based on economic, social, environmental, and governance categories. They 
first normalize the indicators from these categories depending on their stimu-
lating (the higher the better) or de-stimulating (the lower the better) nature 
and they aggregate them into a single indicator, i.e., the SDI.    
 
Figure 2 and Figure 3 provide a visual summary of Section 2.2 and Section 
2.3 about environmental assessment and sustainability assessment in termi-
nals, respectively. From Figure 2 we can conclude that the work that has been 
developed regarding environmental assessment in terminals is based on 
guidelines that have been developed for this purpose by different maritime 
organizations. These guidelines describe how emissions inventories are im-
plemented in ports and terminals, which are based on the GHG protocol and 
the IPCC guidelines. When it comes to the sustainability assessment, shown 
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in Figure 3, we identify the current trends that consider and evaluate the sus-
tainability of operations in terminals. One of the main differences compared to 
the environmental assessment is that a common ground for the work devel-
oped is missing, i.e., guidelines that users such as terminal operators can re-
fer to when preparing sustainability assessments.  
    
 

 
Figure 2 - Summary of Section 2.2 about environmental assessment in te
rminals 

 
We summarize the most relevant aspects from the referenced literature in 
Table 2 that form the basis of the framework presented. The table presents 
the contribution of each author as well as their limitations when it comes to 
sustainability assessment of terminal operations. The table does not consider 
the literature that only assesses environmental performance since we already 
consider as a limitation the lack of the three sustainability pillars. We can con-
clude form the literature that 1) guidelines for EIs are available for terminals, 
2) a tradeoff exists between estimation accuracy and investments required for 
real time data collection infrastructure, 3) most of the developed tools focus 
on monitoring the environmental performance but are not appropriate to 
evaluate different strategies for environmental performance improvement, 
and 4) IoT technology, modeling, and simulation are some current approach-
es that allow to monitor current terminal performance as well as to asses dif-
ferent solutions to enhance such performance. In general, we see that the lit-
erature in this section does not consider the interrelationship between differ-
ent variables and indicators, which could help understand the social, economic, 

- 1429 -



and environmental tradeoffs when evaluating sustainable strategies. For ex-
ample, Wu and Yang (2021) mention a system-dynamic approach to under-
stand this interrelationship.   
 

 
Figure 3 - Summary of Section 2.3 about sustainability assessment in ter
minals 

 
Table 2 – Contribution and limitations identified in the literature referenced in 
Section 2.3, sustainability assessment of terminals. 

Ref. Contribution Limitations 
Dushen-
ko et al., 
2018 

Ranking of sustainability 
indicators based on the 
weights given by experts 
when comparing the impact 
of new projects, solved as 
an eigenvalue and eigen-
vector problem. 

The methodology for the estima-
tion of the sustainability indica-
tors not covered. 
Interrelations between sustaina-
bility indicators not considered. 
SDGs not considered. 

Koilo, 
2020 

Sustainable development 
index (SDI) based on the 
aggregation of economic, 
social, environmental, and 
governance aspects. 

The methodology for the estima-
tion of the sustainability indica-
tors is not covered. 
Interrelations between sustaina-
bility indicators not considered. 
SDGs not considered. 

Leal Jr. 
et al., 
2021 

Method for sustainability 
assessment using probabil-
istic indicators, supported 

The same weight is assumed for 
all indicators and triangular dis-
tribution is assumed for variables 
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by Monte Carlo simulation, 
and sensitivity analysis. 

due to lack of data. 
Interrelations between sustaina-
bility indicators not considered. 
SDGs not considered. 

Lim et 
al., 2019 

Literature review on sus-
tainability assessment ap-
proaches for best sustaina-
ble operations. 

Equipment utilization, terminal 
efficiency, labor productivity, etc. 
not covered. 
Social indicators specific for 
ports missing. 
SDGs not considered. 

MacNeil 
et al., 
2021 

Framework linking the eco-
nomic, social, and environ-
mental indicators with rele-
vant SDGs at ports. 

The methodology for the estima-
tion of the sustainability indica-
tors is not covered. 
Interrelations between sustaina-
bility indicators not considered. 

PSA 
Internati
onal, 
2020 

Sustainability report pre-
senting the SDGs that ter-
minals most contribute to, 
prioritizing them based on 
ports’ interests. 

SDGs prioritized by ports’ inter-
est; no methodology established 
to prioritize them. 

Roh et 
al., 2021 

Literature review on port 
sustainable development 
strategies and decision-
making framework for port 
and stakeholders. 

Focused only on Korean ports. 
SDGs not considered. 

Stankovi
c et al., 
2021 

Composite sustainability 
index using the entropy 
method. 

Evaluation of port region areas in 
general, not based on port ter-
minal operations. 

WPSP, 
2020 

Sustainability report pre-
senting the SDGs that ter-
minals most contribute to, 
prioritizing them based on 
ports’ interests. 

SDGs prioritized by ports’ inter-
est; no system established to 
methodologically prioritize them. 

Wu and 
Yang, 
2021 

Ecological sustainability as-
sessment approach for in-
ternational shipping as a 
supplement for current sus-
tainability assessment 
methods. 

Interrelations between sustaina-
bility indicators not considered. 
SDGs not considered. 
Method only applied for the cur-
rent state of the ecologi-
cal/environmental dimension. 

This pa-
per 

Framework to assess sus-
tainability in terminals, con-
sidering the three dimen-
sions through the SDGs and 
supported by modeling and 
simulation techniques. 

The framework needs to be vali-
dated, further developed, and 
tested. 
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3. Framework for Sustainability Assessment in Maritime Terminals 
This section describes the proposed sustainability assessment framework, in-
cluding first prototype tools and guidelines to assess sustainability in termi-
nals. The framework will be presented referring to the stages represented 
with numbers from one to eight in Figure 4. These 8 stages encompass the 
following:  

1) UNs SDGs as a measure of sus-
tainability in terminals 

2) Priorization of the SDGs to be 
evaluated depending on their rele-
vance 

3) Sustainability KPI system linking 
terminal operations to the three sus-
tainability dimensions and the SDGs 

4) Data collection to estimate the 
defined KPIs                                                    

5) Simulation for KPI estimation, and 
current and future scenario evalua-
tion 

6) Result visualization and animated 
visualization of operations 

7) Estimation of impact on SDGs us-
ing the KPI system from stage 3 

8) Aggregation of KPIs and quantita-
tive impact in the SDGs into a single 
sustainability index  

The different stages that the framework contains are based on the research 
areas and trends identified in the state of the art of the literature. These re-
search areas are grouped and linked in a logical order, so that the output 
from one stage becomes the input for the next one. The last step in the 
framework is the calculation of the general sustainability index, i.e., the ag-
gregation of the different sustainability KPIs that consider the contribution to 
the SDGs. Having a single sustainability index can make the comparison be-
tween different terminals’ performance easier as well as the communication to 
the public through annual sustainability reports. This general index quantifies 
the contribution to the SDGs as a measure of the sustainability performance 
of the terminal. The SDGs have also been considered in this framework as the 
first step because it is a tool that everyone can understand and, therefore, 
can serve as a standard language when referring to sustainability perfor-
mance. The stages between the first and the last stages are necessary steps 
that need to be completed to go form the SDGs to the estimation of the gen-
eral sustainability index. Modeling and simulation have been considered as 
the core of the framework since, as it will be further explained, it is consid-
ered an appropriate tool to assess the sustainability for both the current 
strategy and for future possible sustainability strategies based on what if sce-
nario analysis.     
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We start in the first stage (#1) with issuing the impact that terminal opera-
tions have on the UNs SDGs. The SDGs are internationally known and strong-
ly emphasized as orientation towards sustainable systems since they cover 
the three sustainability dimensions addressing social value and safety, envi-
ronmental protection, and economic growth. For some SDGs it can be easy to 
see the link to terminals operations. For instance, SDG 13 (Climate action) 
and e.g., fuel burned by terminal equipment, and SDG 14 (Life under water), 
e.g., because of invasive species from ballast water. For other SDGs, however, 
the impact may be less measurable, e.g., SDG3 (Good health and well-being) 
and SDG 11 (Sustainable cities and communities). It is crucial to understand 
both the operations that happen in the terminal and the SDGs which need to 
be well interpreted so that the link to the operations can be correctly estab-
lished and measured.  

 
Figure 4 - Graphical representation of the sustainability assessment fra
mework for maritime terminal operations. 
 

In the second stage (#2) the users prioritize the SDGs to be assessed de-
pending on their relevance. One way of establishing this is by identifying the 
number and frequency of the operations that impact each SDG and the con-
sequence of such impact as it is done in risk management. This way, the rele-
vance of a SDG increases together with the number of different operations 
impacting on it, the occurrence frequency of these operations, and the conse-
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quence of the impact. The prioritizing of SDGs can be used to identify the 
terminal operations with highest impact, and to identify the strategies to miti-
gate such impact. Reports like (PSA International, 2020) and (WPSP, 2020) 
provide the grouping of the SDGs based on their priority according to identi-
fied ports’ interests. The authors mention the SDG 9 (Industry innovation and 
infrastructure), SDG 11 (Sustainable cities and communities), and SDG 8 
(Decent work and economic growth) as the most relevant ones.  

The two initial steps provide some challenges. The first one relates to the se-
lection of the SDGs for the assessment. An example of a decision to be made 
is weather to consider all the SDGs as part of the assessment or only those 
that are directly impacted by the maritime sector. If the assessment does not 
consider all the SDGs, another challenge is to decide if this SDG selection 
should be common for all terminals and defined by an external organization or 
if these should instead be defined within each terminal, since slightly different 
types of operations happen in each terminal. The design of a system to meth-
odologically establish the priority of the SDGs that have been selected is also 
complex. We suggest the possibility of using a method like risk management 
where the relevance is defined based on the number of different operations 
that have an impact on the SDGs and the severity of such impact. However, 
this needs to be evaluated and validated in practice.  

The third stage (#3) represents a sustainability KPI system that quantifies 
the impact that operations have on the SDGs. A widely used approach is 
based on economic, social, and environmental indicators that authors identify 
in related literature. These are then linked to the SDGs. We refer to as a top-
down method. Such methods where the indicators are selected from related 
literature do not consider the different types of operations in terminals and 
different characteristics that these have, such as type of equipment, type of 
handled cargo units, energy sources, geographical location, etc. We suggest 
using a bottom-up approach that is based on real data from operations that 
happen in a terminal and the resources used to carry out those operations. 
This enables to understand the economic, social, and environmental impact 
that the operations can have, leading to the definition of sustainability KPIs 
that can quantify such impact. This gives source-specific information since it 
is directly focused on the terminal operations and its characteristics instead of 
literature studies. The top-down approach, however, can give complementary 
information especially when operational data is not available. 

One of the challenges that we identify in this stage is the complexity to define 
a KPI system links the terminal operations and the SDGs, since the impact 
that terminal operations have on some SDGs is not always directly identified. 
The interlink between the three sustainability dimensions and, therefore, be-
tween the different indicators is also complex to model. This process implies a 
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great portion of uncertainty and a vast amount of necessary data to under-
stand how the variables and the three dimensions interact. Data is not always 
available or is difficult to collect especially related to the social dimension.  

The fourth stage (#4) is related to the collection of necessary data for the 
KPIs in the previous stage which comes from different sources (Stankovic et 
al., 2021), external and internal to the terminal. Internal data is collected 
from the terminal, e.g., the distance traveled when loading cargo units by the 
CHE. However, information such as EFs and diseases caused by the emissions 
need to be derived from an external source, e.g., the IPCC guidelines for the 
EFs, because this type of data is not accessible in the terminal itself. Let us 
take as an example the KPI “GHG emissions per loaded cargo”. One part of 
the required data is the amount of GHGs released, during the loading process. 
To estimate the GHGs, we refer to the Equation 2 shown in the previous sec-
tion used for fuel based EIs in terminals. The factors in this equation, i.e., EF, 
FCF, and ER are not directly estimated from the terminal operations, but the 
fuel consumption from CHE is. Different methods are used to estimate the 
fuel consumption, such as 1) directly measuring from the CHE using sensors, 
2) using proxy data, and 3) using models based on the CHE speed, distance 
traveled, transported weight, etc., depending on the desired accuracy. We 
suggest employing the first or the third method since it is more accurate than 
using data from other studies that does not capture the characteristics of 
each terminal.   

To integrate data form different disciplines, i.e., social, economic, and envi-
ronmental, and with different changing frequency is a challenging task that 
this stage needs to secure. For instance, if the fuel consumption varies less 
frequently than the fuel price, when monitoring a KPI that depends on these 
two variables it is important to select the right monitoring frequency. If the 
monitoring frequency is too high, the system recalculates some variables too 
often, even if they are unchanged over time. If the updating frequency is too 
low, historical information for other variables can be lost, e.g., unusual values 
at specific times. The required infrastructure to collect, integrate, and store all 
the necessary data is complex and it requires high investment costs.  

The estimation of the required variables can be supported by computer simu-
lation (N.5). For the previous example of the KPI “GHG emissions per loaded 
cargo”, the data to be collected could be the work orders from each CHE when 
loading cargo and the characteristics of each CHE and cargo unit. This data 
can be used as input for the computer simulation platform. The simulation 
replicates the loading operations that the CHE carry out and, based on the 
fuel consumption model defined in the computer simulation, the fuel con-
sumption can be estimated based on variables such as the distance traveled, 
speed of the CHE, weight transported, etc. In comparison to the solution us-
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ing proxy data, it is necessary to have a robust infrastructure to collect and 
store the data like Haibo et al. (2019) and (PIXEL, 2021) highlight in their 
work to clean, process, and analyze it for the assessment. The fifth stage 
(#5) presents a computer simulation to estimate the required variables, e.g., 
FC from CHE as mentioned in the above example.  

The approach in the literature to estimate variables relies on deterministic 
values. Because of the non-deterministic nature of terminal operations and 
uncertainties in the variable estimation process, the probabilistic analysis is 
more precise as Leal Jr. et al. show in their work (2021). Modeling and simu-
lation are suitable techniques to support such analysis. These are commonly 
used techniques for performance assessment, but they have not been used 
yet to evaluate sustainability in terminals to the authors’ knowledge. It is an 
important research area to find and assess feasibility of the best combination 
of measures for each terminal (Zis, 2019).  

There are several advantages that simulation-based analysis have, e.g., Mon-
te Carlo or discrete event simulation, compared to the commonly used 
spreadsheets. Spreadsheets are good to capture the behavior of static sys-
tems that depend on static input variables that create an output value where 
time is not considered. Terminals are complex dynamic environments where 
the output is affected by the combination of different non-deterministic fac-
tors where time is one of them. Thus, spreadsheets cannot accurately repre-
sent the entire system, but only a snapshot of the system in a specific time 
whereas simulation can provide realistic representation of complex and dy-
namic environments (Alamoush et al., 2020). Understanding the interrelation-
ship between the economic, social, and environmental variables contributes to 
a better understanding of the tradeoffs between these three dimensions lead-
ing to better and more robust decisions. A system dynamic (SD) approach 
would be beneficial for this purpose (Wu and Yang, 2021) which can be easier 
modeled using SD simulation techniques than spreadsheets. Visualization is 
one of the most remarkable advantages of computer simulation since it ena-
bles to easier understand results and to communicate these to different 
stakeholders using active representation of the terminal operations compared 
to tables and charts that spreadsheets provide. Model modifications and test-
ing is also easier with the visualization component from computer simulation. 
Therefore, using simulation as a decision making support tool can lead to bet-
ter decisions and the development of more realistic public policies (Leal Jr. et 
al., 2021).  
   
The simulation in our framework is used to replicate the current terminal op-
erations based on the data collected in the previous stage and the estimation 
of variables for the KPIs based on the models defined. The simulation output 
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helps to understand the operational performance and, therefore, can be used 
to identify improvement areas and evaluate potential solutions. Depending on 
the availability of real-time data, the simulation platform can provide the real-
time picture of the current situation as presented in PIXEL (2021). This can be 
an advantage if the users can interact with the real system and send orders to, 
e.g., a CHE driver, to correct any anomalies detected. Not only can the cur-
rent situation be simulated, but also hypothetical “what if” scenarios that can 
support the decision makers. The performance of those solutions can be eval-
uated and then compared together with the uncertainty that such estimation 
entails.  
 
Before the variables estimated from the simulation can be aggregated to form 
the KPIs, they need to be normalized as mentioned in the literature. This re-
quires on the one hand to establish the acceptable and unacceptable value 
range of the variables that can be categorized, e.g., as “bad”, “good”, and 
“acceptable” in a numerical scale. On the other hand, these value ranges 
need to be converted to a common scale, e.g., [0-1] so that all the KPIs are 
also estimated in the same scale. This output is visualized in the sixth stage 
(#6) using bar charts, scatterplots, heatmaps, etc., according to users’ pref-
erences, showing for instance the fuel and energy consumption per cargo unit 
handled, GHGs and other pollutants released, and quantified health impact of 
such emissions. Thus, any information for understanding and picturing the 
sustainability performance of the terminal. 
 
The seventh stage (#7) represents the quantified SDGs based on the KPIs 
from the previous stage, aggregated through the KPI system designed in the 
third stage. The quantified SDGs can then be grouped into economic, social, 
and environmental dimensions. An option to aggregate the KPIs is to compute 
the average by using the same weight for all of them. Another possibility is 
that different weights are given to the KPIs using, e.g., the entropy method. 
The same applies to the grouping of the SDGS in the three sustainability di-
mensions. One option is to assume that each SDG only falls into one group, 
but we can also define the degree to which an SDG corresponds to each di-
mension, e.g., 80% in the social group and 20% in the economic one. In the 
eighth stage (#8) we reach the maximum aggregation level of the sustaina-
bility KPIs that result on a single index, as suggested in, e.g.,  (PIXEL, 2021), 
(Koilo, 2020), and (Stankovic et al., 2021). This index gives an overview of 
how sustainable a terminal is. For internal purposes, a single indicator may 
not provide enough details to support the decision makers, but for external 
stakeholders such as customers may be easier to evaluate and compare a 
single index rather than a list of KPIs with different dimensions. The sustaina-
bility index can be used to compare performance of different terminals, simi-
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lar to the sustainable development index (SDI) that measures the ecological 
efficiency in countries, scored and ranked in a [0-100] scale: see (Sachs et al., 
2021). 

4. Conclusions and Further Research 
This paper explores the topic of sustainability assessments for maritime ter-
minals, considering all three pillars of sustainability. This sector is becoming 
more aware of its impact in the environment and society, and the interrelation 
of these dimensions with the economic one. Terminals currently report sus-
tainability performance referring to the SDGs, but although the importance of 
terminal sustainability assessment is recognized, no well-established guide-
lines or frameworks are available covering all aspects to the authors’ 
knowledge. We suggest a sustainability assessment framework considering 
the three sustainability pillars, aiming at supporting guidelines and tools to 
assess the sustainability performance of current and future operations. The 
framework encompasses the following aspects that we identify in the litera-
ture:  

Sustainability indicator system that defines sustainability KPIs for terminal 
operations linked to the UNs SDGs but also have outset in current opera-
tional realities 
Normalization and aggregation of sustainability indicators into a single sus-
tainability index as the overall sustainability performance measure of the 
terminal 
Information systems for data collection, transfer, and storage that support 
the analysis of performance for all three sustainability dimensions on a 
regular basis 
Estimation and validation of the required variables and performance on 
system KPIs supported by computer simulation techniques and probabilis-
tic analysis 

The implementation of a framework like the one presented in this paper for 
assessing terminal sustainability on a regular basis creates a foundation for 
terminal operators to identify areas of improvement and optimize their future 
operations. The framework is defined on a conceptual level and needs to be 
defined in detail before it becomes functional. We suggest the following fur-
ther actions for further research:  

Regarding the sustainability KPIs, a methodology that quantifies the impact of 
terminal operations using bottom-up approach is missing. There is current re-
search identifying social, economic, and environmental KPIs form related lit-
erature that are then linked to the SDGs. However, the relationship between 
maritime operations and these SDGs needs to become clear leading to mean-
ingful, achievable, and comprehensive KPIs as terminal operators require. 
Moreover, the current solutions do not consider the interlink between the KPIs 
from the three dimensions which could give a clearer picture of the tradeoff 

- 1438 -



between economic, social, and environmental aspects. The development and 
validation of a computer simulation model that can estimate the defined vari-
ables and sustainability KPIs for current and future operations increases the 
value and applicability of the framework. This simulation model needs to be 
able to represent the operations in specific terminals and their economic, so-
cial, and environmental performance accurately enough to evaluate the varia-
bles for the KPIs and to measure the sustainability impact.  

As next steps we recommend further case work in different terminals aiming 
at realizing the framework and developing practically relevant sustainability 
assessment methods and set of tools to be applied by terminal operators. 
Further case work would also enable the design of a sustainability KPI system 
applicable for terminal operations capturing the characteristics of each termi-
nal. 
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