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Abstract 
 

This study investigates the degassing of barges shipping benzene via European inland waterways in a 

petrochemical supply chain. We evaluate different proactive strategies, in which we anticipate to comply 

with a degassing constraint introduced by (inter-) national legislation at minimum supply chain costs. We 

develop a model to investigate the profitability of dedicated and compatible transport, in which a barge is 

trading with the same (kind of) cargo, eliminating the need for degassing. The model compares the logistic 

costs of transport basis a Contract of Affreightment (COA) to the costs for transport basis a Time Charter 

(TC). We simulate the stochastic variable time using queueing theory for the time spent at the load port. 

Furthermore, this study discusses a methodology to measure residual benzene vapors in barges and 

evaluates the impact of the chosen strategy on greenhouse gas emissions. We conclude that the difference 

in logistic costs between transport basis a COA and transport basis a TC are small. The logistic service 

provider can offer dedicated and compatible transport at lower costs, because he is better able to minimize 

the ballast time in his benzene(-content) transport network. 
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Management Summary 

 
The discovery of temporary high concentrations benzene in the air close to Shell Moerdijk in 2014 drew the 

attention of the chemical industry and the Dutch and other North-Western European governments. Initially, 

it was assumed that these high concentrations were caused by a leak of a plant. However, the temporary 

peaks of benzene concentration in the air were caused by passing barges with chemicals, ventilating the 

tanks of residual vapors after discharge. Ventilation of residual vapors is also called degassing. In order to 

arrive with clean tanks at the next customer, preventing contamination with the next cargo, it is necessary 

to remove the residual vapors. Benzene is classified as hazardous material (WHO, 2010) with carcinogen 

characteristics and therefore directly harmful for public and animal health.     

 This incident increased the awareness of the malicious activity via the European inland waterways 

and governments and chemical industries were obliged to take action. It resulted in the introduction of 

several degassing bans in the provinces of the Netherlands, a national ban in Belgium and other North-

Western European governments considering adopting a ban. This has led to the announcement of an 

updated CDNI in 2017, which aims to eliminate degassing of volatile organic compounds (VOC’s) to the 

atmosphere. The CDNI is a convention on the collection, deposit and reception of waste produced during 

navigation on the Rhine and inland waterways, which is signed by Belgium, France, Germany, Luxembourg, 

the Netherlands and Switzerland. The updated CDNI will come into effect as soon as all participating 

countries have ratified the new provisions.        

 As a leader in the chemical industry, SABIC commits itself to adopt a proactive strategy to comply 

with the future legislation. Following SABIC’s sustainability policy, SABIC goes even beyond current 

legislation and has already a degassing ban in place for the Netherlands, Belgium and Germany. The 

petrochemical industry and branch organizations suggested several proactive strategies that might be 

interesting to implement. In this study, we aim to develop a proactive strategy that effectively eliminates 

benzene emissions at the lowest supply chain costs. Therefore, in terms of costs and emission, we evaluate 

the most promising proactive strategies (see Figure 1). Each proactive strategy differs in how the residual 

benzene vapors are treated. We can prevent the need of degassing with dedicated and compatible transport, 

treat the benzene vapors at a degassing facility on-shore, or treat the benzene vapors on-board. We evaluate 

the proactive strategies based on four Key Success Factors (KSF’s): (1) Effectivity of eliminating benzene 

emissions (2) Cost impact (3) Implementation time and (4) Dependency on other stakeholders.  

 

    Figure 1: Proactive strategies for degassing of benzene 
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The results of analysis and evaluation of the proactive strategies is depicted in Table 1.  

Key Success Factor  (i) Dedicated and compatible 
transport 

(ii) On-shore degassing (iii) On-board degassing 

 
1. Effectiveness of   
elimination benzene 
emissions 

 

 
 

100% 

 
 

95% 

 
 

To be investigated 

 
2. Cost impact  

 

 
 Investment costs = none 
 Additional operation costs 

per transport =   +/- 1500 € 
 

 
 Investment costs =  >1M€ 
 Additional operation costs per 

transport =  +/- 6000 € 

 
 Investment costs = >3M€ 
 Additional operation costs per 

transport = +/- 750 € 
 

 
3. Implementation time  

 
Immediate entry into force 

 

 
+/- 2 years 

 
+/- 5 years 

4. Dependency on other 
stakeholders 

Barge owner Government, cooperation other 
chemical producers, barge owner 

 

Investors, barge owner, legislation, 
researchers 

Table 1: The three proactive strategies assessed according to four Key Success Factors 

We conclude that dedicated and compatible transport has the best performance, based on the high 

effectivity of eliminating benzene emissions, the cost-effectivity and the short implementation time without 

the dependency on multiple stakeholders. In a dedicated and compatible transport scenario, we only have 

the dependency of the barge owner, in which the barge owner offers either transport basis Contract of 

Affreightment (COA) or basis Time Charter (TC). On the one hand, transport basis COA means that the 

transport is contracted to the barge owner who provides cargo-space at a specified time and for a specified 

freight to SABIC, who is liable for payment whether or not the cargo is ready for shipment. On the other 

hand, we have transport basis TC, which refers to the operational leasing of a barge with crew, for a specific 

amount of time, which allows SABIC to utilize the barge for their own operations.    

 To measure the amount of saved benzene emissions of dedicated and compatible transport, we 

assumed a barge with 1000 tons benzene cargo and calculated the mass of the residual cargo in the tanks. 

Consequently, we distinguish the mass of the residual vapor and the mass of the residual liquid. Since barges 

ventilate until all residual cargo is evaporated, we can calculate the total benzene emissions. However, it is 

unknown to what extent the barge owner sailed dedicated or compatible, before the degassing ban has been 

adopted. Therefore, we estimate the saved benzene emissions based on a base case, in which we assumed 

that barges always degassed their tanks. For the impact of carbon dioxide emissions in barge transport, we 

used the emission factor of McKinnon (2011).        

 To calculate the difference in costs between dedicated and compatible transport basis COA and basis 

TC, we developed a model that compares the freight prices of each trip for the Aromatic products under 

study, i.e. benzene, raw pygas and TX cut. In the model, we consider for each customer the roundtrip time 

that consist of four stages: time spent at SABIC, sailing time to the customer, time spent at the customer and 

the sailing time back to SABIC. We simulated the expected roundtrip times for each customer and 

subsequently calculated the expected costs of each trip. Our analysis shows that the difference in costs 

between transport basis COA and basis TC are small and in favor for transport basis COA. We are unable to 

minimize the idle and ballast time (i.e. without cargo) with a TC, such that a TC results in lower costs than 

transport basis COA. Hence, the barge owner can better utilize the barges (and minimize the ballast time) 

and therefore offers the transport at lower costs. Furthermore, we showed which customer clusters have 

high expected demurrage costs, because of congestion and long delays at a port. These demurrage costs can 

significantly contribute to the total COA freight price.    
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Based on the insights presented in this study, we establish four major recommendations to SABIC. 

 First, our analysis shows that dedicated and compatible transport basis COA is the best proactive 

strategy to comply with the degassing ban of benzene. First, we found that dedicated and compatible 

transport is the most effective strategy to comply with benzene emissions at minimum costs. 

Second, we found that the costs for dedicated and compatible transport basis COA are slightly 

smaller than transport basis TC.  Therefore, we recommend strengthening ties with barge owners 

to transport dedicated or compatible basis COA.  

 Second, because of the small difference between the costs of transport basis COA and TC, we 

recommend SABIC to run the analysis again in case of changing COA and TC prices. Furthermore, 

we recommend SABIC to remember the income perspective of the barge owner, who determines his 

prices based on a Time Charter Equivalent (TCE). The TCE is the value per time unit that a barge 

owner would like to earn with a barge. Both the COA and TC prices are derived from the TCE and 

thus the prices of both transport options are interrelated. If the prices of transport basis COA and 

the demurrage rate increase, we also expect an increase in TC costs and vice versa. A factor that 

causes an imbalance between the two options is the time in ballast condition (i.e. empty sailing). 

Hence, if we observe an imbalance, we should dive deeper into it and try to save transport costs. 

 Third, we recommend SABIC to increase the average cargo sizes in order to enlarge the margins of 

benzene sales. The barge owner offers lower freight prices for larger cargo volumes, while the 

selling price of benzene only depends on fluctuations in the market because it is a commodity and 

therefore no quantity discounts are given.  

 Fourth, SABIC should try to reduce the variability of the arrivals of barges at the port of Stein. We 

show that variability at the jetties, leads to congestion and longer expected waiting times. Therefore, 

SABIC should aim to reduce the variability and reduce the expected demurrage costs. The arrival 

process of barges causes the highest variability. If we are able to better forecast and plan the arrival 

of barges, we can reduce the demurrage costs that are incurred at the port of Stein. 

In this study, we conclude with saving a significant estimated amount of benzene emissions with only a 

small increase of COA transport costs due to the condition of sailing dedicated or compatible (Figure 2). 

Furthermore, this study contributes to the scientific sustainable literature to reduce emissions of VOC’s in 

a supply chain with hard environmental constraints. Finally, we also contribute to the literature describing 

dedicated transport, in which we continuously make roundtrips.  

Figure 2: Performance of dedicated and compatible transport basis COA including demurrage 
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Abbreviations and terminology  
 

Abbreviations 

AVFL = Accepted Vent Free Level 

COA = Contract of Affreightment  

GHG = Greenhouse Gases 

GPS = Global Positioning System 

HAZMAT = Hazardous Materials 

KSF = Key Success Factor 

LEL = Lower Explosion Limit  

LTB = Lay Time Bank 

LSP = Logistic Service Provider 

MT = Metric Ton (=1000 kg) 

ROI = Return On Investment 

SCM = Supply Chain Management 

TC = Time Charter  

TCE = Time Charter Equivalent 

VOC = Volatile Organic Compounds 

VRU = Vapor Recovery Unit 

 

 

Shipping jargon 

Ballast condition = Sailing without cargo load (i.e. empty). 

Bunkers = Fuel for barges or vessels. 

CDNI = Convention on the collection, deposit and reception of waste produced during navigation on the 

Rhine and inland waterways. The main objective of this Convention is to protect the environment and to 

improve safety in inland navigation. It was signed in 1996 in Strasbourg by the participating countries 

Germany, Belgium, France, Luxembourg, the Netherlands and Switzerland. 
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Compatible transport = Transport in which a barge’s new cargo is compatible with its previous cargo. It 

means that the residual cargo vapors of the previous cargo do not contaminate the new cargo, which also 

eliminates the need for degassing. 

Contract of Affreightment = Binding agreement which sets forth the obligations and rights of the owner 

of a barge and merchant. The barge owner undertakes to provide cargo-space at a specified time and for a 

specified freight, to the merchant who is liable for payment whether or not the cargo is ready for shipment. 

The Contract of Affreightment addresses issues associated with the crew of the barge and the routes on 

which it will sail, 

Dedicated transport = Transport in which a barge is loaded with the same kind of cargo, eliminating the 

need for degassing. 

Degassing = Removal of residual vapors in the tanks of a barge after discharge.  

Demurrage costs = Costs incurred by exceeding the (free) lay time at a port. The barge owner charges the 

charterer with demurrage costs for each hour greater than the lay time. Hence, unexpected delays at a port 

often result in demurrage costs. 

Demurrage recovery = Demurrage costs incurred at the port of the customer, which can be declared by 

the charterer. 

Laden condition = Sailing with cargo load. 

Lay time = Lay time is the total time in which the barge lays at the port of the supplier and the port of the 

customer, without paying demurrage costs. The free lay time is the total allowed time to lay at the port of 

the supplier and the port of the customer, without paying demurrage costs. The free lay time is contractually 

agreed between the barge owner and the charter. Normally, the lay time is divided into two; i.e. half of the 

total lay time is for the supplier and half for the customer. 

Lay time bank (LTB) = Monthly balance with times spent of each operation owned by the barge owner. If 

the sum of the spent time at the supplier’s port and the spent time at customer’s port exceeds the lay time 

for that given operation, the exceeding hours are added to the lay time bank. Similarly, if the sum is strictly 

less than the free lay time, the hours are subtracted of the lay time. At the end of each month the lay time 

bank is settled. 

Stripping a barge = A developed system described by Appendix II of CDNI, to empty and strip the cargo 

tanks to an as low as reasonably achievable level. 

Time Charter = Operational leasing of barge with crew for a specific amount of time, which allows the 

leasing party to utilize the barge for their own operations and where the lessor retains the maintenance. 

Ventilate = Direct release of residual vapors from the tanks of a barge to the atmosphere. 

Wash = Removal of residual cargo in the tanks of a barge by steam or water. 
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Chapter 1.  

Introduction 
“Many business leaders are seeing 

the relationship between long term 

success and sustainability, and that’s 

very heartening”  

 Jacqueline Novogratz

    

A chemical plant leaking PFOA at DuPont, dioxins dump of DOW and the fire in 2011 at Chemie-Pack in 

Moerdijk in the Netherlands are only some incidents where chemicals were involved, risking the safety of 

the society.  The consideration of safety and environmental issues has emerged as a topic of critical 

importance for today’s globalized supply chains. Sustainability operations are becoming more and more 

important in every type of industry. Often driven by (inter)-national agreements, but as well by companies 

who are intrinsically motivated to be sustainable, companies are getting greener and working on a 

sustainable planet.            

 In the petrochemical industry, everyone agrees that sustainability efforts have to be taken, but in a 

price competitive market this results in only marginal efforts.  Petrochemical companies making major 

steps towards sustainability, but fear an increase in their costs and selling price, as it is assumed that 

sustainability is expensive and has a negative influence on the bottom line.    

 However, nothing could be farther from the truth. Sustainability is often indistinguishable from 

traditional cost reduction and efficiency moves when applied to the enterprise, and is actually a form of 

business process reengineering (BPR). It often turns cost centers into profit centers through reuse of 

materials. Not only sustainability activities leads to higher profits, sustainability drives organizations to 

change their business model (Kiron, 2013). According to this study of the MIT Sloan (2013), changing 

particular business model elements can have a significant effect on the profitability of an organization. This 

results in investors who are attracted to invest in companies committed to corporate sustainability, because 

it promises to create long-term shareholder value by embracing opportunities and managing risks deriving 

from ongoing economic, environmental and social developments (Knoepfel, 2001). Hence, we conclude that 

sustainability activities do not only prevent major incidents, they also improve the corporate responsibility 

of a company, which often leads to a more profitable business. 
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1.1 Motivation of the study 

Since the discovery of temporary high concentrations 

of benzene in the atmosphere close to a Shell plant in 

Moerdijk in 2014, the attention of the chemical 

industry and Dutch and other North-Western 

European governments was drawn. Initially, it was 

assumed that these high concentrations were caused 

by a leak of a plant of Shell. However, the temporary 

increase of benzene concentrations in the 

atmosphere came from passing barges with 

chemicals, ventilating the tanks of residual vapors 

after discharge. Ventilating tanks of residual vapors 

to the atmosphere is called degassing. In order to 

arrive at the next customer with clean tanks and 

prevent contamination of the subsequent product it 

is necessary to remove the residual vapors.  

 The quality of the air in cities and towns close 

to inland waterways suffers from degassing barges 

and consequently non-profit and governmental 

organizations (RIVM, CE Delft, Provinces) came into 

action. This resulted in degassing bans at a provincial 

scale and at an (inter)national scale.   

 In the Netherlands, the provinces Zuid-

Holland and Noord-Brabant adopted therefore a ban 

since 1 January 2015. The provinces Noord-Holland 

and Utrecht followed two years later with a ban 

active since 1 March 2017. In Belgium, a degassing 

ban has already been active for a longer period and in 

Germany, a ban is not active yet. Note that 

compliance with the ban in Belgium is unknown. At 

an international scale, North-Western European countries have taken action and announced an update of 

the CDNI. The CDNI represents the convention on the collection, deposit and reception of waste produced 

during navigation on the Rhine and inland waterways (CDNI, 2017). The updated CDNI is announced in 

2017, which will force all participating countries to take active action to stop degassing to the atmosphere 

(see Appendix A). The updated CDNI will come into effect as soon as all participating countries have ratified 

the new provisions.           

 In the last few years, the degassing of benzene to the atmosphere has been labelled as a major 

problem for the public health and environment. The awareness of the malicious activity has now reached 

its peak and governments and chemical industries are obliged to take action. As one of the pioneers in the 

chemical industry (leaders), SABIC took the initiative to commit itself to adopt a proactive strategy.  This is 

reflected in SABIC’s European responsible care and sustainability policy, which states the commitment to 

eliminate the degassing of benzene and benzene content products (>10%) directly to the atmosphere in the 

Netherlands, Belgium and Germany. This shall mean, no degassing to the atmosphere with a residual cargo 

vapors <10% Lower Explosion Limit (LEL).         
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 The motivation of this study is to aid SABIC in dealing with the degassing ban of benzene in order 

to find a compliant solution at minimum supply chain cost. This study gives insight in 

 The evaluation of the proactive strategies to cope with the degassing 

 The environmental impact of the selected strategy 

 The costs of the trade-off between contract of affreightment and a time charter 

 The utilization of the jetties and the corresponding expected demurrage costs 

 How to obtain a competitive position in the future to accomplish reduced costs and emissions  

To provide these insights, we conduct a case study in cooperation with SABIC, a Saudi diversified 

manufacturing company, active in chemicals and intermediates, industrial polymers, fertilizers and metals. In 

the case study we focus on the downstream operation in SABIC’s supply chain, namely the transport to the 

customers. We show the financial and environmental impact of dedicated transport and provide management 

with recommendations for possible future scenarios.  

1.2 Literature review 

This thesis extends the increasing popular research field sustainable supply chains, which is an integration 

between the research fields supply chain management (SCM) and sustainability. This section shortly explains 

the research fields and suggest the positioning of this study in the scientific literature.  

 

1.2.1  Sustainable Supply Chains 

Sustainability is increasingly considered as a supply chain issue, rather than something that a single 

company can deal with effectively. In the last decade there are several articles, journals and books produced 

on Green Supply Chains or often referred as Sustainable Supply Chains and it is expected that the trend will 

also continue in the future. Note that the term “sustainability” is often used in a broader context (Bouchery, 

Corbett, Fransoo & Tan, 2016), meaning that next to the traditional economic aspect; also the environmental 

and social aspects are taken into account. Ideally sustainable supply chains consider a triple bottom line in 

making decisions, i.e. economic, environmental and social aspects (Eskandarpour, M., Dejax, 2015). From 

these 3 aspects, there are yet several topics covered in Sustainable Supply Chain literature, varying from 

reducing greenhouse gas (GHG) emissions, closed-loop supply chains, waste management, green design, 

reverse logistics, green manufacturing, LCA’s, sustainable sourcing et cetera (Srivasava, 2007).  

 

1.2.2  Supply chain management 

The term “SCM” was first used by Oliver and Webber 1982 and was developed from logistics point of view.   

Several researchers discuss logistics outsourcing from SCM point of view. Rao and Young (1994) and Van 

Damme and Van Amstel (1996) suggest that firms consider outsourcing of logistics to an external logistic 

service providers (LSP) when logistics complexity is high. Wilding and Juriado (2004) observe that cost 

reduction is the main motivation for logistics outsourcing. Bolumole (2001) mentions that firms who 

outsource for operational and cost-based reasons, will tend to restrict LSPs’ involvement to the basic 

logistics functions. Therefore, an outsourcing decision might be influenced by a firm’s supply chain 

characteristics (e.g. logistics complexity and demand uncertainty) or logistics strategy. 
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1.3  Research Questions  

The aim of this study is to support SABIC in coping with the degassing problem of benzene, by evaluating 

proactive sustainable strategies, by providing a methodology how to effectively measure the benzene 

emissions and by developing a cost-effective solution that supports the decision-making in the future. Based 

on the literature review, four research gaps have been identified.  

I. The sustainable supply chain literature does not cover emissions of volatile organic compounds 

(VOC), which are emitted to the atmosphere due to the removal of residual vapors in tanks after 

transport. The emissions of the VOC under study have a direct harmful impact on human and animal 

health and the quality of the air (WHO, 2010).  In terms of emissions, the sustainable supply chain 

literature mainly describes greenhouse gas emissions or emissions, which affect the air quality, 

referred to as the six criteria pollutants (EPA 2015a). Sustainable supply chain literature with the 

focus on transport is dominated by emissions due to the combustion of fuels. However, no approach 

is available in literature that links SCM with the emissions of VOC.   

II. The product under study (i.e. benzene) is classified as a hazardous material, because benzene is 

highly flammable (WHO, 2010). Operations Research literature describing transport of HAZMAT’s, 

mainly focus on minimizing risk and more specifically the likelihood of an risky event (Batta, R., & 

Kwon, C., 2013;2015).  We identified the second gap in the literature missing the link between the 

impact of HAZMAT emissions during HAZMAT transport.  

III. Methodologies or frameworks to measure the amount of VOC emissions in barges are not available 

in nor Green Supply Chain nor, sustainability literature. In order to measure the performance of a 

proactive strategy, we should develop a methodology ourselves. This methodology will contribute 

to Green Supply Chain literature, which describes frameworks to measure the impact of emissions 

in supply chains (Hoen et al., 2014). 

IV. Due to the novelty of the degassing problem and its consequent legislation results, there is no 

available literature giving an extensive analysis of strategies how to effectively eliminate these 

emissions at minimum supply chain costs. Therefore, we clearly observe a gap that can be filled with 

the enrichment of an empirical study. 

Based on the motivation of the study and the identified research gaps, we define the research objective as 

follows. 

Develop a proactive strategy for SABIC to comply with SABIC’s sustainability policy on the degassing of benzene 

at minimum supply chain costs via European inland waterways 

To achieve the research objective we defined the following research questions: 

1. What is the best proactive strategy for SABIC to minimize their supply chain costs under SABIC’s 

sustainability policy on the degassing of benzene via inland waterways?  

2. What methodology can be used or developed to effectively measure the reduction of emissions in a 

restricted degassing scenario for SABIC’s European Supply Chain? 

3. How can we develop a model that will measure the performance of the proactive strategy in terms 

of costs and emissions?  

4. How can SABIC influence other external stakeholders (competitors, barge operators and degassers, 

governmental institutes) to maximize the effect (emission down, cost down) of the strategy? 
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These questions are used as framework to guide this study, where the answers contribute to the identified 

research gaps and provide SABIC with a deeper understanding in the degassing of benzene by barges 

trading on inland waterways. The proactive strategies are evaluated and subsequently a quantitative model 

has been developed to determine the best proactive strategy. This model measures the performance of the 

strategy in terms of costs and emissions and aims to support the decision-making of a proactive strategy.

 The nature of this study is more relevant than rigorous, with respect to scientific methodologies and 

techniques. The aim is to solve the practical problem faced at SABIC and improve its operations. Due to the 

complexity of the problem, it can only be realistically done on a case-to-case basis. However, the 

rigorousness can also be tested by highly abstract, mathematical modeling aimed at optimizing processes 

successful in some industries or areas (Betrand, Fransoo, 2002).  

1.4  Scope 

In this study, we limit ourselves to VOC emissions due to degassing residual vapors of barges in the 

petrochemical industry. More specifically, we limit ourselves to SABIC’s benzene emissions in barge 

transport in North-West Europe and do not take into account residual vapors caused by other modalities. 

We only consider the outbound logistics of benzene (-content) products loaded at SABIC’s port in Stein. We 

aim to eliminate benzene emissions at lowest supply chain costs, where greenhouse gas emissions only 

have a secondary focus. Furthermore, there is an urgent need for an adequate solution in the near future, 

because of forthcoming legislation. Therefore we do not consider long-term future scenario’s (>10 years) 

and do not take into account possible changes in future demand.     

 In this study we do not consider risk in specific. At SABIC, safety or risk is a key aspect that is 

integrated in all operations. Minimizing VOC emissions to the atmosphere also minimizes the risk of an 

undesirable event. 

1.5 Methodology and thesis outline 

In order to answer the research questions, we first structure the thesis using the reflective cycle of van Aken 

et al. (2012); see Figure 1.2. In the case class represents the position within the existing literature. The case 

class refers to sustainable supply chain network optimization. Next, we start the cycle with a specific case 

under study, which is here reducing the benzene emissions in the supply chain network of a chemical 

company on inland waterways. Based on the outcome and results of the problem solving in the regulative 

cycle (the smaller cycle),  the insights and knowledge that is gathered can be used for similar problems 

within this case class in the chemical industry 

 

 

 

 

 

 

 

Figure 1.2: Reflective cycle (van Aken et al., 2012) 
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For our quantitative empirical research, the primary concern is to have a model fit between observations 

in reality and the model developed for that reality (Bertrand and Fransoo, 2002). To structure the 

quantitative design, we rely on the model of Mitroff et al. (1974), depicted in Figure 1.3. The model proposes 

four sequential project phases: the conceptualization phase; modeling phase; model solving phase and 

finally the implementation phase.         

 In Chapter 2, we start with the conceptualization phase where we address research question 1 by 

evaluating the proactive strategies based on the provided information. The proactive strategies differ 

substantially how they cope or treat with residual vapors in the tank. Therefore, we evaluate the different 

proactive strategies according to a four Key Success Factors (KSF’s) framework.  The first KSF ranks the 

proactive strategies on the effectivity to eliminate the benzene emissions. The second KSF gives us an 

indication on the implementation time. The third KSF gives an indication of the expected cost impact, where 

we differentiate investment costs and operational costs. The fourth KSF discusses for each strategy the 

dependency on other stakeholders. Other stakeholders are for example chemical producers, LSP’s, 

governmental organizations and researchers. This chapter concludes with the best proactive strategy 

following the KSF framework.          

 In Chapter 3, a methodology to adequately measure benzene is presented, which answers research 

question 2. In order to develop a methodology, we use chemical formulas and assumptions. Furthermore, 

we discuss the impact of the proactive strategies on the carbon dioxide emissions.  

 Clearly, this happens in the modeling phase where the conceptual model and scientific model are 

connected. We calculate the benzene emissions per 1000 tons barge, because it is a common cargo volume. 

Moreover, the relation between cargo volume and benzene emissions is linear and hence multiplying by the 

yearly-shipped benzene volume, we can calculate the yearly benzene emissions.    

 In Chapter 4, we develop an allocation model based on the best proactive strategy. The modeling 

phase continues in which we further develop the conceptual model by using concepts of the scientific model. 

The model compares two variants of the best proactive strategy with the objective to maximize the profit 

of one variant, in order to check which proactive strategy is the most profitable.   

 In Chapter 5, we apply the developed generic model on a case study at SABIC to answer research 

question 3. This corresponds with the arrows Model Solving, Implementation, in the Quantitative research 

model (Mitroff et al., 1974), depicted in Figure 1.3.        

 In Chapter 6, the model is Validation and Feedback, where results and a sensitivity analysis are 

conducted, which provides us a deeper understanding in the costs structure and insights for the future. 

Moreover, a planning tool is developed to support the operational decision-making.    

 In Chapter 7, we conclude the thesis 

with recommendations for SABIC and 

suggestions future research directions are 

suggested.  

 

 

 

Figure 1.3: Quantitative research 

model (Mitroff et al., 1974) 
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1.6  Context Benzene  

This section outlines the context of benzene in West Europe, to provide the reader with background 

knowledge for a better understanding. We shortly discuss some chemical characteristics of benzene, the 

benzene as building block for other chemicals, the demand and supply in West Europe and more specifically 

for SABIC.  

1.6.1  Overview Benzene  

Benzene is an aromatic hydrocarbon and one of the primary chemical building blocks for the petrochemical 

industry. The key characteristic of benzene is the six-carbon ring, depicted in Figure 1.4.    

 At room temperature, benzene is a clear, colorless liquid with a sweet odor. Benzene is found 

naturally in crude oil at low levels, but nowadays benzene is mainly produced via synthesis from petroleum-

based raw materials, e.g. naphtha, ethane, propane, butane, 

toluene, gas oil and coal.  Benzene has a carcinogen 

characteristic and therefore directly harmful for public and 

animal health. Therefore, the presence of benzene in gasoline 

has been regulated to minimal levels, almost 1% by volume 

or less in most countries that consume benzene (IHS, 2015). 

 The presence of benzene in consumer goods, such as 

solvents and sealants was eliminated a few years ago. These 

events correspond with the objective of this study, namely 

eliminating the exposure of benzene to the society and 

consumers.       Figure 1.4: Structure formula benzene 

Benzene is primarily used as a chemical building block in the production of other chemicals, including 

styrene, phenol, cyclohexane, alkylbenzene, nitrobenzene and other chemicals produced by the industry. 

The highest demand for benzene comes from the demand of styrene (49%), phenol (20%) and cyclohexane 

(11%).  Subsequently, these chemicals are used for the production of end-products, such as fibers for 

clothing and fabric, disposable food packaging containers and films, tires, belts, hoses and plastic parts for 

the automotive industry, herbicides and pesticides, filaments for floor coverings and dyes.  

1.6.2  Benzene Demand & Supply in West Europe 

In West Europe, we expect the demand to decline over the 

next five years, by an average annual rate of 0.6%, mainly 

due to capacity closures (IHS, 2015). The largest 

percentage decline (1.4%) is expected for the production 

of cyclohexane due to capacity closures. On a volumetric 

basis, declines in benzene consumption for ethylbenzene 

and cumene are larger, and a total of 300,000 metric tons 

of benzene demand is anticipated to be lost from these two 

segments in the coming five years in Western Europe as 

competition from other regions grows (IHS, 2015). In 

Figure 1.5, the benzene demand expressed in Million 

Metric tons is depicted from 2010 to 2015 and the 

forecasted demand from 2015 to 2025 (IHS, 2015).  

  Figure 1.5: The historical and expected demand of benzene in West Europe (IHS, 2015) 
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As a result, the supply of benzene in West Europe in 2015 was 

reduced to just 9.3 million MT per year, half of which is 

operated by just seven producing companies. When 

considering the shareholders of the benzene capacity, there 

are only seven shareholders owning over 70 % of the capacity 

(see Figure 1.6, IHS). Capacities for benzene extraction are 

expected to continue to decline further. Versalis with 100,000 

metric ton capacity at Porto Marghera has already been 

mentioned. The SABIC benzene extraction unit at Wilton is 

expected to close by early 2017 after the cracker starts to 

operate on lighter feeds, including imported ethane. The site 

will continue to produce a reduced quantity of the related 

product Raw Pygas. Raw pygas will be sold into the extraction 

or blending market.  Due to all events, the benzene capacity 

will decrease to 8.8 million metric tons per year during 2017. 

                  Figure 1.6: Benzene producers by company (IHS, 2015) 

1.6.3  Benzene at SABIC 

The site of SABIC in Geleen is expected to maintain it capacity, where it produces 320,000 metric ton 

benzene per year. At the SABIC site in Geleen, the production depends on the cracking process. The cracker, 

which is the most upstream unit in the production process, transforms the feed stocks into four flows of 

products that are sold directly or further processed. The optimization of the cracker is a key process and is 

determined by a model that takes into account the feedstock prices, feedstock availability, the prices and 

expected volumes of the (end) products and possible constraints that influence the operating rate. The 

optimization of the cracker is mainly determined by the highest profitability. The profitability of the Olefins 

is dominant over the C4s and Aromatics, which results in a focus on the production of Ethylene (C2) and 

Propylene (C3). Therefore, we consider the C4’s and Aromatics products as by-products in the overall 

production process. Consequently, the production capacity of benzene is mostly feed limited, whereas the 

operating rate is less important than for the other commodity chemicals. After the cracking process, the 

stream of C5+’s that flow out of the cracker are further transformed into Aromatics, which all consists of 

aromaticity characteristics (i.e. six-carbon ring), see Figure 1.7. In the product portfolio of SABIC, we also 

find Aromatic blend products that contain benzene. Blend products under study are Raw Pygas and Toluene-

Xylene Cut (TX cut), with respectively 38.6% and 1.75% benzene content.    

    

The yearly total volume of benzene and the blend 

products raw pygas and TX cut, are shipped via inland 

waterways per barges. A barge typically carries 

between 1000 and 2300 metric ton. Hence, with a 

yearly benzene volume of 320,000 metric ton, we 

observe approximately every two days a barge arriving 

at the port of Stein to load benzene.  For raw pygas and 

TX cut, this is respectively one barge every 13 days and 

every 3 days.  

       

Figure 1.7: Schematic production process at site SABIC Geleen  
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Chapter 2 

Evaluation of proactive strategies  

 

To anticipate the forthcoming benzene degassing bans, we are interested in a proactive strategy to eliminate 

the benzene emissions. To select the best proactive strategy, we evaluate strategies that were proposed by 

petrochemical industry (e.g. branche organizations) and are analyzed based on the availability of sufficient 

scientific support. The evaluation is based on four key success factors (KSF’s): (1) Effectivity of eliminating 

benzene emissions (2) Cost impact (3) Implementation time and (4) Dependency on other stakeholders. In 

order to gather all necessary information, we conducted several interviews, a scientific literature review 

and thorough problem analysis, which reduced the number of proactive strategies that are worth 

considering.  Due to internal and external factors, we have three possible strategies left. The most important 

internal factor is SABIC’s need for a “cost-effective” solution that satisfies their sustainability objectives, 

without making costly unnecessary investments. External factors that influence the problem are for 

example the legislation by (inter)-national agreements, the nature of the benzene market, the physical 

location of SABIC’s production plant and the willingness of supply chain partners to collaborate. 

 The proposed proactive strategies are (i) dedicated and compatible transport, (ii) on-shore 

degassing and (iii) on-board degassing, see Figure 2.1.  Each proactive strategy treats the residual benzene 

vapors differently and hence, the cost structure, the effectiveness of eliminating benzene emissions, the 

increase in GHG emissions and the market position and SABIC’s relation with their supply chain partners 

differs. Therefore, we evaluate all proactive strategies answering the first research question.  

 

     

Figure 2.1: Proactive strategies for degassing of benzene 
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2.1  Dedicated and Compatible Transport  

The trend in the petrochemical industry shipping chemicals via inland waterways seems to move towards 

dedicated and compatible transport. Dedicated transport refers to transport where barges are always 

loaded with the same kind of cargo, eliminating the need for degassing. In dedicated transport, the benzene 

residual vapor molecules are not broken down but remain in the tanks of the barge. Compatible transport 

refers to transport in which a barge’s new cargo is compatible with its previous cargo. It means that the 

residual cargo vapors of the previous cargo do not contaminate the new cargo, which also eliminates the 

need for degassing. Thus, the chemical specifications of the new cargo are not significantly affected. In order 

to retain the quality and pureness of the subsequent cargo an inspection matrix has been developed. Quality 

experts and external quality surveyor SGS prepared this matrix for SABIC for all chemicals products shipped 

in barges and vessels. To ensure compliance of dedicated or compatible transport, the updated CDNI 

(Appendix A) obligates shippers to prove a declaration of shipping a dedicated or compatible load before 

loading the new cargo. For each transition there are instructions given regarding the degree of cleaning, 

which varies from washing, stripping to degassing.         

 In this study, we consider a set of Aromatic products which are classified to be compatible, 

depending on the sequence. A compatibility matrix has been adopted from the inspection matrix, denoting 

whether there is a need for degassing, which is depicted in Table 2.1. The set of compatible products at 

SABIC, includes benzene, raw pygas, TX cut. According to this compatibility matrix, we observe that TX cut 

is a desirable and interesting product to have as next cargo. In a dedicated and compatible scenario, TX cut 

can be used as an intermediate cargo for the transition from blend products (e.g. raw pygas) to benzene. 

This increases the flexibility of the transport network, which makes TX cut a highly desired product and 

thus barge owners who are shipping benzene would like to add it to their product portfolio.   

From\to Benzene Raw Pygas  TX Cut 

Benzene Dedicated Compatible Compatible 
Raw Pygas Not compatible  Dedicated Compatible 

TX Cut Compatible Compatible Dedicated 

Table 2.1: The dedicated and compatibility matrix for the set of SABIC products 𝑝 ∈ 𝑃\K 

2.1.1  Contract of Affreightment  

In a dedicated and compatible scenario, in which SABIC contracts the transport of Aromatics to a logistic 

service provider (LSP), we refer to the term Contract of Affreightment (COA). A Contract of Affreightment is 

a contract between a barge owner and a charterer, in which the barge owner agrees to carry goods for the 

charterer in a barge, or to provide cargo-space, at a specified time and for a specified freight price. The 

charterer agrees to pay a specified price, called freight price, for the carriage of the goods. These freight 

prices depend on the type of product, the cargo volume and the customer.     

 As the popularity of dedicated and compatible transport increases, barge owners are more and more 

focusing on specific product groups and leads to specialization.  The barge owners tend to create a specific 

product portfolio, in order to create a dense network of compatible products. A dense network reduces 

ballast time and allows a barge owner to offer transport at lower costs than its competitors. As a result, we 

observe that the market leader in benzene (-content) transport obtains more and more a monopolistic 

position. On the longer term, this could allow the barge owner to raise the freight prices leading to a 

disadvantageous situation for SABIC. 

 

 

https://en.wikipedia.org/wiki/Contract
https://en.wikipedia.org/wiki/Ship-owner
https://en.wikipedia.org/wiki/Freight
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2.1.2  Time Charter 

An alternative in dedicated and compatible transport is to transport basis a Time Charter (TC). We refer to 

a TC as the operational leasing of a barge with crew for a specific amount of time, which allows the leasing 

party to utilize the barge for their own operations and where the lessor retains the maintenance. In terms 

of cost structure, we pay a fixed operational leasing price for the barge including crew and bunker costs for 

the travelled distance, which are the variable costs. Thus, depending on how we design our operation or 

utilize the asset, i.e. the barge, we can influence the average freight price, expressed in EUR per metric ton

 Dedicated and compatible transport basis a TC is an interesting solution, because the dependency 

on the market leader in benzene (-content) transport is lower. The market of Time Charter barges is more 

“liquid” and thus with more competition of other barge owners offering TC barges. Furthermore, a TC 

mitigates the risk of low availability of barges, e.g. during a (long) period of low water levels at the Rhine, 

Maas or other rivers. A long period without rain or snow result in low levels of water in the river, which 

forces barges to sail with smaller cargo sizes. To ship the same volume, more barges are required which 

leads to a shortage of barges. During a period of a barge shortage, a lessor is assured of transporting its 

products due to the leased time charter. Note that the probability of a low water event is highly uncertain. 

Last decade there were several consecutive years with no low-water events, but more recently in 2015 and 

2016, these events occurred. For a graphical figure of the low-water events from 2004 to 2010, we refer to 

Appendix B.  

2.2  On-shore degassing  

Since the adoption of degassing bans to the atmosphere in several Dutch Provinces and the announcement 

of an international ban through the updated CDNI (2017), we observed an increasing development of on-

shore degassing solutions. The hard constraint introduced in the degassing bans is to reduce the 

concentration of the residual vapors to strictly less than 10% Lower Explosion Limit (LEL). Lower Explosion 

Limit is a safety measure, related to the lowest concentration of a vapor in air that can produce a flash of 

fire in presence of an ignition source (flame, heat). If a concentration of vapor in air is lower than its LEL, 

the mixture of air is “too lean” to burn. Moreover, a lower concentration of vapor in the air reduces the 

health risks of the society.           

 The lower explosion limit is product specific and has a value for benzene of  𝐿𝐸𝐿𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 1.2%. 

Therefore, taken into account a 10% LEL, we have an acceptable norm for residual benzene vapors of 0.12%. 

This is often referred to as Accepted Vent Free Level (AVFL). The AVFL is a hard constraint in the degassing 

bans and activated the industry to create compliant solutions. To decrease the residual vapor concentration 

to the AVFL of benzene, we have a few solutions on hand.       

 The first solution we consider would be on-shore degassing by means of a vapor return system. In 

a vapor return system, the barge is connected to a closed system on the shore, where the barge exchanges 

the residual vapors for the new cargo. Ideally, a vapor return system receives the residual vapors in a tank 

and thereafter extracts the “pure product” using distillation methods. At the port of Stein, a vapor recovery 

unit (VRU) is owned by SABIC, which is developed thirty years ago. The process of the VRU starts with 

receiving residual vapors and wash the residual vapors with kerosene at -30 degrees Celsius. The low 

temperature of kerosene is used to stimulate the absorption of the benzene molecules in the mixture. 

Secondly, the mixture is sent to a distillation column where it is heated to approximately +/- 60 degrees 

Celsius with as result that the kerosene and the benzene are stored separately. The tank with kerosene is 

located in a closed-system, as it can be reused each time. The extracted benzene is stored in a different tank. 

For a schematic representation of the process of the VRU, we refer to Appendix C. The performance of the 

benzene absorption at the VRU is closely monitored over the years. According to test results, the VRU 
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absorbs 99.7% of the benzene vapors that were sent to the VRU. However, this VRU is located at the port of 

SABIC where only barges are loaded with liquid chemicals. The need for a vapor return system or a VRU is 

typically at a discharge port, i.e. at the customers, where residual benzene vapors remain in the tanks. This 

implies we require vapor return systems at the port of each customer, which is very costly with long 

implementation times. Due to big investment costs and long implementation times, we do not consider this 

option in our scope.           

 A second solution could be the incineration of benzene by a flare. The idea is to break down the 

benzene molecules by an incineration which results in water vapor and carbon dioxide (see Formula 2.1). 

2𝐶6𝐻6(𝑔) + 15𝑂2(𝑔) → 12𝐶𝑂2(𝑔) + 6𝐻2𝑂 (𝑔)          2.1 

Note that carbon dioxide is emitted with a factor six more than benzene. In terms of sustainability, this is a 

significant increase in greenhouse gases. To maintain a burning flame, we would also require additional gas. 

Furthermore, the performance of the incineration of benzene by a flare is uncertain and hence we do not 

know if the hard constraint of 10% LEL can be met. Hence, this on-shore solution is not desirable and 

therefore will not be considered.         

 The third on-shore degassing solution concerns a degassing facility using the technology of the 

Vaporsol. In the summer of 2016, Bruinsma Freriks Transport (BFT) introduced in cooperation with 

Vaporsol the “Don Quichot”’; the first sailing degassing facility on board of a barge that is not location 

bounded. We consider the Don Quichot as an on-shore solution, since it is a barge laying in a port area, 

where multiple barges can connect to remove the residual vapors. Vaporsol aims to reduce the 

concentration of harmful VOC’s to the required AVFL in a short period. According to tests, it takes at least 8 

hours to degas a 1000 tons benzene barge. The technology of Vaporsol starts by filtering excess VOC loads 

with an active carbon filter. After the active carbon filter, the vapors are sent to a mechanical filter where 

detergent FF-AR is injected to bind aerosols. Saturated filters are separated from the flow and are collected 

in a container. Subsequently, a second active carbon filter is used with palm pit-originated active carbon, 

which is coated for a higher efficiency to catalyze the reaction with UV-light. After the reaction of the active 

carbon with UV light, carbon dioxide and water vapor is generated (VRU, 2017). The technology of Vaporsol 

is highly innovative and still in development. Vaporsol claims to have an performance of 95%, but according 

to test results BFT is apparently not totally satisfied and still aims for improvements. For SABIC, we might 

be interested in investing in a new degassing facility using Vaporsol technology, but in a scenario in which 

there is reserved capacity for SABIC’s barges. However, SABIC does not ship sufficient volume to a single 

port area and thus cannot optimally utilize the capacity of a degassing facility that is located in a port. 

Therefore, we require the cooperation, volume and financial investment of other chemical producers, 

shippers and government. If all stakeholders agree and the required investments are collected, then they 

have to agree on the location of the facility. A conflict of interest is here most likely. Furthermore, SABIC has 

its benzene (-content) customers distributed all over the Netherlands, Belgium and Germany. To cover all 

these different areas with on-shore degassing facilities, multiple facilities are needed.   

 To conclude, in terms of on-shore degassing solutions, the Vaporsol technology has the highest 

potential and is the most promising. Therefore, we will focus on this solution and compare it with dedicated 

and compatible transport and on-board degassing. 

2.3  On-board degassing  

An on-board solution requires a technology that treats the benzene vapors while sailing, which potentially 

saves time and kilometers. To degas the residual vapors at a degassing facility, barges might have to deviate 

their route, which results in additional time and kilometers. On-board solutions are introduced in order to 
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overcome the disadvantages of on-shore degassing, e.g. long waiting times, extra travelled kilometers, etc. 

The aim of an on-board degassing is to arrive with clean tanks of residual vapors at customers, to load new 

cargo without having any restrictions.         

 A suitable technology for on-board degassing is to purify the benzene vapors by applying a liquid 

gas extraction (LGE). The LGE technology is an extraction method that is frequently used to purify gases 

(Baudot, 2001). For that purpose, we need a closed tank where ideally gas flows from beneath into the tank. 

At the same time, we inject the liquid at the top of the tank and let it flow downwards, and finally let the 

liquid absorbs the gases as both substances collide. This results in a mixture that has captured the “pure” 

gas molecules that we would like to capture.         

 Applying this technique to the residuals benzene vapors in barges, we might use the already 

mounted showerheads on the ceiling of the tanks. These showerheads are currently used for washing and 

rinsing the tanks and can sprinkle and atomize the vapors. Ideally, we would like to use the saturated final 

liquid as a fuel and subsequently insert it to drive the engine. The combustion of benzene-saturated 

bunkers, results in the breakdown of benzene molecules with a certain efficiency rate. However, the 

effectivity of breaking down all benzene molecules is yet uncertain and further research is required to 

provide this insight. Moreover, to execute a LGE we require enough liquid on board to wash all tanks. Quick 

calculations indicate that the barges have to be washed approximately three times, before all residual 

vapors are absorbed. This implies that we need an extra tank with sufficient capacity, to store all the liquid 

or wash water. In case the “mixture” cannot be used as bunkers, the contaminated liquid has to be declared 

on shore at a depot. Declaring chemical waste at a depot, primarily costs money and secondly barges might 

have to make detours to sail to a depot, resulting in extra travelled kilometers.    

 Summing up, an on-board solution has a high potential, because it possibly saves time, bunkers and 

travelled kilometers. However, this solution entails also some considerable drawbacks. In the next section, 

we dive deeper into the three different solutions and evaluate each solution more in detail.   

   

2.4  Key success factor framework 

We evaluate three proactive strategies based on four key success factors (KSF’s): (1) Effectiveness of 

eliminating benzene emissions (2) Cost impact (3) Implementation time and (4) Dependency (depicted in a 

framework in Table 2.2 on page 15). To support the evaluation, interviews are conducted with chemical 

engineer dr.ir. Johan Wijers and Erwin Tijssen, policy advisor of BLN Schuttevaer. Johan Wijers worked for 

the TU/e at chemical engineering department, working on different research areas including the technology 

of Liquid-Gas Extraction. Erwin Tijssen is a policy advisor at BLN Schuttevaer, a chain-wide branch 

organization for the inland waterways. He is closely involved in the legislation and the formation of 

degassing bans, aiming for compliance and enforcement of the degassing bans.   

 The primary focus in this study is the compliance with the degassing constraint and ideally eliminate 

all benzene emissions. The constraint formulated in the degassing bans, instructs shippers to reduce the 

concentration of the residual benzene vapor to 0.12%, which is also referred as AVFL of benzene. In the 

previous sections, we discussed for each proactive strategy the effectivity of eliminating benzene emissions. 

The dedicated and compatible transport scenario (i) has an excellent effectivity, resulting in a benzene 

emission saving of 100%.  Since the need for degassing is eliminated, a total benzene emission can be 

realized.  For the most interesting on-shore solution (ii), i.e. degassing with the Vaporsol technology, 

benzene emissions are reduced to AVFL with an expected effectivity of approximately 95%. Due to 

reduction of the residual vapor concentration to AVFL and thus being compliant to the degassing ban, we 

do not require a 100% efficiency. Thus, the solution is not condemned for a possible lacking 5% efficiency. 
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The efficiency of the on-board degassing (iii) is still unknown, as the solution requires more research and 

development. This is a serious drawback, because of the present need for a complaint solution. 

 The second key success factor is the cost impact. The cost impact is measured based on investment 

costs and operational costs, because the cost structure of the solutions differ substantially. Compared to the 

base case (i.e. before the degassing bans), benzene was transported in a non-dedicated or non-compatible 

scenario. Due to the adoption of degassing bans, we have observed some changes in freight prices for 

Aromatic products (i). The barge owner increased the freight prices for benzene with 12%, raw pygas with 

2% and the freight price for TX cut is kept constant. The reason why the freight prices of TX cut are not 

changed, can be explained by the desirability of TX cut.  As have been discussed in section 2.1, TX cut can be 

used as intermediate cargo in a barge for the transition of a benzene content product (e.g. raw pygas) to 

benzene. Assuming average transport costs for Aromatics of 11,500€ with an average 10% increase, we 

assume a 1500€ increase in costs per transport compared with our base case.  For the on-shore degassing 

solution (ii), we take the investment costs of the Vaporsol as starting point. The total investment for the Don 

Quichot was 2,5M€ (Collin Crowd Fund, 2016).  Assuming no further research costs, financial support by 

the government and other chemical producers joining, we expect a net investment of more than 1M€. In 

terms of operational costs, we consider overhead costs of the facility, additional waiting time costs and extra 

bunker costs for detours to arrive at degassing facility. The additional operation costs are estimated at 

6000€, compared with our base case (CE Delft, 2015; RHDHV, 2016). The cost impact of the on-board 

degassing solution (iii) is extremely large, because of investment costs in research & development, building, 

safety tests et cetera. Due to the prematurity of this solution, we have high uncertainties in costs estimations 

and expected performance. Hence, we expect at least 3M€ investment costs. Assuming the solution works 

perfectly, we expect bunkers costs and time savings compared with the base case. However, we have to add 

operational costs for disposal, as we cannot dispose the contaminated wash water in the canal or rivers. 

Therefore, the contaminated wash water has to be disposed at a depot. Furthermore, we would require an 

infrastructure of disposal depots next to canals or rivers. Thus, we roughly expect additional operation costs 

of 750€ per operation.           

 The third key success factor under consideration is the implementation time of the proposed 

solutions. Currently, SABIC contracts the transport to barge owner Unitas, under the terms of dedicated and 

compatible sailing (i). The transport contracts with Unitas are in force until April 2020 and hence Aromatics 

are now transported under dedicated and compatible terms. To prolong dedicated and compatible 

transport, contracts can be extended for a new period, which will not result in an additional implementation 

time. To implement the on-shore solution (ii), we first need the cooperation of other chemical producers, 

and barge owner and governmental organizations, secondly investments have to be collected and finally 

the on-shore solution has to be developed and build. Given these stages, we expect an implementation time 

of approximately two years. The third solution, on-board degassing (iii), is still in a premature phase, where 

concepts and ideas first have to be worked out. In addition to the stages of the on-shore solution, we first 

need to undergo a research phase in which the technology and feasibility has to be investigated. Afterwards 

the safety of the solution is checked and in case of approval, the CDNI (2017) has to be updated. Therefore, 

the expected time to implement is approximately five years.       

 The fourth key success factor concerns the dependency on other stakeholders. The involvement of 

multiple other stakeholders often slows down the decision-making process. Furthermore, undesirable 

events might cause conflicts in which no party is willing to take responsibility. In a dedicated and compatible 

strategy (i) we only have the involvement of the barge owner.  The barge owner transports SABIC’s cargo 

under contractual conditions, in which the barge owner is instructed not to degas directly to the 

atmosphere. Hence, this solution has a low dependency on stakeholders, which reduces the complexity of 
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an implementation. In the on-shore degassing solution (ii), we rely on the willingness of other stakeholders 

to invest in the facility. Stakeholders are other chemical producers, barge owners, governmental 

organizations and other investors. Therefore, this solution has a high dependency. The third solution, on-

board degassing (iii), depends strongly on the cooperation of a barge owner, research organizations, 

investors and policy makers. First, we should take into account that barge owners have limited investing 

capital, because of high mortgages. A decade ago, several barge owners invested in a new fleet of barges 

with loaned capital of banks.  Since the market of barge transport has typically low margins since the start 

of the financial crisis in 2008, this resulted in delayed repayments of mortgages.  Secondly, applying the LGE 

technology to barges requires further research and development. To finalize the renewed design of a barge, 

different stakeholders have to give their approval. In particular, policy makers could argue that a shipper 

cannot objectively prove that a barge is free of residual benzene vapors. To conclude, the dependency on 

other parties is significant.  

Key Success Factor  (i) Dedicated and 
compatible transport 

(ii) On-shore degassing (iii) On-board degassing 

 
1. Effectiveness of   
elimination benzene 
emissions 
 

 
 

100% 

 
 

95% 

 
 

To be investigated 

 
2. Cost impact 
 

 
 Investment costs = none 
 Additional operation costs per 

transport =   +/- 1500 € 
 

 

 
 Investment costs =  >1M€ 
 Additional operation costs 

per transport =  +/- 6000 € 
 
 

 
 Investment costs = >3M€ 
 Additional operation costs 

per transport = +/- 750 € 

3. Implementation time Immediate entry into force +/- 2 years +/- 5 years 

4. Dependency on other 
stakeholders 

Barge owner Government, cooperation other 
chemical producers, barge owner 

 

Investors, barge owner, 
legislation, researchers 

Table 2.2: The three proactive strategies assessed according to four Key Success Factors 

We conclude that dedicated and compatible transport is the best proactive strategy, because of the 

effectivity of eliminating benzene emissions, cost-effectivity and the low dependency on other stakeholders. 

However, it is a point of concern that barge owner Unitas is focusing on benzene (-content) products in its 

product portfolio. A specific product portfolio with benzene (-content) products allows the barge owner to 

cover multiple areas and hence a dense “benzene transport network” is created. A dense benzene network 

results in a better planning performance and utilization of the barges. Consequently, Unitas can offer 

benzene transports at a lower costs than its competitors, which eventually can result in a monopoly 

position. A monopoly position might be harmful for SABIC, in case the barge owner wants to increase his 

margins. To overcome the bargaining power of the barge owner, SABIC can opt for transport with Time 

Charter (TC) barges, as discussed in Section 2.1 and depicted in Figure 2.1. Depending on the planning, we 

can influence the freight price, which is expressed in EUR per metric ton. To get more insights in the 

potential profitability of transport with a Time Charter, we develop a model to evaluate the costs of 

dedicated and compatible transport for a Time Charter scenario and for a Contract of Affreightment scenario. 
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Chapter 3 

Measuring the impact of Emissions  
 

In this chapter, we answer our second research question discussing methodologies for measuring the 

sustainable performance of the solution direction Dedicated and Compatible Transport. In terms of 

emissions, we distinguish benzene emissions 𝐶6𝐻6  with carbon dioxide emissions 𝐶𝑂2. Furthermore, we 

discuss and compare the impact of a Time Charter (TC) and Contract of Affreightment (COA) on the carbon 

dioxide emissions. Note that in both scenarios the benzene emissions are equal. 

3.1  Benzene emissions 

The primary focus in this study is to eliminate benzene emissions. Benzene gases have a carcinogenic 
characteristic and therefore are directly harmful for the public health. Prolonged exposure to benzene 
vapors is often associated with a range of acute and long-term adverse health effects and diseases, including 
cancer and aplastic anaemia (World Health Organization, 2010).  
As we briefly discussed in the previous chapter, we refer to the term dedicated by sailing always with the 

same product and we refer to compatible if the new cargo is compatible with its previous cargo. It means 

that the residual cargo vapors of the previous cargo do not contaminate the new cargo. This results in no 

additional cleaning, (super-) stripping nor ventilating which prevents that the residual vapors are emitted 

to the atmosphere.  Therefore, compared with non-dedicated or non-compatible sailing, all residual 

benzene vapors remain in the tanks and hence are saved. Note this is excluding extraordinary events where 

degassing is required because of safety precautions (CDNI, 2017).  The extent to which a barge owner used 

dedicated and compatible transport in a scenario without a degassing ban, is unknown. Dedicated and 

compatible transport also saves time, because degassing or ventilating often takes 6 to 8 hours. However, 

barges coming from other chemical clusters and going to Stein would have sufficient time to degas the tanks. 

Hence, the extent to which benzene emissions were saved in the base case is unknown.  

 In order to quantify the total amount of benzene emissions, we are interested in the benzene 

emissions per transport operation. First, we take the sum of the mass of vapor and the mass of evaporated 

liquid denoted by Formula 3.1. Subsequently, we multiply the total mass of the residual product by the 

percentage of benzene content (Formula 3.2). We assume a 1000 tons barge filled with benzene, because 

this is a common and convenient cargo size. 

 

𝑀𝑎𝑠𝑠𝑇=15℃
𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑎𝑠𝑠𝑇=15℃

𝑣𝑎𝑝𝑜𝑟
+ 𝑀𝑎𝑠𝑠𝑇=15℃

𝑙𝑖𝑞𝑢𝑖𝑑
 

            3.1 

𝐵𝑒𝑛𝑧𝑒𝑛𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  𝑀𝑎𝑠𝑠𝑇=15℃
𝑡𝑜𝑡𝑎𝑙  × % 𝐵𝑒𝑛𝑧𝑒𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 

            3.2 
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Mass of vapor             

The mass of the vapor depends on three factors; vapor pressure, vapor density and the occupied volume by 

the vapor. The first factor, vapor pressure of a liquid, is defined as the pressure exerted by a vapor in 

thermodynamics equilibrium with its condensed phases at a given temperature in a closed system (Guo, 

2001). A vapor pressure relative to air implies that the remaining percentage consists of air. For liquid 

benzene, the vapor pressure is read from the table data obtained from CRC Handbook of Chemistry and 

Physics (2009). At  𝑇 = 15℃ we find:  

𝑉𝑎𝑝𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑇=15℃
𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 60 𝑚𝑚 𝐻𝑔 =

8000 𝑃𝑎

101250 𝑃𝑎
 × 100% ≈ 7.8%  3.3 

The second factor, the vapor density relative to air (g) is obtained by product specifications of benzene 

(ICSC, 2017):  

𝑉𝑎𝑝𝑜𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝑔) 𝑇=15℃
𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 2.7 

𝑘𝑔

𝑚3    3.4 

Finally, we require the volume that the vapor occupies in the tank.  With density factor  𝜌𝑏𝑒𝑛𝑧𝑒𝑛𝑒 , a barge 

with 1000 tons of cargo benzene filled for 95% occupies a volume of:  

𝜌𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 876.50
𝑘𝑔

𝑚3
 

𝜌𝑏𝑒𝑛𝑧𝑒𝑛𝑒 =  
𝑀𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑉𝑎𝑝𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 
  →   𝑉𝑎𝑝𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =  

1,000,000 𝑘𝑔

876,50 
𝑘𝑔

𝑚3 
× 95% = 1200 𝑚3  3.5 

Thus, multiplying all terms results in the mass of the vapor for a 1000 tons benzene barge (3.6): 

𝑀𝑎𝑠𝑠𝑇=15℃
𝑣𝑎𝑝𝑜𝑟

= 𝑉𝑎𝑝𝑜𝑟  𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑇=15℃
𝑏𝑒𝑛𝑧𝑒𝑛𝑒 ×  𝑉𝑎𝑝𝑜𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑏𝑒𝑛𝑧𝑒𝑛𝑒 × 𝑉𝑎𝑝𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒           3.6  

𝑀𝑎𝑠𝑠𝑇=15℃
𝑣𝑎𝑝𝑜𝑟

=  262 𝑘𝑔 

Mass of liquid 

After discharge, we also find residual liquid benzene in the tanks of the barge. The residual liquid benzene 

remains in the sump and sticks on the walls.  In order to calculate the mass of the liquid benzene, we assume 

a rectangular tank of a barge with a volume of 500 𝑚3, where 𝑙𝑒𝑛𝑔𝑡ℎ = 10𝑚 , ℎ𝑒𝑖𝑔ℎ𝑡 = 5𝑚, 𝑤𝑖𝑑𝑡ℎ = 10𝑚. 

Then, the total surface of the walls counts up to 200 𝑚2. Multiplying with the mass of liquid sticking to a 

squared meter 70 
𝑔

𝑚2, we find 14 𝑘𝑔 sticking on the walls.       

 In the sump of the tanks, a total of 50𝑙 per 500 𝑚3 residual liquid benzene can be found according 

to tests, which is equivalent to 44 𝑘𝑔 benzene. For the residual liquid benzene, we assume that all liquid 

benzene is emitted, because the tanks of the barges have to be ventilated until all residual liquid is 

evaporated. Thus in a 500 𝑚3 tank, we find 58 𝑘𝑔 residual liquid benzene and hence for a total volume of 

1200 𝑚3 it results in 139 𝑘𝑔. 
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Total benzene emissions 

The total mass of benzene emitted to the atmosphere per 1000 tons benzene cargo is 401 𝑘𝑔 benzene, 

following formula 3.1 & 3.2. The relation between the amount of benzene emissions and 

the volume is assumed linear according to chemical engineers ir. Beddegenoodts and ir. 

Engelbert van Bevervoorde working at SABIC. Therefore, the calculation of the yearly 

saved benzene emissions is simply a multiplication by the yearly total volume.  

 

 

 

 

 

Other aromatic products within the scope of this study containing benzene are raw pygas and TX 

cut with a typical benzene content of respectively 38.6% and 1.75%. The adopted ban prohibits only the 

degassing of products with a benzene content >10% (CDNI, 2017). Hence, for the products under study only 

degassing of benzene and raw pygas is prohibited by the degassing restriction. For raw pygas we obtain 

equivalently the benzene emissions per 1000 tons raw pygas cargo, by following the same procedure as for 

benzene (Formula 3.1-3.6). 

 
Product 

Typical 
density 
𝑘𝑔

𝑚3⁄  

Vapor 
Pressure 

𝐴𝑡 𝑇 = 15℃ 

 Vapor 
Density 

Occupied 
volume by 
1000 tons 
cargo[𝑚3] 

Typical 
Benzene 
content 

[%] 

𝑀𝑎𝑠𝑠𝑇=15℃
𝑣𝑎𝑝𝑜𝑟

 

 
Per 1000 

tons cargo 

𝑀𝑎𝑠𝑠𝑇=15℃
𝑙𝑖𝑞𝑢𝑖𝑑

 

 
Per 1000 

tons cargo 

𝑀𝑎𝑠𝑠𝑇=15℃
𝑡𝑜𝑡𝑎𝑙  
 

Per 1000 
tons cargo 

Benzene 
emission 
Per 1000 

tons cargo 

Benzene 876.50 0.078 2.7 1200 99.9 262 kg 139 kg 401 kg 401 kg 

Raw 
Pygas 

783.11 0.100 2.7 1344 38.6 376 kg 142 kg 518 kg 197 kg 

Table 3.1: Product characteristics and results of benzene emission per 1000 tons product calculation 

In Table 3.1, we provide an overview of the product characteristics with typical values that are required to 

calculate the benzene emission per 1000 tons product. Observe that the vapor pressure for raw pygas at 

𝑇 = 15℃  and the occupied volume by 1000 tons of product is higher than benzene, which results in a 

significantly higher 𝑀𝑎𝑠𝑠𝑇=15℃

𝑣𝑎𝑝𝑜𝑟 . However, the vapor of raw pygas consists on average of 38.6% of benzene 

molecules and thus the impact in terms of benzene emissions is lower than a cargo with pure benzene. 

3.2  Carbon dioxide emissions  

The chemical industry and the transport sector are major contributors of GHG emissions and other 

substances that are harmful for the society and environment. According to the IPCC (2014), the industry 

sector has a 21% share of GHG emissions and the transportation sector 14%.  Moreover, the chemical 

industry is also responsible for the depletion of heavy metals, natural resources, soil, oil and minerals.  

 The urge for sustainable supply chains and operations is increasing and the impact of pollution has 

to be minimized. In this study, we primarily focus on eliminating benzene emissions because of the direct 

401 kg/ 
1000 tons 
benzene 
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harmful impact for the society. As we have concluded in Chapter 2, to eliminate the benzene emissions at 

minimum costs we are interested in the solution dedicated and compatible transport. However, this solution 

implies that barges are sailing more in ballast condition (i.e. idle) and hence the carbon dioxide emissions 

by fuel combustions are likely to increase.        

 In terms of sustainability, one can argue that the reduction of emitted benzene gases in the 

atmosphere is cancelled out by an increase of carbon dioxide gases due to more “empty kilometers” 

travelled. In general, this remark would hold, but for the case study at SABIC it only partially holds. The port 

of SABIC is located next to a canal in Stein far away from other chemical clusters. For the liquid aromatic 

products under study, we only observe outbound shipments in this area meaning that barges always sail in 

ballast condition to Stein. Inbound shipments in this area are only barges that discharge gases (e.g. 

propylene).  Gases are transported in specific gas barges, which are substantially different compared to 

liquid barges and thus cannot be used interchangeably. Moreover, by analyzing and tracking barges in 

Marine Traffic, we observe that barges heading to Stein usually have long sailing times (>20 hours).  The 

most proximate chemical cluster for SABIC is Antwerp with approximately 16 hours of sailing time and 

respectively a distance of 140 km.  Taken into account that liquid barges always sail long distances in ballast 

condition to Stein, we conclude that the increase of empty travelled kilometers with dedicated or 

compatible transport is only marginal. If the port of SABIC was located in a big chemical cluster, e.g. 

Rotterdam, the likelihood of a previous shipment ending in the same port would be much higher than in 

Stein and hence the amount of empty travelled kilometers would be less. In the past, the long distance was 

used to degas the barges of residual vapors, which usually takes several hours. 

To measure the emitted carbon dioxide emissions we consider the emission factor for barge transport from 

a study of McKinnon (2011). According to McKinnon, barge transport emits on average 31 𝑔 𝐶𝑂2/𝑡𝑜𝑛 − 𝑘𝑚. 

In Table 3.2, we applied this emission factor in order to calculate the total carbon dioxide emissions per 

year for dedicated and compatible transport basis TC barges. Here we considered the transport for benzene 

and raw pygas, assuming a TC barge that continuously makes roundtrips from Stein to different customers. 

Hence, we find a yearly total carbon dioxide emission for the products benzene and raw pygas in a dedicated 

TC scenario (see Table 3.2).  Note that the total volumes of benzene and raw pygas are scaled, because of 

confidentiality.  

 

 

 

 

Table 3.2: Overview of expected yearly 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 based on the transport of a dedicated Time 

Charter for benzene and raw pygas      * The Blue Road Map     

 **McKinnon (2011) 

If we would like to compare the total 𝐶𝑂2  with transport in a COA scenario, whether it is dedicated or non-

dedicated, it depends on the chosen scope of the empty kilometers. The literature on Sustainable Supply 

Chain differentiates three different scopes to measure the impact of a supply chain (CarbonTrust, 2017). If 

we apply this classification to the case study at SABIC, we would consider scope 3 to define the emissions 

by downstream transport, i.e. the transport from Stein to the customer. This is equal for both dedicated and 

Destination Roundtrip 
Distance 

*[km] 

Emission 
factor** 
[𝑔 𝐶𝑂2/
𝑡𝑜𝑛𝑘𝑚] 

Total 
volume 
benzene 
[tons] 

Average 
cargo size 
benzene 
[tons] 

Total 
volume 

raw pygas 
[tons] 

Average 
cargo size 
raw pygas 

[tons] 

Impact 
𝐶𝑂2 

emissions 
[kg] 

Amsterdam 470 31 NA NA 2589 2281 37,721 
Antwerp 280 31 18,858 1583 3387 1791 193,090 
Rotterdam 490 31 13,035 1641 5711 2157 284,754 
Germany 470 31 15,754 1302 NA NA 229,541 
Terneuzen 398 31 10,000 1706 1,286 2268 139,258 
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non-dedicated transport.           

 The question arises when we want to determine the empty travelled kilometers or equivalently the 

kilometers in ballast condition for a COA scenario. In a dedicated TC scenario, it is straightforward since it 

always concerns a roundtrip and thus the same distance as transport to the customers. However, in a COA 

scenario in which we have the involvement of a barge owner, it is unclear whether we consider the impact 

of the empty trip towards SABIC, or the empty trip just after discharge. Furthermore, in a COA scenario we 

cannot quantify the difference in carbon dioxide emissions between a non-dedicated COA and a dedicated 

COA.  Since a dedicated scenario limits the planning flexibility of the barge owner, we can only assume an 

increase in the number of kilometers in ballast condition.      

 However, considering the concept of chain of responsibility (RVO, 2017), we would like to have a 

quantitative estimation of the 𝐶𝑂2 emissions and ideally reduce it for the different scenario’s.  Therefore, 

we compare the best case of an arbitrary COA scenario (i.e. non-dedicated or dedicated) with a worst-case 

dedicated TC. Therefore, we assume a 1000-ton transport from Stein to Rotterdam, with as best-case a 

ballast trip from Antwerp to Stein because of the shortest distance and thus lowest carbon dioxide 

emissions (see Table 3.2). For the worst-case, we then assume a return from Rotterdam in ballast condition 

to Stein, because of the longest distance.  Both cases are expressed in kilometers, as is the emission factor 

of McKinnon (2011). Note that this emission factor is an average of different studies of barges with and 

without cargo. Therefore, the actual emission factor of a ballast trip is expected to be lower than 

31 𝑔 𝐶𝑂2/𝑡𝑜𝑛 − 𝑘𝑚. 

Assuming a barge owner always optimally designs his operations, 

we roughly estimate the maximum increase.   

 Thus, by comparing a COA scenario (i.e. non-dedicated or 

dedicated) and a worst case dedicated TC for SABIC, we expect the 

maximum increase of 𝐶𝑂2 emissions to be less than: 

 

𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛  𝑊𝑜𝑟𝑠𝑡 𝑐𝑎𝑠𝑒 − 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛 𝐵𝑒𝑠𝑡 𝐶𝑎𝑠𝑒

𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑖𝑛  𝑊𝑜𝑟𝑠𝑡 𝑐𝑎𝑠𝑒

× 100% 

 

31 × 1000 × (245 + 245) − 31 × 1000 × (140 + 245)

31 × 1000 × (245 + 245)
  × 100%

= 21,4%  

Figure 6: Graphical 

representation of best and 

worst case with distances on 

the arcs 

Furthermore, the applied emission factor does not distinguish a difference between sailing in laden or in 

ballast condition. Adjusting the emission factor with a lower value for ballast sailing, will result in a slightly 

lower increase.   
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Chapter 4 

Dedicated and Compatible Transport 

model 
 

In this chapter, we consider the transport of a set of products from a single supplier to multiple customers. 

The products are produced at the production facility of the supplier. After production, the supplier ships 

the product from its port to the port of each customer by barge. In order to transport the products, we 

observe two possibilities; the supplier can either decide to outsource or operational lease a barge for the 

transport operations. In case of contracting, the logistic service provider offers the supplier to transport its 

products for a fixed freight price, depending on the product, the location of the customer and the volume. 

Here we refer to the term Contract of Affreightment (COA). Alternatively, operational leasing allows the 

supplier to have a barge with crew for a certain amount of time, without paying maintenance expenses.  In 

this case, the supplier has a stronger involvement in the operation and consequently we can determine the 

trips and routing of the barge.  The total costs consists of fixed costs that are paid for the barge and crew, 

and the variable costs depend on how the supplier designs the operation. This is referred to as a Time 

Charter (TC). This chapter presents a model that evaluates and compares the costs for transport basis COA 

and transport basis TC, with the objective to maximize the savings.     

       

4.1 The Model 

For the model in this chapter, we focus on analyzing the time spent at each stage of the operation since time 

is strongly related with the corresponding costs.  Consider a set of suppliers 𝐼 = 0, . . , 𝑖 and let 𝐽  denote the 

set of customers numbered j = 1,…, J.  Note that we consider a single supplier’s port, denoted by  𝐼 = {0}.    

A graphical representation of the first and second echelon is depicted in Figure 4.1.   

 At the supplier I, we assume that we have a constant arrival of products coming from the production 

site.  In order to optimize the process at the production facility, we would like to reduce the stochasticity in 

the arrival of the feedstocks (i.e. the products that flow into the cracker) and the output of the products. 

After production, the products are stored in storage tanks with sufficient buffer capacity. For the demand 

at the customer, we assume a deterministic forecasted demand at the customers. The majority of the orders 

are contractually stipulated in advance, where only a small percentage of the total volume is forecasted and 

sold on the spot market. Similarly, the products that are delivered at the customers are often used as an 

input for the customer’s production facility to produce end products.  Moreover, we assume that all demand 

has to be satisfied.           

 Let 𝑃 denote the set of products that are loaded at the port 𝐼 = {0}. We distinguish two types of 

products: the heavy aromatics, often referred to as heavies, and light aromatics. Let 𝐾(⊆ P) denote the subset 

of heavy products. All other products 𝑝 ∈ 𝑃 \𝐾 are light aromatic products, which have our focus in this 

model. Note that the total set 𝑃 of products are loaded at the port 𝐼 = {0}.  Each product 𝑝 ∈ 𝑃 is allocated 

to a certain jetty at the port, where 𝑛 ∈ 𝑁 is the number of jetties, numbered 𝑛 = 1, … , 𝑁.  In this model we 

also consider the heavies 𝑝 ∈ 𝐾(⊆ P), because these products utilize the same jetties as the light aromatics.

 For each customer 𝑗 and product 𝑝 , we have a forecasted demand 𝐷𝑗
𝑝

 that is satisfied by the 
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supplier. We assume a constant departure of products, either to keep the customers’ production facilities 

running or to meet customers’ contract agreements. Moreover, we do not observe a trend or seasonality 

effect. The volume of a shipment depends on the agreed freight in the contracts and the location of the 

customer. Hence, the volume of each shipment varies per customer 𝑗. 

 

Figure 4.1: Graphical representation of the flows from the supplier to the set of customers J 

4.1.1  Time  

At the port of the supplier 𝐼 = {0}, we observe Poisson arrivals of barges. The barges arrive at the port with 

a rate λ to load product 𝑝. The service time 𝜏 at the jetty takes place with a fixed loading rate with some 

additional berthing and documentation time. Therefore, we consider the total expected time spent at 

supplier 𝐸[𝑡0 ] to have Poisson arrivals and general distributed service times. Hence, according to Kendall’s 

notation we classify the time spent at the supplier with an M/G/1 queuing model where 𝑡0  consists of a 

waiting time and an effective service time τ  at the jetty. Note that the M indicates Markovian, which refers  

to the memoryless property.          

 The time from the supplier to customer 𝑗, is assumed to be continuously distributed with a 

minimum 𝑎, maximum 𝑏, and mode 𝑐.  Note that the sailing time is independent of the time spent at the 

supplier, because a delay at the port does not cause further congestion in the river or canal. The sailing time 

to the customers differs per customer.  Congestion causes for the sailing time include the physical location 

of the customer, the number of locks and other traffic on the river or canal. The distribution of the sailing 

times is derived from data from The Blue Road Map and historical tracking data of Marine Traffic. The 

aggregated time is used to estimate a total round trip from the supplier to customer 𝑗. Finally, we assume 

that the return to the supplier in ballast condition is equal to the time from the supplier to the customer, 

according to:  

𝐸[𝑡0𝑗] = 𝐸[𝑡𝑗0]                                         ∀𝑗 

        4.1 

The time spent at the customer 𝑡𝑗  is assumed to be Gamma distributed and is parameterized by the 

 𝑠ℎ𝑎𝑝𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 ∝ > 0  (which is equivalent to 𝑘 in the Erlang distribution), and accompanied with the 

𝑠𝑐𝑎𝑙𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝛽 > 0 (which is equivalent to λ in the Erlang distribution). A Gamma process is also a 

Markovian process in the sense that is has the Markov (memoryless) property, but it also has the continuous 
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state process. Waiting times are frequently modeled with a gamma distribution, e.g. for modeling waiting 

time for passengers transferring from rail to buses (Winkelmann, 1996; Guo et al., 2011).  

   At each customer’s port, we observe a flow of barges arriving, for which we individually fit the 

parameters ∝ and 𝛽 . Due to the unavailability of data, we approximate the distribution of the spent time 

with a Gamma distribution. Hence, the total operation time to a customer 𝑗  consists of four stages, where 

the expected time at supplier is equal for each operation.  

𝐸[𝑡𝐽
𝑡𝑜𝑡] = 𝐸[𝑡0] + 𝐸[𝑡0𝑗] + 𝐸[𝑡𝑗] + 𝐸[𝑡𝑗0]                      ∀𝑗   

           4.2 

For the time spent at the supplier, i.e. at stage 𝐼 = {0}, we conduct a more extensive analysis by splitting the 

total time in waiting time in the queue and effective service time. Since we know the arrival process and the 

effective service time of barges at the port, we can calculate the utilization of the supplier’s port. Under the 

stability condition, we require that the utilization 𝜌 is strictly less than 100%: 

𝜌 ≔  λτ < 1 

             4.3 

Where  λ denotes the arrival rate of barges and τ denotes the effective service time. If the system is stable, 

we can apply the VUT equation (Kingman, 2009) to calculate the expected waiting time in the system (4.5). 

The first term describes the variability, the second the utilization and the last term the effective service time. 

The variability term considers the coefficient of variation of the arrival process and the service time. 

Following the assumption of Poisson arrivals with the memoryless property, our coefficient of variation of 

the arrival process is equal to one (4.4). The second term denoting the utilization of our system is found by 

applying (4.3).The last term, the effective service time is denoted by the mean 𝜏 . 

𝑐𝑒
2 =

𝑉[𝜏]

𝜏2  ,                     𝑐𝑎
2 = 1             

         4.4 

Combining the three terms, we find the expected waiting time in the queue 𝑊𝑞 for an M/G/1 system. 

𝐸[𝑊𝑞] =
1 + 𝑐𝑒

2

2
∗

𝜌

1 − 𝜌
∗ 𝜏 

             4.5 

Ideally, we would like to minimize the expected waiting time in the queue, as also the number of barges in 

the system.  Applying Little’s Law to calculate mean-value relations: 

𝐿𝑞 =  λE[𝑊𝑞]      

              4.6 

𝐸[𝑡0] =  𝐸[𝑊𝑞] + 𝜏     

        4.7 

𝐿 =  𝐿𝑞 + 𝜌      

       4.8 
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Note that 𝐿𝑞 denotes the expected number of barges waiting in the queue, 𝐸[𝑡0] the total time spent at the 

port and 𝐿 denotes the expected number of barges in the system, i.e. in the queue and at the jetty.  

 A graphical representation is shown in Figure 4.2.  Note that we observe Poisson arrival with 

General distributed service times at the port.  At the port of the supplier, we have the arrival rate λ𝑜𝑢𝑡,0
𝑘 , 

representing barges loading products 𝑝 ∈ 𝐾(⊆ P)  and the arrival of barges for the products under study, 

denoted by λ𝑗,0
𝑝\𝑘

. Alternatively, for leaving port 𝐼 = {0}, we observe the departure of barges going outside 

the system λ0,𝑜𝑢𝑡
𝑘  and barges loaded with products  𝑝 ∈ 𝑃 \𝐾 , that after completion of the loading phase go 

to the designated customer 𝑗, represented by the arc λ0,𝑗
𝑝\𝑘

. Even though the products of subset 𝐾 are outside 

the scope of this study, they are using the same port as the products within our scope, i.e. set 𝑝 ∈ 𝑃 \𝐾. 

Consequently, they contribute to the utilization 𝜌  of the jetties at the port. At the port of customer 𝑗, there 

are also outside arrivals and departures flowing outside the system. However, we cannot influence or 

control the port operations of customer𝑗. Moreover, we have a lack of data regarding the arrival of other 

barges at the customer’s port. Therefore, we only consider the estimated total time spent at the customer’s 

port for the barges with the products 𝑝 ∈ 𝑃 \𝐾. 

 

Figure 4.2: Graphical representation of arrivals observed at the port of supplier and at the port of an 

arbitrary customer 𝑗 

4.1.2  Time Charter costs 

To analyze the profitability of transport basis Time Charter, we first distinguish two types of costs; fixed 

costs for the operational leasing and variable costs for the bunkers. Fixed costs are incurred at the beginning 

of each period. The variable costs depend on the usage of the TC per period. During a period, the objective 

is to utilize the TC for trips, where the barge owner charges the supplier high prices. By shipping sufficient 

volume on these respective trips, the “savings” per trip are greater than the variable costs of a TC. Therefore, 

we aim to utilize the TC for trips with the highest savings potential. If we compare the fixed costs with an 

“investment” at the beginning of each period and the variable costs and savings with return on investment 

per period, then our objective is to realize the highest return on the investment (ROI) per period. Ideally, if 

the total return on investment per period is higher than the fixed costs (i.e. investment) in that period, then 

a TC would be profitable.          

 For a TC we consider time as most crucial variable in this model. At each stage of a transport 

operation, we observe stochastic variable times.  The time loading the product at SABIC 𝑡0, the sailing times 
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to and from the customer (𝑡0𝐽 ,𝑡𝐽0) and the time spent at the port of the customer 𝑡𝐽 . For each roundtrip, we 

have the following stochastic variables. 

𝑡0~(λ = x)      4.9 

      𝑡0𝑗, 𝑡𝐽0 ~𝑇𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟[𝑎, 𝑏, 𝑐]    4.10  

      𝑡𝐽~ Γ (α, β)      4.11 

Depending on the expected time of a roundtrip for customer  𝑗, we can estimate the expected freight price, 

or alternatively the “savings” per time unit. Since freight prices are expressed in costs per volume, i.e. EUR 

per metric ton, we are interested in the maximum volume that we can ship to a customer 𝑗. Therefore, we 

first calculate the maximum number of roundtrips to each customer 𝑗, by diving the total time per year 

𝑌𝑡𝑜𝑡   the maximum number of roundtrips multiplied with a time utilization factor 𝜔 [0,1], by the expected 

time of the roundtrip 𝑡𝐽
𝑡𝑜𝑡 . 

𝐸[𝑛𝐽
𝑚𝑎𝑥] =

𝜔𝑌𝑡𝑜𝑡

𝐸[𝑡𝐽
𝑡𝑜𝑡]

 ∀𝑗 
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Given the expected time of each stage in the operation, we can also calculate the bunker costs (i.e. fuel costs). 

The consumption rate of the bunker is assumed equal for both the loading and the discharging stage 𝑟0 = 𝑟𝐽, 

and sailing laden and sailing in ballast  𝑟0𝐽 = 𝑟𝐽0 expressed in liters per hour.  The price of the bunker is 

expressed in € per liter and is denoted by 𝑏. Hence, for the total bunker costs 𝐵𝐽
𝑡𝑜𝑡 for a roundtrip to 

customer 𝑗 ∈ 𝐽 we calculate: 

𝐵𝐽
𝑡𝑜𝑡 = 𝑏 (𝑟0𝑡0 + 𝑟0𝐽𝑡0𝑗 + 𝑟𝐽𝑡𝑗 + 𝑟0𝐽𝑡𝑗0)   ∀𝑗 

             4.13 

In order to calculate the freight price, i.e. expressed in costs per volume [€/MT], we are interested in the 

average cargo volume per roundtrip, denoted by �̅�0𝑗
𝑝

.  For each product 𝑝 ∈ 𝑃\𝐾 to each customer 𝑗, we base 

the average cargo size �̅�𝑗
𝑝

 on a weighted average of the expected number of shipments of product 𝑝 with a 

corresponding cargo size 𝑉𝑜𝑗.   

  �̅�0𝑗
𝑝

= ∑
𝑚𝑜𝑗

𝑣

𝑀0𝑗
𝑉0𝑗

𝑝
 

𝑗∈𝐽
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 Where 𝑀0𝑗 denotes the total forecasted number of shipments to customer 𝑗 and where 𝑚𝑜𝑗
𝑣 denotes the 

forecasted number of shipments to customer 𝑗 with corresponding volume 𝑉0𝑗
𝑝

. 

𝑀0𝑗 = ∑ 𝑚𝑜𝑗
𝑣

𝑣∈𝑉

 

4.15 

In addition, we assume that  𝑀0𝑗 > 0. 
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Finally, with the expected costs and average volume of a roundtrip for each product 𝑝 ∈ 𝑃\𝐾 to each 

customer 𝑗, we can calculate the freight costs without taken into account the TC costs. We consider the TC 

as sunk costs, because the operational leasing costs do not influence the operational result. These 

investments are already incurred at the start of each period. Hence: 

�̂�𝑗
𝑝

=
𝐵𝐽

𝑡𝑜𝑡  𝐸[𝑛𝐽
𝑚𝑎𝑥]

�̅�0𝑗
𝑝

𝐸[𝑛𝐽
𝑚𝑎𝑥]
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Note that we can cancel out the vector 𝐸[𝑛𝐽
𝑚𝑎𝑥]. 

4.1.3  Contract of Affreightment costs 

The COA freight prices are contractually agreed between the supplier and the LSP.  The LSP charges the 

supplier a specific freight tariff, depending on the product 𝑝 ∈ 𝑃\𝐾 , to customer  𝑗 , with cargo volume 𝑣. 

For each product 𝑝 ∈ 𝑃\𝐾  to customer 𝑗, we obtain the weighted average freight price 𝐹𝑗
𝑝

. Therefore, for 

each cargo volume 𝑣  we multiply the specific freight tariffs 𝑔0𝑗
𝑣 , by the forecasted demand 𝑑𝑗

𝑣 that is shipped 

with that cargo size and divide this by the sum of all the demands for that customer. 

𝐹𝑗
𝑝

=
∑ 𝑔0𝑗

𝑣 𝑑𝑗
𝑣

𝑣

∑ 𝑑𝑗
𝑣

𝑣
  ∀ 𝑝 ∀ 𝑗 

             4.17 

However, in this average freight price 𝐹𝑗
𝑝

 we did not take into account possible delays. In case of a delay 

caused by the supplier or the customer, demurrage costs have to be paid. In a contract of affreightment, 

there is an agreement between the LSP and the charterer regarding the lay time. The lay time 𝐿 is the amount 

of hours that the barge is allowed to lay at the port of the supplier and customer, without paying extra 

expenses. Normally, the lay time is divided into half of the hours at the supplier and half of the hours at the 

customer. If the sum of the times exceeds the lay time, the surplus of hours is added to the lay time bank 

(LTB). Alternatively, if less hours are used for loading or discharging, then these hours are subtracted of the 

lay time bank .The lay time bank is a balance of hours that is settled each month, where possibly the 

charterer receives demurrage costs for each hour exceeded according to the demurrage rate 𝐷𝑟. In order to 

compare a TC with a COA, we have to incorporate the demurrage costs in the COA, because delays also affect 

the freight price of a TC. Hence, we obtain the total COA freight price by adding the possible demurrage 

costs to the 𝐹𝑗
𝑝

: 

�̃�𝑗
𝑝

=
(𝑡0 + 𝑡𝑗 − 𝐿) × 𝐷𝑟

�̅�𝑗
𝑝 + 𝐹𝑗

𝑝
         ∀𝑗 ∈ 𝐽, ∀𝑝 ∈ 𝑃 
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4.1.4  Model Objective  

In this section, we formulate a model that compares the costs of transport basis COA and basis TC and 

maximizes the profitability of the Time Charter by allocating as much as profitable roundtrips subject to a 

number of constraints. Our decision variable 𝑥0𝑗
𝑝

 is an integer denoting the number of roundtrips 𝑥0𝑗
𝑝

 with 

a Time Charter, to customer 𝑗 and with product 𝑝. The first constraint is related to the time (1); the total 

time per year cannot be exceeded by the multiplication of the number of roundtrips for each product 𝑝 ∈

𝑃\𝐾  and to each customer 𝑗 by the expected total time of that roundtrip. The second constraint (2) 

describes that for each product 𝑝 ∈ 𝑃\𝐾 to each customer 𝑗, the total volume shipped to the customer 

cannot exceed his demand. Hence, the number of roundtrips to customer 𝑗 multiplied by the average cargo 

volume for that customer is equal or smaller than the demand.  

𝑀𝑎𝑥  ∑ ∑(�̃�0𝑗
𝑝

− �̂�0𝑗
𝑝

)

𝑗𝑝∈𝑃\𝐾

𝑥0𝑗
𝑝

�̅�𝑗
𝑝
 

Subject to 

∑ ∑ 𝑥0𝑗
𝑝

𝐸[𝑡𝑗
𝑝

]

𝑗∈𝐽

≤ 𝑌𝑡𝑜𝑡

𝑝∈𝑃\𝐾

 

              

∑ ∑ 𝑥0𝑗
𝑝

𝑗∈𝐽𝑝∈𝑃\𝐾

�̅�𝑝 ≤ 𝐷𝑗
𝑝
 

          ∀𝑝 ∈ 𝑃\𝐾, ∀𝑗, 𝑥0𝑗
𝑝

∈ 𝑍 
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To conclude, this objective function allocates the Time Charter to the most profitable trips, compared to the 

difference with the freight prices of a COA. Transport basis COA is taken as base case. This model is applied 

for a set of compatible product 𝑝 ∈ 𝑃\𝐾, which means that the products have “commonalities” in terms of 

product characteristics and therefore no complications in sequences are observed.    

 If the ordered volume by customers is greater than the capacity of one TC (i.e. equal to 𝑌𝑡𝑜𝑡) in terms 

of time, the TC cannot fulfil all demand. Since we assume that all customers’ demand has to be satisfied, we 

use a COA for the remaining “less profitable trips”. Only the “most profitable trips” are allocated to a Time 

Charter. However, if the Time Charter returns at the port of Stein and the most profitable trip is not 

available, we are interested whether it is better to wait for the preferred trip, or to take a less profitable 

alternative trip. Taken into account that a Time Charter costs money for each hour that it is unutilized, we 

are able to change trips with the barge owner. The barge owner, who is the contract partner for transport 

basis COA, can take our preferred TC trip in exchange for a COA trip. Therefore, we would not let our costly 

TC barge wait at the port of Stein. If the logistic costs for taking an alternative COA trip are lower than the 

costs for being in idle condition together with the costs for the preferred TC trip, we should exchange the 

trips based from a cost efficiency perspective.  To make the costs explicit of exchanging we formulate:

 𝐸[𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑐𝑜𝑠𝑡𝑠] =
𝑛𝑑𝑎𝑦𝑠 𝑇𝐶

31
− ∑ ∑ (�̂�0𝑗

𝑝
− �̃�0𝑗

𝑝
)𝑗𝑝∈𝑃\𝐾 �̅�𝑗

𝑝
− ∑ ∑ (�̃�𝟎𝒋

𝒑
− �̂�𝟎𝒋

𝒑
)𝑗𝑝∈𝑃\𝐾 �̅�𝑗

𝑝
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 Where 𝑛 denotes the number of days that should be waited to take the preferred trip. Note that the 

length of each roundtrip with product 𝑝 ∈ 𝑃\𝐾 to customer 𝑗 can vary. 
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Chapter 5 

Case study 
  

In this chapter, we apply the proposed methodology to a case study at global petrochemical company, 

SABIC. We shortly introduce the supply chain under study, followed by a more specific analysis of the case 

at SABIC. We discuss the utilization and arrivals at the different SABIC jetties, the sailing times to and from 

the customers, the time spent at the ports of the customer’s and the differences in costs structure between 

transport basis TC and transport basis COA.        

 This case study focuses on the downstream operations in SABIC’s supply chain, namely the 

transport to the customers. The products under study, the ‘’lighter’’ Aromatics, are liquids that are shipped 

per barge. The ‘’lighter Aromatics’’ include benzene, TX cut and raw pygas. For these products, we expect an 

arrival of a barge respectively each two days, three days and thirteen days. As have been discussed in 

Section 1.6, SABIC’s operations are mainly optimized according to the profitability of the Olefins production. 

Therefore, we observe a demand-driven production process for the Olefins. Due to the cracking process of 

raw naphtha, we get besides C2 and C3 (i.e. Olefins) also the by-products C4s and C5+, which are 

transformed to C4s and Aromatics and subsequently are sold according to a push strategy.   

 The Aromatics are loaded at the port if Stein, the Netherlands. The port of Stein is located next to the 

Julianakanaal far away from other chemical clusters. From the port of Stein, SABIC ships their products per 

barge to customers in different areas, which are located in the Netherlands, Belgium and West Germany.  

Furthermore, at the port of Stein SABIC has the ownership of the Vapor recovery unit (VRU) that has been 

built thirty years ago. The VRU is able to receive residual vapors of barges and purify the vapors by a 

distillation. 

5.1 The Supplier: SABIC Port of Stein 

The port of Stein is property of SABIC and the local municipality and is located next to the Julianakanaal in 

the Netherlands. At the port of Stein we have different storage tanks with chemicals. The storage tanks are 

filled through pipelines, which are connected with the factories at the Chemelot Campus in Geleen. At the 

port of Stein, there are in total three jetties. One jetty for loading and discharging gas and two jetties for 

loading liquid chemicals. In this study, we are only interested in the latter two jetties. Next to these two 

jetties, we have the Vapor Recovery Unit (VRU), which can be of great value for SABIC. It allows barges to 

purify their tanks of residual vapors, which can be used in a dedicated or compatible Time Charter scenario. 

When a barge returns in Stein with residual vapors of raw pygas, it cannot be loaded with benzene as next 

cargo, due to the restrictions of the compatibility matrix (Table 2.1). The VRU can overcome this, by 

purifying the tanks of residual raw pygas vapors. The VRU filters out the benzene molecules of the residual 

raw pygas vapors and hence, the tanks of the barges are completely clean for loading a new cargo. A detailed 

description is given in Appendix C.         

 The jetties under study are fixed allocated to four different products. The products benzene, carbon 

black oil (CBO), cracked distillate (CD) and C9 resinfeed are allocated to load at jetty one. The products MTBE, 

raw pygas, TX cut and gasoline blend stock (GBS) are allocated to load at jetty two. It is not possible to load 

an arbitrary product at an arbitrary jetty.  For different products, we provide an overview of arrival rates 

of barges, effective service times and the utilization of the jetties (see Table 5.1).    
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Utilization 

Arrival rate 
𝛌[days] 

Exponential 
parameter 

Effective 
Service 

time 
[hrs] 

Jetty one 
 

Benzene 

40,9% 
 

λ =
1

1.18
 

λ =
1

2.22
 

12.0 
 

10.6 

 Carbon Black Oil (CBO) 
 

 
λ =

1

4.56
 

16.6 

Cracked Distillate (CD) 
 

 
λ =

1

13.3
 

13.5 

C9 Resinfeed  
λ =

1

8.07
 

7.71 

    
Jetty two 37,0% 

λ =
1

1.55
 

13.2 

MTBE 
 

 
λ =

1

4.78
 

14.2 

Raw Pygas 
 

 
λ =

1

13.1
 

15.4 

TX Cut 
 

 
λ =

1

3.08
 

12.2 

Gasoline Blend Stock (GBS)  
λ =

1

73,8
 

10.2 

Table 5.1: Overview of arrival rates, effective service times,   

 utilizations for jetty one and two 

As we observe in Table 5.1, jetty one has a higher utilization than Jetty two, with respectively 40.9% and 

37.0% .The greatest contributor for the utilization of jetty one is benzene, with approximately one barge per 

two days. At jetty two, mainly TX cut and MTBE barges determine the utilization of the jetty. Furthermore, 

we observe higher effective service times of carbon black oil (CBO) and raw pygas. The time to load the 

product is longer than average, due to the viscosity of the product in combination with the high cargo 

volumes.     

 To visualize the time spent at the port of 

SABIC, we plotted the data in a histogram (See 

Figure 5.1). Clearly, there is a peak around the 

mean with a gradually decrease of observed data, 

as the time spent at the port increases. Values 

greater than 25 hours are exceptional and caused 

by delays at the port. Causes for delays include, 

jetty congestion, product off-specification, slow 

loading of product, waiting surveyor and his 

analysis, mechanical failure et cetera.  For 

queuing modeling purposes, we would like to 

analyze the total time spent at the port of Stein 

more in detail.      

             

       Figure 5.1: Histogram of time spent 𝑡0 at SABIC 

To better understand the cause of delays and congestion at the jetties, we are interested in calculating the 

mean, standard deviation and coefficient of variation of the inter-arrival times and service times of the 

jetties (Table 5.2 and Table 5.3). Delays and congestion at the jetties often lead to demurrage costs and 
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therefore a better understanding in the causes might allow us to save some demurrage costs. The analysis 

is based on the historical data of year 2016, which gives a good representation for 2017 and further. 

Jetty one (n=765) 
 

Inter-arrival time 
[hrs] 

Effective 
Service time 

[hrs] 

Mean 28.3  11,6 

Standard Deviation 
 

20.9  4.48 

Coefficient of 
Variation 

0.74 0.39 

Kendall Notation M G 

Table 5.2: Overview of analysis Jetty 1 in Stein                          Table 5.3: Overview of analysis Jetty 2 in Stein    

        

From Table 5.2 and 5.3, we see that the average service times are almost equal for both jetties.  A bigger 

difference is found in the average inter-arrival time. The inter-arrival time at jetty one is significantly lower, 

which implies more arrivals of barges and thus a higher utilization. This corresponds with the found 

utilization of the jetties that is depicted in Table 5.1. Furthermore, the standard deviations of the inter-

arrival times are quite high for both jetty one and two, respectively 20.9 and 32.4 hours.  We explain these 

high standard deviations due to the arrival of barges at the same moment in time. In barge transport, 

shippers work with a one-day time window to arrive in a port. Whether a barge arrives on a day at 2 A.M. 

or 2 P.M. does not matter. Consequently, if two barges are planned to be loaded on the same jetty on the 

same day, it might occur that the barges arrive closely after each other. This results in long waiting times 

for the second barge before the barge can berth at the jetty.       

 The first and second moment of the inter-arrival times for both jetties result in a high coefficient of 

variation, according to Formula 4.4. The coefficient of variation of the inter-arrival times are almost equal 

to one, implying random independent arrivals according to the memoryless property of a Poisson 

distribution. Assuming Poisson arrivals, then let random variable 𝑋 describing the arrivals at a jetty 

representing 𝑋~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(λ). According to Kendall’s notation, we denote this by an M (i.e. Markovian).

 The variation in the effective services time are significantly lower than the variation in the inter-

arrival times. The effective service time starts as soon as a barge berths at the jetty. It takes approximately 

one hour before the barge is connected with the shore. Then the product is loaded into the barge using 

mechanic pumps, which is a relatively constant process. Depending on the transfer rate and the cargo 

volume, we observe variation in the effective service times. The transfer rate is mainly determined by the 

product characteristics, such as the viscosity of the product. After loading, we typically take into account 

one more hour to disconnect the barge with the shore and finalizing transfer documents. Hence, we 

differentiate different phases that are executed at the jetty. For the total effective service time, we assume 

General distributed effective service times at the jetty, denoted by a G (i.e. General). 

 

Jetty two (n=622) 
 

Inter-arrival time 
[hrs] 

Effective 
Service time 

[hrs] 

Mean 38.2  13.2 

Standard Deviation 
 

32.4  4.83 

Coefficient of 
Variation 

0.85 0.36 

Kendall Notation M G 
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5.2  Sailing times  

After a barge is loaded with cargo, it sails to the customer via inland waterways. Along the canals and rivers, 

a barge comes across several locks. Depending on the traffic, the water levels and other factors a barge has 

to wait before continuing his journey. For more information how the water levels of the Rhine and canals 

affect the sailing times and smaller cargo sizes in barge transport, we refer to Appendix C.  

 To estimate the sailing times of different trips to customers, we consult the application The Blue 

Road Map. The Blue Road Map gives us a deterministic indication of the sailing times to and from an 

arbitrary customer. In order to get a better feeling in the variability of the sailing times, we have tracked 

multiple barges using Marine Traffic. This application tracks barges by checking the Global Positioning 

System (GPS). Unfortunately, the GPS signal sometimes disappears and then appears again, which might 

result in inaccurate sailing times. However, for each trip we use the tracking data to better model the 

variability of the sailing times, than only a time estimation by The Blue Road Map.    

 Since the size of the tracking data is very limited, we first apply the bootstrap technique on the 

tracking data of Marine Traffic. A bootstrap technique relies on random sampling with replacement 

(Presnell, 2002), which is used to increase the reliability of our data.  For the sailing data to each customer 𝑗, 

we bootstrapped 𝑛 = 10 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 and determined the first and the second moment. For the sailing data to 

each customer 𝑗, we calculated the mean of the means to get an expectation of the sailing data, which can be 

found in Appendix F. We take the aggregated sailing time of the expected sailing time of Marine Traffic and 

the sailing time indication of The Blue Road Map, to increase the reliability of the data.  

 For the distribution of the sailing data we assumed a triangular distribution, with mode 𝑐 and 

extreme values 𝑎 and 𝑏. The availability of tracking data is very limited (see Appendix F) and was 

insufficient to find a good fit with a probability distribution function.  Therefore, we reasoned that the 

nature of the sailing data could be best represented by a triangular distribution. Sailing times are often 

indicated with a value that occurs the most often , which can be represented by the mode. Outliers or 

extreme values can be the result of delays or exceptional fast sailing. This has also an analogy with analyzing 

risk or quantifying uncertainty, in which we have a very likely event (the mode) and events that seldom 

occur. In studies that analyze risk or quantify uncertainty, we often see the application of the triangular 

distribution (Stein et al., 2009). The triangular distribution is a continuous probability distribution function 

with a lower limit 𝑎 an upper limit 𝑏 and a mode 𝑐, where 𝑎 ≤ 𝑐 ≤ 𝑏 (Figure 5.3). From the observed 

tracking data we would take the extreme values for the parameters 𝑎 and 𝑏, and 𝑐 is parameterized by the 

aggregated sailing time, which is the mean of the expected sailing time of Marine Traffic and the sailing time 

indication of The Blue Road Map.  

 

Figure 5.3: A probability distribution function of a Triangular distribution with parameters 𝑎, 𝑏 and 𝑐 
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5.3  The Customers 

The Aromatics products of SABIC are shipped to customers 

located in different areas and countries. Per barge, SABIC 

ships Aromatics to the Netherlands, Belgium and West 

Germany. In this study, we do not consider customers 

individually, but as customer clusters in the same port. 

Clusters of customers give a good representation of the 

service times at a single customer in that specific cluster. An 

important factor that influences the service times of the 

customers is the amount of congestion in that port. Factors 

that lead to congestion are the limited availability of pilots, 

tugs and high utilizations of the terminals. Furthermore, the 

type of customer plays an important role. We distinguish 

customers that use the Aromatics to feed their production and 

customers that buy Aromatics for trade purposes. Typically, 

traders have higher service times than customers that use 

Aromatics for production.     

 For the Aromatics, we have customer clusters in six 

different ports: Antwerp, Amsterdam, Germany, Ghent, 

Rotterdam, and Terneuzen. The customer cluster of Germany 

includes the ports of Marl, Uerdingen, Leverkusen and 

Gelsenkirchen. In Figure 5.4, we present a graphical 

representation of the transportation nodes from the jetties at 

SABIC to each customer cluster. The demand for each 

product, in terms of total volume per year, varies per 

customer cluster. An overview of the yearly demand and the 

corresponding cargo size is depicted in Table 5.4. 

Figure 5.4: Graphical representation of the 

transportation nodes to the customer clusters  

The overview in Table 5.4 presents the average cargo sizes and the forecasted demand (which is scaled 

because of confidentiality*) for benzene, raw pygas and TX cut in 2017. The forecast is based on historical 

sales, cargo sizes and contract agreements with customers. 

Table 5.4: Overview of average cargo size �̅�0𝑗
𝑝

 per product and customer cluster 𝑗 and the forecasted ordered 

volume 𝐷𝑗
𝑝

per year* 

 Amsterdam Antwerp Germany Ghent Rotterdam Terneuzen Total 

 �̅�0𝑗
𝑝

 𝐷𝑗
𝑝

 �̅�0𝑗
𝑝

 𝐷𝑗
𝑝

 �̅�0𝑗
𝑝

 𝐷𝑗
𝑝

 �̅�0𝑗
𝑝

 𝐷𝑗
𝑝

 �̅�0𝑗
𝑝

 𝐷𝑗
𝑝

 �̅�0𝑗
𝑝

 𝐷𝑗
𝑝

 𝐷𝑗
𝑝

 

Benzene - - 1583 18,858 1301 15,754 - - 1641 13,035 1706 10,000 

 
57,647 

Raw 
Pygas 

2281 2,589 1791 3,387 - - - - 2157 5,711 2268 1,286 
 

12,973 

TX Cut 2273 30,095 2265 20,564 - - 2269 6,007 - - - - 

 
56,666 
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For each product and customer cluster, we have different average cargo sizes �̅�0𝑗
𝑝

. The average cargo size 

for benzene is significantly lower than cargo sizes for other products. Typical cargo size for benzene are 

rounded numbers, e.g. 1000, 1500 to 2000 metric ton , because benzene is a typical commodity and is often 

traded on the benzene market. However, the maximum cargo size of barges is 2300 metric ton, as we 

observe more frequently for raw pygas and TX cut.  Furthermore, note that the average cargo size for barges 

to Germany is remarkably low. Due to the probability of low water levels on the Rhine, we have to take into 

account maximum loading restrictions. In a period of low water levels, barges cannot be loaded maximally. 

To forecast the likelihood of a low water event is highly uncertain. For more information of trends in low 

water levels, we refer to Appendix B.         

 To get insights in the time spent at each customer cluster 𝑗 , we start with an exploratory data 

analysis. First, we calculated a number of descriptive statistics e.g. mean, standard deviation, skewness and 

kurtosis, which gives a good indication of the distribution the data set. Secondly, we used graphical 

techniques to visualize the data. For each data set describing the time spent at a customer cluster 𝑗, we have 

plotted a histogram (see Figure 5.4).         

 In all histograms, we observe a peak around the mean with gradually declining values as time 

increases.  In the histogram of the time in Rotterdam, Germany and Ghent we observe two clusters (or two 

peaks) of data.  
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Figure 5.4: Histograms of the time spent at the port of each customer cluster 𝑗 

The gap between the clusters can be explained by the small sizes of the data sets, which are respectively 53, 

42 and 21.  If the data set would be larger, it is expected that we also see here more gradually declining 

values.  Due to the limited size of the “Ghent data set”, we first applied a bootstrapping technique and 

increased the size to 100 observations. However, a bootstrap always draws observations of the existing 

data set. Therefore, we do not see a rich variation in the data. Furthermore, we observe a significant amount 

of extreme values for the time spent in Amsterdam (>70 hours). The customer cluster of Amsterdam is 

known as a port with a lot of congestion and where several traders are located who base their actions on 

fluctuations in the price of the products.  If a trader has no more available storage capacity, he can use the 

barges as floating storage resulting in long lay times at the port.     

 The histograms are used to suggest the kind of probability distribution function. Based on the shape 

of the Empirical distribution, we formulate our hypothesis concerning the nature of the data. We 

hypothesize that a Gamma Distribution would have a good fit with each of the Empirical distributions. To 

verify our hypothesis we estimate the parameters of this pdf and test the goodness of the fit. In the statistical 

literature, several methods are described how to estimate the pdf. Some commonly used methods are 

analogic method, maximum likelihood estimation (MLE) and method of moments. We applied the method 

of moments and found a good fit of the data. For a more extensive analysis of the fitting of distributions, we 

refer to Appendix E.    

    

5.4  Time-related Cost Structure COA and TC 

This section discusses the differences of time-related costs for transport basis Time Charter and transport 

basis Contract of Affreightment. The variable time in barge transport is considered as the most important 

variable that is related to costs. For the underlying thought, we refer to a barge considered as an asset that 

depreciates each elapsed hour. This emphasizes the importance to optimally utilize the “capacity” of the 

barge. Optimizing the capacity means to ship as much as possible volume, with as result that the freight 

prices, i.e. costs per volume, decrease. Thus, each delay results in less volume shipped per time unit and 

consequently higher costs per volume, which is reflected in the costs structure of a COA and TC.  

 The time-related costs of transport basis COA are different from transport basis TC, because of a 

difference in bearing responsibilities during the operation. With transport basis TC, we refer to operational 

leasing in which the lessor bears the responsibility all the time. Therefore, a lessor is more vulnerable to 

delays during the whole roundtrip. The lessor bears the financial responsibility of possible delays during 
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sailing, where in a COA scenario the barge owner carries that risk.      

 In barge transport, parties often institutionalize free lay times to hedge against the costs of 

unexpected delays at other ports. The free lay time, 𝐿, is the total time in which the barge is allowed to lay 

at the port of the supplier and the port of the customer, without paying demurrage costs. The free lay time 

per transport is contractually agreed between the barge owner, the supplier and the customer. If the time 

spent at a port exceed the free lay time, the barge owner can charge the other party with costs for not being 

able to use its asset, which are referred to as demurrage costs. If loading or discharging at the port is 

completed before the free lay time is expired, then we subtract the remaining hours from the lay time bank 

(LTB). Alternatively, if the total time spent at both ports exceeds the free lay time, the remaining hours are 

added to the lay time bank (LTB). The lay time bank is a balance with hours and is settled each month; if the 

number of hours is positive, demurrage costs are invoiced to SABIC. If a significant amount of hours are 

incurred at the port of the customer, SABIC can recover these demurrage costs.   

 In transport basis a Time Charter, the lessor is temporarily the owner of the barge. In each stage 

SABIC carries the risk of delays. If time spent at that stage is greater than the free lay time or expected time, 

it is considered as “costs” for SABIC, because during that delay we miss the opportunity to ship more 

volume. If the time spent at that stage is less than the free lay time or expected time, we consider this as a 

benefit for SABIC, because we are able to ship more volume per time. We conclude that for both transport 

basis COA and TC, it is beneficial for SABIC to reduce the delays at its port (𝑡0). Delays and corresponding 

demurrage costs that are incurred at the port of the customer, can be recovered by SABIC. This is equal for 

both a TC and a COA scenario (See Table 5.5)      

Operation 
stage 

Time Charter Contract of Affreightment 

𝑡0 If t0 <
1

2
𝐿, 

Then benefits for SABIC 
 

If t0 >
1

2
𝐿, 

Then costs for SABIC 
 

If t0 <
1

2
𝐿  , 

Then  (t0 −
1

2
𝐿) to LTB 

 

If 𝑡0 >
1

2
𝐿  , 

Then (t0 − 
1

2
𝐿) to LTB 

 

𝑡0𝑗 
 

If  𝑡0𝑗 <𝐸[𝑡0𝑗], 

Then benefit for SABIC 
 

If 𝑡0𝑗 > 𝐸[𝑡0𝑗] 

Then costs for SABIC 
 

 
If 𝑡0𝑗 < 𝐸[𝑡0𝑗] , 

Then benefit for barge owner 
 

If 𝑡0𝑗 >𝐸[𝑡0𝑗] ,  

Then costs for barge owner 

𝑡𝑗 If 𝑡𝑗 <
1

2
𝐿  , 

Then benefit for SABIC 
 

If  𝑡𝑗 >
1

2
𝐿  

Demurrage recovery for SABIC 
 

If  𝑡𝑗 <
1

2
𝐿   

Then  (𝑡0 + 𝑡𝑗 − 𝐿) LTB 

 

If  𝑡𝑗 >
1

2
𝐿 

Then  (𝑡0 + 𝑡𝑗 − 𝐿) LTB 

Demurrage recovery for SABIC 
 

𝑡𝑗0 If 𝑡𝑗0 <𝐸[𝑡𝑗0]  , 

Then benefit for SABIC 
 

If 𝑡𝑗0 > 𝐸[𝑡𝑗0]  , 

Then costs for SABIC 
 

If 𝑡𝑗0 < 𝐸[𝑡𝑗0]  ,  

Then benefit for barge owner 
 

If 𝑡𝑗0 >𝐸[𝑡𝑗0]  , 

Then costs for barge owner 
 

Table 5.5: Overview of different scenarios and the financial consequences for the responsible party 
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In Table 5.5, an overview of different scenarios and the financial consequences for the responsible party is 

given. The responsible party is here the one who bears the responsibility during that stage.  

From Table 5.5, we conclude that if the agreed free lay time, denoted by 𝐿, increases, the probability 

of demurrage costs decreases and thus less income for the barge owner. In order to keep the income balance 

constant, we expect the average freight prices to increase. Hence, the free lay time is interrelated with the 

average COA freight price. Equivalently, if the average COA freight prices increase, the barge owner 

increases the TC costs to prevent an imbalance.  The earnings of the barge owner are based on a Time 

Charter Equivalent (TCE). The TCE is the value per time unit that a barge owner would like to earn with a 

barge. Both the COA and TC prices are derived from the TCE. To calculate the COA freight prices, we have to 

add the variable costs, which include bunker costs and the estimated time of the trip, to the TCE and divide 

it by the cargo volume. To calculate the total costs of a TC, we have to add the bunker costs, which are for 

the account of the lessor. If transport basic COA and transport basis TC are in imbalance, we should try to 

save costs. A factor that causes an imbalance in the equation is the time in ballast condition (i.e. empty 

sailing).             

 In this case study, we have the following input parameters. The free lay time is typically 32 hours, 

which is divided in 16 hours for loading and 16 for discharging. Furthermore, we assumed a monthly price 

for a Time Charter of 100,000 €. Taken into account the information of Table 5.5, we observe the 

distribution of TC costs at the port of the customer as depicted in Figure 5.5. As the time spent at the 

customer exceeds the free lay time, the net costs for SABIC are slightly decreasing. The costs per hour for 

the Time Charter 𝑇𝐶𝑟 are lower than the demurrage costs per hour 𝐷𝑟. Following Table 5.5, we can recover 

these demurrage costs if the free lay time has been exceeded.      

Input parameters:  

𝑇𝐶 = 100.000
€

𝑚𝑜𝑛𝑡ℎ
                 𝑇𝐶𝑟 = 136,99

€

ℎ𝑟
           𝐿 = 32  ℎ𝑜𝑢𝑟𝑠   ,             

𝑏 = 0,65
€

𝑙
 ,  𝑟0 =  𝑟𝐽 = 10,42

𝑙

ℎ𝑟
   𝑟0𝑗 = 𝑟𝑗0 = 41,67

𝑙

ℎ𝑟
    

 

Figure 5.5: The distribution of incurred costs at the port of the customer as a function of the service time at 

the customer 
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Chapter 6 

 Simulation and results 
 

To test the developed methodology on our case study, we simulate the stochastic variable time in our model. 

This allows the analysis of different scenarios and that takes into account uncertainties of the reality. In this 

section, we briefly explain the set-up of our simulation, the results of the simulated roundtrip times and a 

sensitivity analysis. Subsequently the results of the simulation are applied to a Knapsack algorithm to find 

an optimal allocation of roundtrips. The corresponding costs and emissions to the allocation are discussed, 

as also switching costs to other trips and possible future scenarios. We conclude this chapter with business 

insights and methodology insights.  

 

6.1  Simulation Set-up Time horizon 

The most important variable for analyzing the profitability of transport basis a Time Charter compared to 

transport basis Contract of Affreightment is time. Depending on the duration of the roundtrips, we are able 

to estimate the total volume that we can ship to the customers in a period. The estimated total shipped 

volume determines the TC freight prices, which we subsequently compare with the COA freight prices. 

Furthermore, we incorporated the variable time in the total COA freight price, in order to calculate the 

expected demurrage costs for that trip.        

 In a roundtrip to an arbitrary customer 𝑗, we consider four stages. The time spent at SABIC 𝑡0, the 

sailing time to the customer 𝑡0𝑗, time spent at the customer 𝑡𝑗and the sailing time for returning to SABIC 𝑡𝑗0.  

As discussed in Chapter 5 and Appendix D, we fitted the empirical distribution functions to probability 

distribution functions (pdf’s) to represent our data.        

 The roundtrip times for each customer 𝑗 are simulated in Enterprise Dynamics. A simulation model 

is built with four stages and is parameterized for each customer 𝑗, see Figure 6.1. Each stage is independent, 

since a delay at the jetty does not lead to an additional delay on the river or canal and vice versa. In total, 

we ran 1000 iterations for each roundtrip, which corresponds to approximately 9 years. For the results 

including descriptive statistics, we refer to Appendix G and H.    

   

 

Figure 6.1: Graphical representation of simulation model for the roundtrip times built in Enterprise                        

Dynamics 
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6.2  Results   

This section discusses the results of the model based on the expected values of the simulation. The model 

allocated trips to the TC, based on the highest expected costs savings compared to a COA. First, we present 

the differences of the freight prices and the financial impact on the trips. Second, we explain the used 

Knapsack method and the results of the allocation. Subsequently, we introduce the expected switching costs 

between a preferred TC trip and a COA. Lastly, we present the total saved benzene emissions for SABIC.  

6.2.1  Financial impact  

The differences in freight prices for each trip between COA and TC are depicted in Figure 6.2a-b. In Figure 

6.2a, we excluded the expected demurrage costs in the total COA freight prices and in 6.2b we included the 

expected demurrage costs. We observe lower freight prices for COA, but if we include the expected 

demurrage, the difference gets smaller. For some destinations, this might even result in lower freight prices 

with a TC.            

 The model analyzed for each trip the freight prices of the total COA freight price, �̃�0𝑗
𝑝

,  and the TC 

freight prices,  �̂�0𝑗
𝑝

, according to our objective function (4.20). 

𝑀𝑎𝑥  ∑ ∑ (�̃�0𝑗
𝑝

− �̂�0𝑗
𝑝

)𝑗𝑝∈𝑃\𝐾 𝑥0𝑗
𝑝

�̅�𝑗
𝑝

    4.20 

If for a single trip, the average total COA freight price is greater than the average TC freight price, than we 

have a positive difference, which results in savings with a TC on that trip. Vice versa, if for a single trip the 

average TC freight price is greater than the total COA freight price, we have a negative difference resulting 

in negative savings. Hence, for these trips we prefer a COA.  

Figure 6.2a-b: Expected savings per roundtrip for a Time Charter compared with transport basis COA 

excluding and including demurrage costs 

For some trips, this resulted in a significant increase in expected savings per trip. In order to understand 

the increased expected savings, e.g. for raw pygas transports, we are interested in the proportion of 

demurrage costs in the total COA freight price. The total costs of transport basis COA consists of a 

contractual freight price 𝐹𝑗
𝑝

 and additional demurrage costs.  
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Recall that we denoted the total COA freight price for each customer and each product by:  

         

�̃�𝑗
𝑝

=
(𝑡0+𝑡𝑗−𝐿)×𝐷𝑟

�̅�𝑗
𝑝 + 𝐹𝑗

𝑝
         ∀𝑗, ∀𝑝                                                             4.19 

 As the expected time spent at the port of Stein 𝑡0 or at the customer 𝑡𝑗 increases, the likelihood of paying 

demurrage costs with a rate 𝐷𝑟 increases. In Figure 6.3, an overview of expected demurrage proportions in 

the total COA freight price �̃�𝑗
𝑝

 is given. 

 

Figure 6.3: Demurrage proportion in the total COA freight price for each trip 

The COA freight prices for trips to Amsterdam have high expected demurrage proportions in the total COA 

freight price, which is mainly caused by the extraordinary long expected time spent in Amsterdam 

(𝐸[𝑡𝐴𝑚𝑠] = 50,12 ℎ𝑜𝑢𝑟𝑠). Moreover, also the effective service time  is often higher for loading raw pygas 

compared with benzene.  The effective service time is for raw pygas is 15,4 hours compared with 10,6 hours 

for benzene, because raw pygas normally has larger average cargo sizes and slower transfer rates.    

 We conclude that demurrage costs have a great impact on the total COA freight price. This results in 

expected savings for a TC on trips where barges have long waiting times at the port, e.g. during raw pygas 

transports. However, the yearly demand for raw pygas is significantly lower than the demand of benzene or 

TX cut and therefore we observe an arrival rate of barges of  λ =
1

13.1
 at the port of Stein. This implies one 

raw pygas arrival per thirteen days, which is too less to optimize the utilization of the TC. A roundtrip of a 

raw pygas transport often lasts 4 days or for transports to Amsterdam 5 days. If the TC barge returns in 

Stein, we have to wait several days before a new raw pygas transport becomes available. The costs for 

keeping the barge idle are extremely high and outweigh the savings of a raw pygas trip. Therefore, we aim 

to optimize the utilization of the barge by shipping more frequently and thus minimize the costly idle time. 

We can solve this by switching to other products, e.g.  benzene ( λ =
1

2.22
 ) or TX cut ( λ =

1

3.08
), which are 

shipped more frequently.  
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6.2.2  Output Knapsack Allocation 

To determine the optimal allocation of trips to a TC barge, we use a Knapsack algorithm. The objective is to 

maximize the total profit per year, subject to our time constraint and demand constraint (See Chapter 4). 

The results of section 6.2.1 provided us with an overview of preferable trips purely based on the difference 

of average freight prices. However, the expected duration of each trip varies. A single trip might have a 

higher positive difference in freight prices, but the expected roundtrip time might be significantly larger. In 

order to optimize the trade-off between time and costs we apply a combinatorial optimization method, a 

Knapsack algorithm, which allocates the most profitable trips considering time and demand constraints. An 

excerpt of the Knapsack algorithm applied to the case study is given in Appendix H.    

 First, we start with allocating benzene transports to the TC barge, because there is a frequent 

availability of benzene transports at the port of Stein. On average, we observe each two days an available 

benzene transport. Furthermore, we expect for benzene transports the highest savings with a TC, because 

of the increase in COA freight prices (see Chapter 2, section 4). In the model, we consider TC costs as sunk 

costs of €1.200.000 per year. Subsequently, we use the Knapsack algorithm to allocate trips to the TC, in 

order to get the highest recovery costs (Table 6.1). 

 
Benzene trip allocation 

[in # of trips/ year 

 
 

Antwerp 

 
 

 Rotterdam 

 
 

Germany 

 
 

Terneuzen 

 
Total trips 

per year 
 

 
Expected total 

Recovered 
costs 

 
𝜔 = 100% utilization 

 
63 

 
17 

 
0 

 
28 

 

 
108 

 
€   1,191,893.82  

 

 
𝜔 = 90% utilization 

 
63 

 
3 

 
0 

 
31 

 
97 

 
€   1,076,437.12  

 

Table 6.1: Output of simulated benzene trip allocation by Knapsack algorithm with 100 and 90% utilization 

We observe that the expected recovery costs of benzene trips is strictly less than our TC costs of €1.200.000, 

in a scenario where we utilize 100% of the available time. A 100% utilization of the time implies that the 

barge always can take a preferred trip as soon as the barge returns in Stein. However, this is a best-case 

scenario and infeasible in reality. The expected TC recovery costs at a more typical utilization, 90% of the 

total available time, reduces the recovery costs with approximately € 100,000 per year. Therefore, we 

expect that a TC for dedicated benzene transport is not able to recover the total TC costs in one year. Hence, 

a TC for only dedicated benzene transport is not profitable. 

 

Figure 6.4a: At ω= 99.96% utilization of time per year   Figure 6.4b: At ω = 89.93 % utilization of time per year 
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6.2.3  Combining trips with different products  

Now we concluded that a TC barge allocated with only benzene transports, is not expected to be profitable, 

we might be interested in combining trips with different (compatible) products. To combine transports of 

different products with the same TC barge, we have to take into account the compatibility matrix as 

discussed in Chapter 2.1. For the set of products under study, we only have one not compatible transition, 

which requires extra cleaning or degassing. This transition is from raw pygas to benzene is not compatible, 

because the residual cargo of raw pygas would contaminate the new benzene cargo. Benzene is a highly 

pure product with a benzene content of approximately 99.9%, which involves the risk of contamination. 

Since TX cut does not have benzene content higher than 10%, the barge has no degassing restriction and 

thus can ventilate residual vapors in the tank. Hence, the transition from TX cut to benzene is compatible. 

For the transition from raw pygas to benzene, we possibly can use the VRU at the port of Stein. The VRU 

purifies then the residual raw pygas vapors in the tank and takes away the need of using TX cut as 

intermediate load before making the transition to benzene (See compatibility matrix). This would only costs 

us a few hours.            

 In order to maximize the utilization of the TC barge, we are interested in combining benzene and 

raw pygas transports. According to Figure 6.2b, we see that raw pygas transports are the most profitable, 

but the frequency of raw pygas transports is too low (λ =
1

13.1
).  Therefore, we add benzene transports, which 

are shipped more often (λ =
1

2.22
). According to Figure 6.2b and 6.4a, the costs for benzene transports are on 

average equal for transport basis COA and transport basis TC.  In order to analyze the feasibility of the best-

case scenario, which assumes no waiting time at the port of Stein, we present a schematic overview of 

arrivals.  

 

 

 

 

 

Figure 3.1: Schematic representation of benzene and raw pygas arrivals in a 13-day time schedule 

Observe that in a cycle of 13-days, we expect to wait at least one day to take the preferred raw pygas 

transport. For the expected time of each roundtrip, we took the average of the simulated roundtrip time 

(Appendix G). The arrival rate of each product is relatively constant, but the total aggregate arrival rate at 

the jetties has a higher variability and therefore Poisson distributed. We expect that on average once per 

thirteen days we have a raw pygas transport and once per 2-3 days a benzene transport.  

 Thus, to calculate the savings per two-week cycle: 

𝐸 [𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑜𝑓  13 𝑑𝑎𝑦𝑠 𝑐𝑦𝑐𝑙𝑒] = (�̂�0𝑗
𝑝

− �̃�0𝑗
𝑝

) �̅�𝑗
𝑝

+ (�̂�0𝑗
𝑝

− �̃�0𝑗
𝑝

) �̅�𝑗
𝑝

+ (�̂�0𝑗
𝑝

− �̃�0𝑗
𝑝

) �̅�𝑗
𝑝

− (𝑇𝐶𝑟 ×  24 × 𝑛)  

For the products raw pygas and benzene and all customers  𝑗 ∈ 𝐽 

With the arbitrary trip sequence, raw pygas Antwerp, benzene Rotterdam, benzene Terneuzen, we find:  

𝐸[𝑆𝑎𝑣𝑖𝑛𝑔𝑠 13 𝑑𝑎𝑦𝑠 𝑐𝑦𝑐𝑙𝑒] = 2470 + (−404) + 465 − 3288 = −757€ 
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 Based on the average simulated roundtrip times, we expect a time utilization of  𝜔 = 12/13. Hence, we 

conclude that in a 13-day cycle, we are not able to generate savings with a combination of profitable raw 

pygas and benzene transports with a single TC barge. Hence, dedicated and compatible transport basis COA 

is expected to have the lowest cost.  

6.2.4  Reduction of benzene emissions  

 The amount of saved emissions with dedicated and compatible transport basis COA are calculated with our 

developed methodology, as discussed in Chapter 3. According to chemical engineers of SABIC, we can 

assume a linear relation between benzene emissions and cargo volume in barges. Hence, the total benzene 

emission reduction is calculated by using the results of Table 3.1 and multiply it by SABIC’s volume of 

benzene (-content) products. We observe a large amount of saved benzene emissions for the solution 

dedicated and compatible transport (see Figure 6.5). This has great effect on the quality of the air at the 

ports and living areas close to the inland waterways. However, it is unknown to what extent the barge owner 

used dedicated and compatible transport in the base scenario. Degassing or ventilating barges easily takes 

6 to 8 hours and these hours could be saved with dedicated and compatible transport in a base case. 

Therefore, in Figure 6.5 we depicted the saved benzene emissions with a bar that gradually fades, because 

we do not exactly know to what extent benzene emissions were saved in the base case.   

 All in all, the yearly saved benzene emissions are significant for the relatively small increase in 

transport costs. Figure 6.5 shows the increase of COA transport costs due to the condition of dedicated and 

compatible sailing and the corresponding estimated saved benzene emissions per year. For the total 

expected costs of transport basis COA, we included the expected demurrage costs. Furthermore, recall that 

the average COA freight prices increased with approximately 10%, because of the condition to sail dedicated 

or compatible for benzene and raw pygas. Thus, we conclude that with a 10% increase in the COA freight 

prices, we have a significant amount of benzene emissions savings compared to the base case, i.e. without 

degassing ban.  

Figure 6.5: Performance of dedicated and compatible transport basis COA including demurrage 
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6.3  Sensitivity analysis and scenarios 

6.3.1.  Different volumes by Time Charter barge 

To ship the total volume of the Aromatics dedicated and compatible with a TC barge, we need at least three 

TC barges. In Figure 6.6, we compare the expected transport costs basis COA and TC for multiple TC barges. 

The differences between the costs of transport basis COA and transport TC remain small, as we increase the 

number of TC barges. We observe slightly higher costs for transport basis TC as we increase the number of 

barges, because we first allocate the most profitable trips (i.e. to the first barge) and subsequently the less 

profitable trips to second and third TC barge. Furthermore, we showed in section 6.2.3, that we expect 

additional costs for the idle time of the barge. For each hour the barge is not in operation, the costs for a TC 

will increase. Hence, the differences in transport costs between a COA and TC are small, but if we take into 

account the risk and idle time that occur in reality, we expect marginal higher TC costs. 

Figure 6.6: Comparison between transport costs basis COA and TC, for one, two and three TC barges 

 

6.3.2  Impact of changing input parameters 

This section investigates the impact of changing input parameters, or parameters that affect the results of 

the model.  This includes average COA freight prices, demurrage rates and the price for leasing a TC per 

time unit.  We do not take into account changes and fluctuations in the price of bunkers, because the 

calculated bunker price is corrected at the end of each year with transport basis COA. If bunker prices 

increase during the year, SABIC receives a bunker surcharge. If during the year bunker prices drop 

compared to the bunker prices agreed at the beginning of the year, SABIC receives the surplus. Hence, we 

can ignore changes the fluctuations in bunker prices.       

 The parameters that have our primary focus in this study are the COA freight prices, demurrage rate 

and the leasing price per time unit of a TC. Changes in each of these parameters has consequences for our 

results. As we observed in Figure 6.6, differences in the prices are relatively small. Therefore, we investigate 

the effect of a 5, 10 and 15% increase and decrease of each parameter, while keeping other parameters 

constant. These insights support the decision-making for transport basis TC or COA in the future.  
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First, we investigate is the impact of changes in the average COA freight prices on the profitability of a single 

TC trip,   see Figure 6.7. We conclude that if the barge owner increases the average COA freight prices with 

5%, a TC is expected to be profitable for almost all possible trips with the assumption of a high utilization 

of the barge. Furthermore, the steepness of the lines varies due to the difference of demurrage cost 

proportion in the total COA freight price. 

Figure 6.7: Impact of variable COA freight prices on the profitability of a single Time Charter trip 

The second parameter that we investigate is the demurrage rate, which is expressed in costs per hour. If a 

barge exceeds the free lay time at a port, the charterer is incurred with demurrage costs for each hour 

greater than the lay time. In Figure 6.8, we clearly see the difference between trips that often exceed the 

free lay time, characterized by a steep line, or on the contrary trips with seldom demurrage costs. 

Figure 6.8: Impact of variable Demurrage rate on the profitability of a single Time Charter trip 
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The third parameter that we analyze is the price for leasing a TC per time unit, depicted in Figure 6.9 As 

have been discussed in Chapter 2, the Time Charter barge market is broader than dedicated and compatible 

benzene transport basis COA. Therefore, we might be able to lease a 10% cheaper TC barge, what results in 

expected savings per trip with a TC barge, compared with transport basis COA (See Figure 6.9). Hence, 

finding the lowest offered TC prices is an incentive for decision-makers, as it increases the expected 

profitability of a TC. 

Figure 6.9: Impact of variable Time Charter costs on the profitability of a single Time Charter trip 

6.4  Business insights 

6.4.1  Increase average cargo sizes benzene 

The average cargo size is an important variable that influences the freight prices in barge transport. 

Increasing the average cargo size, �̅�0𝑗
𝑝

, results in lower freight prices for COA and TC. If we observe the 

average cargo sizes for SABIC, we find significantly smaller cargo sizes for transporting benzene, compared 

to raw pygas or TX cut. As we have discussed in Chapter 5, the smaller cargo sizes for benzene are mainly 

determined by the benzene trade market that prefers rounded cargo sizes, e.g.  1000, 1500 or 2000 ton. 
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increases, see Figure 6.10. 
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sizes.                            Figure 6.10: Potential of higher margins by increasing the cargo sizes 
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6.4.2  Reduce variability at the port of Stein 

The operations at the port of Stein play an important role for all SABIC’s outbound logistics via inland 

waterways in the Netherlands. All chemicals produced at the site in Geleen that are transported per barge, 

are loaded at the port of Stein. Improving the operations of this port benefits all operations.   

 The results of the analysis of jetty one and two (see Chapter 5) shows us that the total time spent at 

the port consists of waiting time to berth and effective loading time, which is often referred as throughput 

time.  To reduce the effective loading time we have to replace the currently used mechanical pumps for 

faster ones. However, the speed of loading depends on the product and its viscosity and therefore we can 

hardly improve this process.          

 A better way to reduce the total time spent at the port is by reducing the variability in the arrivals 

of the barges. For jetty one and two, we have found a relatively high coefficient of variation of 0.74 and 0.85 

respectively. Taken into account that a coefficient of variation equal to one corresponds with the 

memoryless characteristic of Poisson arrivals, i.e. random arrivals, we probably can improve the planning 

of the barges.             

 In Figure 6.11, we have plotted the actual average waiting time for jetty one and two and the 

expected waiting time for jetty one and two, as a function of the utilization of the jetties. If we increase the 

utilization of the jetties, we see an exponential increase of the expected waiting times, which is obtained by 

applying the M/G/1 formula. We observe that the error between the actual and the expected is relatively 

small. The difference between the actual and expect values can be explained due to assumptions we were 

forced to make in order to calculate the effective service time. We assumed that delays do not occur at the 

jetty while being loaded, because of constant transfer rates. To obtain the effective service time, we divided 

the total cargo size by the transfer rate and added two more hours for (dis-) connecting, which is a rule of 

thumb for experts. However, in reality delays or congestion might also occur while being in service. Hence, 

we have found higher actual waiting times at both jetties.      

 According to our model, we expect a reduction of expected waiting time of a barge with 15.4% for 

jetty one and 14.7% for jetty two by reducing the coefficient of variation of the arrival process with 10%. 

This results in a decrease in expected demurrage costs. 

 

Figure 6.11: Expected and Actual waiting times of jetty one and two, as a function of the utilization 
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Reducing the expected waiting time of a barge loading in Stein, reduces also the expected demurrage costs. 

With the historical data of year 2016, we calculated the expected demurrage costs incurred at the port of 

Stein for each product, which is depicted below. 

𝐸[𝐷𝑒𝑚𝑢𝑟𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝐵𝑒𝑛𝑧𝑒𝑛𝑒  𝑝𝑒𝑟 𝑡𝑟𝑖𝑝] =  ∑ 𝐷𝑟(𝑥 − 16) × 𝑃(𝑋 = 𝑥)∞
𝑥=16 = €464.56  

𝐸[𝐷𝑒𝑚𝑢𝑟𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑇𝑋 𝐶𝑢𝑡 𝑝𝑒𝑟 𝑡𝑟𝑖𝑝] =  ∑ 𝐷𝑟(𝑥 − 16) × 𝑃(𝑋 = 𝑥)∞
𝑥=16 = € 536.77  

𝐸[𝐷𝑒𝑚𝑢𝑟𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑅𝑎𝑤 𝑃𝑦𝑔𝑎𝑠 𝑝𝑒𝑟 𝑡𝑟𝑖𝑝] =  ∑ 𝐷𝑟(𝑥 − 16) × 𝑃(𝑋 = 𝑥)∞
𝑥=16 = €1679.65  

We conclude that the expected demurrage costs incurred in Stein are about 5% of the total transport costs 

for benzene or TX cut. For raw pygas, this is approximately 10% because of longer service times at the jetty. 

6.5  Conclusion and methodological insights 

First, we conclude that the impact of demurrage costs on the total COA freight prices is significant, which 

affects the result of our objective function. For multiple trips, we observe lower freight prices for transport 

basis COA than with for transport basis TC, which can be explained because the barge owner is better able 

to minimize the ballast time. However, if we include the expected demurrage costs in the total COA freight 

price, which are incurred during congestion at the load or discharge port, we see that the differences 

between transport basis COA and transport basis a TC barge become very small. The additional demurrage 

costs often determine the results of our model and the corresponding allocation. In this case study, the rate 

of demurrage costs is greater than the rate of time charter costs, which implies that in terms of costs it is 

more profitable to let a TC barge wait at congested customer ports. It is against our nature to let a leased 

barge wait for a long time at the customers port, instead of shipping as much volume as possible. For a  

scenario in which the demurrage rate and the time charter costs rate are equal, we plotted the expected 

savings for a TC barge in Appendix K . Furthermore, in reality barges might have to wait multiple days before 

a profitable trip becomes available. Taken into account the costs for waiting at the port  of Stein 

(approximately 3300 €/day), we conclude that these costs outweigh the expected savings per trip.  Thus, 

for the Aromatic products under study, we do not expect to save costs with a dedicated or compatible TC 

barge.  Therefore, we advise to transport dedicated and compatible basis a Contract of Affreightment. 

 Second, to measure residual benzene vapors in the tanks of a barge we conclude that the 

methodology provides good estimates. It calculates the benzene emissions of the residual vapor and the 

benzene emissions of the residual liquid in the sump. We assume that all residual benzene is emitted, 

because in a non-restricted degassing scenario, barges keep ventilating the tanks until all vapor and liquid 

is evaporated. Furthermore, this methodology shows the total magnitude of the benzene emissions in a non-

restricted benzene scenario. Due to the linear relation between residual cargo and volume, we were able to 

calculate the total benzene emissions. For the dedicated and compatible strategy, this means a hundred 

percent savings of benzene emissions for the products benzene and raw pygas 
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Chapter 7  

Conclusion  
 

In this chapter, we first give a general conclusion for the degassing problem of benzene via European inland 

waterways. Then, based on the results provided in Chapter 6 we propose recommendations for SABIC and 

reflect on a more strategic level possible future scenario’s, as well as the expected tendency for the 

degassing problem of benzene. Furthermore, we discuss the scientific contribution of this study and 

evaluate the answers to our defined research questions. To conclude, we outline future research directions.  

7.1  General conclusion 

We conclude that dedicated and compatible transport is the best solution preventing the need of degassing, 

which eliminates benzene emissions at the lowest costs.  The amount of saved benzene emissions on the 

European inland waterways is significant. Due to the updated legislation of the CDNI (2017), we expect an 

improvement of the air quality close to inland waterways, which will have a positive effect on human and 

environment. For the Netherlands, the RHDHV (2016) calculated possible savings of 700-7000-ton of VOC 

emissions of which 300- 1.100-ton benzene emissions per year.     

 This study confirms the hypothesis of many experts in the chemical industry, that more than 60% 

of degassing to the atmosphere can be prevented by introducing “smart logistic solutions” (CDNI, 2017). 

The CDNI (2017) refers here to dedicated and compatible transport, which also reduces the required 

number of degassing facilities. The development of degassing facilities for the port areas Amsterdam, 

Antwerp and Rotterdam continues, as we observe a balance between degassing by degassing facilities and 

dedicated and compatible transport. A balance leads to a lower expected waiting times at degassing 

facilities, because of less barges that need to be degassed at a facility.     

 Finally, we do not expect a shift of transporting chemicals by other modalities. Based on the 

discussions regarding risky transport of chemicals on the Rhine in Basel, we aim to transport HAZMAT’s far 

away from large populated areas. Hence, road or rail transport would be a worse solution. 

 

7.2  Recommendations for SABIC 

This study proposes several recommendations for SABIC based on the results of our analysis and the 

developed model. We enumerate the most interesting recommendations: 

 Strengthen ties with barge owner to transport dedicated or compatible basis Contract of 

Affreightment 

Our analysis shows that the barge owner can offer dedicated or compatible transport at lower costs than 

transport with the operational leasing of a TC barge. The barge owner relies on a larger network of benzene 

(-content) transports, which allows a better planning performance by combining benzene transports in his 

network. Moreover, the location of the port of SABIC in Stein is disadvantageous concerning transport costs. 

There are no ports close to the port of Stein, where liquids are discharged.  This results in barges that sail 

long time in ballast condition before arriving in Stein, which is reflected in higher freight prices. However, 

using a Time Charter for the Aromatics is not expected to be profitable, because of the irregular availability 
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of preferred trips at the port of Stein. Hence, the barge owner offers dedicated and compatible transport at 

a lower costs basis COA.  

 If the average COA freight prices increase with more than 5% or the leasing price of TC barge 

decreases with 5%, SABIC should consider a Time Charter 

In Figure 6-7, 6.8, 6.9, we observe that an increase of 5% for the COA freight prices results in increasing 

amount of profitable trips compared to a COA, while keeping the other prices constant. Equivalently, if we 

can lease a TC barge at a 5% lower price, we expect to save more costs on more trips. We always have to be 

aware of the perspective of the barge owner in terms of his earnings, which is based on the Time Charter 

Equivalent (TCE). The TCE is the value per time unit that a barge owner would like to earn with a barge. 

Both the COA and TC prices are derived from the TCE and thus the prices of both transport options are 

interrelated. If the prices of transport basis COA and the demurrage rate increase, we also expect an increase 

in TC costs and vice versa. A factor that causes an imbalance between the two options is the time in ballast 

condition (i.e. empty sailing). Hence, if we observe an imbalance, we should dive deeper into it and try to 

save transport costs. According to the CDNI (2017), longer waiting times, more inspections and more 

congestion are expected at the ports because of the updated degassing bans. This increases the risk of 

demurrage costs and therefore it is interesting to monitor the demurrage costs rate. If the demurrage costs 

rate increases in the future and given that the COA freight price and TC costs are equal, a TC becomes more 

interesting. 

 Increase the average cargo sizes for benzene to enlarge the benzene margins 

In Chapter 6, we showed that increasing the average cargo sizes results in higher margins. Benzene is a 

commodity and is not sold against any quantity discount. However, the transport costs decrease as the cargo 

size increases. Even though the transport costs are approximately one percent of the net turnover, we 

recommend to load in larger cargo sizes. 

 Reduce the variability of the arrivals of barges at the port of Stein 

Variability at the port of Stein leads to congestion and longer expected waiting times. Therefore, we should 

aim to reduce the variability at the port to reduce the expected demurrage costs. This study shows that the 

arrival process of the barges are the main cause for jetty congestion. If we are able to better forecast and 

plan the arrival of barges, we can reduce the demurrage costs that are incurred at the port of Stein. A 

planning tool that forecasts and supports the planning to prevent congestion might be useful. 

 Increase loading flexibility at the jetties in Stein  

During periods of high congestion, SABIC should try to increase the loading flexibility at the jetties. For 

example during a turn-around, in which the production of a set of products is reduced and the production 

of other product is increased, we observe more traffic at one of the two jetties. In spring 2017 during a turn-

around, the production of benzene was temporary reduced, but the production of raw pygas was strongly 

increased. This resulted in a lower utilization of jetty one, but a significant increased utilization at jetty two.  

According to actual data, we observed an average waiting time of eleven hours. By increasing the flexibility 

of loading, i.e. load products at another jetty that is fixed allocated, we can manage to keep the waiting times 

in control and smoothen the congestion with as result lower demurrage costs.  
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7.3 Scientific contribution  

To explain the scientific contribution of this study we recall the defined research questions defined in 

Chapter 1.  

1. What is the best proactive strategy for SABIC to minimize their supply chain costs under SABIC’s 

sustainability policy on the degassing of benzene via inland waterways?  

The problem discussed in this study is a unique topic in the sustainable supply chain literature. In Chapter 

1 we identified the research gap describing emissions of VOC’s. We have analyzed the degassing of VOC’s to 

the atmosphere in a logistic network and evaluated proactive strategies to comply with environmental 

constraints. A framework based on four key success factors assessed the proactive strategies.  Dedicated 

and compatible transport is extensively discussed, which can also be applied for transport by truck.  The 

need for cleaning after transporting chemicals or HAZMAT, in which VOC’s are emitted is also observed for 

trucks.  Cleaning stations for trucks are more convenient, since they are not location bounded (i.e. next to a 

waterway or canal) and the volume of the tanks are significantly smaller. Furthermore, we discussed an 

application of a Liquid-Gas extraction, which is for example also applied at a producer of high-quality paper 

to purify residual gases. In the future, we expect the adoption of more similar degassing bans for other 

VOC’s. The analysis of a variety of proactive strategies that purify residual vapors of VOC’s contributes to 

the literature.  

2. What methodology can be used or developed to effectively measure the impact of emissions in a 

non-restricted scenario for SABIC’s European Supply Chain? 

The developed methodology to measure benzene emissions in the tanks of barges, due to cargo residues 

can be applied for all chemical producers shipping benzene. Other chemical companies in the Netherlands 

have to comply with the same legislation. From interview within the chemical field, measuring the VOC’s 

after discharging has not been a topic of interest during the years. Therefore, this methodology contributes 

to development of measuring VOC emissions.  

3. How can we develop a model that will measure the performance of the proactive strategy of 

SABIC, in terms of costs and emissions?  

The analysis of contracting logistics or the operational leasing in barge transport contributes to outsourcing 

literature. Understanding the income structure of an LSP and subsequently use it for contracting activities 

provides the negotiator to have a certain bargaining power. The model measures the financial performance 

of an operational leased barge, which makes roundtrips from and to customers. The stochastic roundtrip 

time of a barge undergoing four stages is simulated, which enriches the transport times of the barge 

industry with a case study.  

4. How can SABIC influence other external stakeholders (competitors, barge operators and 

degassers, governmental institutes) to maximize the effect (emissions down, costs down) of the 

strategy? 

The proposed proactive solutions, involving other chemical producers, barge operators and governmental 

institutes, are evaluated in Chapter 2. We concluded that these solutions have a high potential for in the 

future, but the implementation entails more complications. To influence other stakeholders in the supply 

chain is difficult, due to required investment capital and updated policies. Governmental institutions aim to 

solve the degassing problem internationally by means of the updated CDNI and suggest implementing 
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proposed solutions, which are dedicated or compatible transport or using a degassing facility. Hence, the 

advice is to closely monitor the developments in the legislation led by governmental institutions and create 

awareness in the industry to cooperate on sustainable solutions in order to maximize the effect, emissions 

and costs down. 

7.4 Future research  

This study shows that dedicated and compatible transport is the most cost-effective proactive strategy to 

comply with the degassing legislation of benzene. Other solutions or proactive strategies that require 

investments and more research and development, are an interesting topic for future research. More 

specifically, an offshore solution, in which we can wash the tanks with air and inject it in the engine are 

highly innovative and can force a breakthrough in the barge market. Furthermore, solutions that allow the 

purification of multiple VOC’s can extend the literature.       

 An extension to our methodology to measure the benzene emissions can be an interesting research 

direction. More accurate results with the support of scientific tests are desirable, as well as measuring the 

amount of saturated air which can improve the accuracy of our developed methodology. For measuring 

carbon dioxide emissions in the barge industry, we require carbon emission factors denoting sailing in 

laden and ballast condition, as also upstream and downstream the river.     

 In this study, we did not consider risk in specific. Future research can identify the risk of different 

proactive strategies, taken into account the high safety norms that we have to respect. For the chemical 

industry in general, we need more research to identify the risks to ensure the safety of the population, which 

should be taken more seriously. Too often, we hear of terrible incidents caused by chemical companies that 

could have been prevented. To conclude with a quote of Einstein: “Learn from yesterday, live for today, hope 

for tomorrow. The important thing is not to stop questioning”. 
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Appendices 
Appendix A: Excerpt of Updated CDNI (2017) 

We often refer to the forthcoming updated CDNI. However, this is still a draft and not published yet. 

Therefore, we enclose an excerpt of the updated CDNI, provided by Erwin Tijssen, BLN Schuttevaer. 

VERDRAG INZAKE DE VERZAMELING, 

AFGIFTE EN INNAME VAN AFVAL 

IN DE RIJN- EN BINNENVAART 

 

CPC (17) 8 rev. 1 

CDNI/G (17) 17 

22 mei 2017 

Or. de  fr/de/nl 

 

 

CONFERENTIE VAN VERDRAGSLUITENDE PARTIJEN 

 WERKGROEP CDNI 

 

 

CDNI – bepalingen inzake de behandeling van gasvormige restanten van vloeibare lading 

(dampen) 

– ONTWERPBESLUIT – 

 

 

Mededeling van het secretariaat 

 

Het secretariaat doet de CVP bijgaand de ontwerptekst ter wijziging van het CDNI-verdrag toekomen 

waarin rekening wordt gehouden met de behandeling van gasvormige restanten van vloeibare lading. 

Deze versie houdt rekening met de resultaten van het overleg over de ontwerptekst in de werkgroep 

CDNI/G tijdens de laatste bijeenkomst in april 2017.  

 

In het onderhavige ontwerpbesluit werden de wijzigingen als volgt zichtbaar gemaakt: 

a) gedeelten die geschrapt moeten worden, zijn doorgehaald; 

b) gedeelten die toegevoegd moeten worden, zijn onderstreept. 

 

VERPLICHTINGEN EN RECHTEN VAN DE BETROKKENEN 
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Artikel 11 

Algemene zorgplicht  

 

De schipper, de overige bemanning en andere personen aan boord, de verlader, de vervoerder, de 
ladingontvanger, de exploitanten van overslaginstallaties, alsmede de exploitanten van 
ontvangstinrichtingen moeten de door de omstandigheden vereiste zorgvuldigheid betrachten om 
verontreiniging van de vaarwegen en de atmosfeer te voorkomen, de hoeveelheid scheepsafval zo gering 
mogelijk te houden en vermenging van verschillende afvalsoorten zo veel mogelijk te voorkomen. 

 

Artikel 12 

Verplichtingen en rechten van de schipper 

[…] 

(2) De schipper dient de in de Uitvoeringsregeling opgenomen verplichtingen na te komen. Hij dient in het 
bijzonder, behoudens de in de Uitvoeringsregeling opgenomen uitzonderingen, het verbod om vanaf het 
schip scheepsafval en delen van de lading in de vaarweg te brengen dan wel te lozen of deze in de 
atmosfeer uit te stoten, in acht te nemen. 

[…] 

 

Artikel 13 

Verplichtingen van de vervoerder, de verlader en de ladingontvanger  

alsmede van de exploitanten van overslaginstallaties en ontvangstinrichtingen 

 

De vervoerder, de verlader, de ladingontvanger, alsmede de exploitanten van overslaginstallaties en 
ontvangstinrichtingen dienen ieder hun verplichtingen overeenkomstig de Uitvoeringsregeling na te 
komen. Zij kunnen voor de naleving van hun verplichtingen een beroep op een derde doen. 

 

Artikel 7.041 

Oplevering van het schip 

 […] 

(2) In geval van: 
 

                                                
1 In de versie overeenkomstig Besluit 2016-I-5. 
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a) droge lading is de ladingontvanger verplicht voor een wasschoon laadruim te zorgen, indien het 
schip goederen heeft vervoerd waarvan de ladingrestanten overeenkomstig de losstandaarden en 
afgifte- en innamevoorschriften van Aanhangsel III niet met het waswater in het water geloosd 
mogen worden; 

 

b) vloeibare lading is de verlader verplicht voor een  
aa)  wasschone ladingtank te zorgen, indien het schip goederen heeft vervoerd waarvan de 

ladingrestanten overeenkomstig de losstandaarden en afgifte- en innamevoorschriften van 
Aanhangsel III niet met het waswater in het water geloosd mogen worden, 

bb) ontgaste ladingtank te zorgen, indien het schip goederen heeft vervoerd waarvan de dampen 
overeenkomstig de ontgassingsstandaarden en afgifte- en innamevoorschriften van 
Aanhangsel IIIa niet in de atmosfeer geventileerd mogen worden.  

Voorts moeten de verantwoordelijke personen krachtens de eerste zin voor een wasschoon laadruim 

respectievelijk een wasschone en/of ontgaste ladingtank zorgen wanneer dit laadruim of deze 

ladingtank krachtens een overeenkomst vóór de belading overeenkomstig artikel 7.02, tweede lid, 

gewassen of ontgast was. 

(3) Voor de toepassing van het eerste en tweede lid gelden de volgende uitzonderingen: 

 

a) Het eerste en tweede lid zijn niet van toepassing op laadruimen en ladingtanks van schepen die 
eenheidstransporten uitvoeren voor zover bij een volgende belading de dampen overeenkomstig 
Aanghangsel IIIa door de overslaginstallatie worden opgevangen en niet in de atmosfeer 
terechtkomen. De vervoerder dient dit schriftelijk te kunnen aantonen.  

b) Het tweede lid is niet van toepassing op laadruimen en ladingtanks van schepen die verenigbare 
transporten uitvoeren voor zover bij een volgende belading de dampen overeenkomstig 
Aanghangsel IIIa door de overslaginstallatie worden opgevangen en niet in de atmosfeer 
terechtkomen. De vervoerder dient dit schriftelijk te kunnen aantonen. In dit geval moet in de 
losverklaring het vakje 6 b) worden aangekruist. Het bewijs dient tot en met het lossen van de 
verenigbare vervolglading aan boord aanwezig te zijn. 

c) Indien op het ogenblik van het lossen de vervolglading niet bekend is, maar verwacht wordt dat 
die verenigbaar zal zijn, kan de toepassing van het tweede lid worden uitgesteld. De verlader (bij 
vloeibare lading) of de ladingontvanger (bij droge lading) dient ten voorlopige titel een 
ontvangstinrichting voor waswater of voor het ontgassen aan te wijzen, die in de losverklaring 
aangegeven dient te worden. Bovendien moet in de losverklaring het vakje 6 c) worden 
aangekruist. De vermelding van de hoeveelheid onder nummer 9 vervalt. 

Indien aantoonbaar vaststaat, alvorens de in de losverklaring aangegeven ontvangstinstallatie 
wordt aangelopen door de vervoerder, dat de vervolglading verenigbaar is, moet dit in de 
losverklaring in vak 13 worden vermeld. In dit geval hoeft niet gewassen of ontgast te worden. In 
alle andere gevallen zijn de bepalingen voor het wassen of ontgassen onverkort van toepassing. 

Het bewijs van de verenigbare vervolglading dient tot en met het lossen van de verenigbare 
vervolglading aan boord aanwezig te zijn. 
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Appendix B: Trend in high-low water of canals  

This is an excerpt from a study of Sam van Calster, investigating the trend in high-low water of canal. Based 

on several interviews with experts concerning transport on water, the water level was indicated to be a 

potential pitfall for increasing any transport over water. With current possible climate changes (if you wish 

to believe the theory) water levels can have a tendency to change. The river Rijn is highly susceptible to 

water level changes as its water supply is mainly melt water. This can cause huge variation in water levels 

based on weather conditions and both for too high as well as too low water levels, ships are not allowed to 

sail.               

 As a conclusion, no trend can be identified for the water levels. This will be a fact one has to take 

into account when shipping transport increases, but given the variability of the subject, no true trend can 

be discovered. It can be concluded that this will not form a problem for the future.   

 Obviously it is very difficult to investigate or find a trend. With tremendous help from Fred Frenken, 

finally some average water levels for the region around Duisburg were found. To make things more 

complicated, the water levels are measured on a different reference point, making it necessary to correct 

for maximal allowed ship depth-levels. Next graph depicts the percentage of days the water level was higher 

than 3m in the Duisburg region in the river Rijn. 

 

 Figure xxx; Maximal depth levels as a percentage of days the water level was higher than 3m 

  

The blue graph is the absolute percentage of days the water level is larger than 3m using the reference point 

of the Rijn. The adjusted percentage used a formula to convert the absolute percentage for the reference 

point used for the Juliana canal. Based on the latter percentage, no trend or problem can be identified in the 

water levels.            

 It has to be noted that this finding is only considering one point. Basing the possibility and reliability 

of water shipments purely on this one analysis would be unwise. However, it is a good indicator, as the 

geographical location of Duisburg is one of the regions most susceptible to water level variations, possibly 

causing interruptions in shipping transport. 
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Appendix C: The Vapor Recovery Unit  

At the port of Stein, SABIC has connected jetty one and two with a Vapor Recovery Unit (VRU). As have been 

discussed in Section 2.2, this system is able to purify residual benzene vapors.    

 The process of the VRU starts with receiving residual vapors and wash the residual vapors with 

kerosene of -30 degrees Celsius, see Figure C. The low temperature of kerosene is used to stimulate the 

absorption of the benzene molecules in the mixture. Secondly, the mixture is sent to a distillation column 

where it is heated to approximately 60 degrees Celsius with as result that the kerosene and the residual 

benzene are stored separately. The tank with kerosene is located in a closed-system, as it can be reused 

each time. The extracted benzene is stored in a different tank, referred to as benzene disposal in Figure C. 

The performance of the benzene absorption at the VRU is closely monitored over the years. According to 

test results, the VRU absorbs 99,7% of the benzene vapors that were sent to the VRU. In terms of 

sustainability, this is an excellent performance. However, note that heating and cooling multiple tanks is a 

very energy consuming process.         

 The potential benefit of the VRU can be utilized in a dedicated or compatible Time Charter scenario. 

When a barge returns in Stein with residual vapors of raw pygas, it cannot be loaded with benzene as next 

cargo, due to the restrictions of the compatibility matrix (Table 2.1). The VRU can overcome this, by 

purifying the tanks of residual raw pygas vapors. The VRU filters out the benzene molecules of the residual 

raw pygas vapors and hence, the tanks of the barges are completely clean for loading a new cargo. 

 

 

 

 

 

 

 

 

Figure C: Schematic representation of Vapor Recovery Unit at the port of Stein 
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Appendix D: List of variables 

 

This section lists all variable used in the model and gives a definition. Moreover, we distinguish sets, input 

parameters, random variables, decision variables and variables related to a Time Charter & Contract of 

Affreightment. 

Sets 

𝑖 ∈ 𝐼, 𝑆𝑒𝑡 𝑜𝑓 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟𝑠 

𝑗 ∈ 𝐽, 𝑆𝑒𝑡 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠  

𝑝 ∈ 𝑃\𝐾,      𝑆𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖𝑛 𝑠𝑐𝑜𝑝𝑒 

𝑝 ∈ 𝐾(⊆ P)     𝑆𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑢𝑡 𝑜𝑓 𝑠𝑐𝑜𝑝𝑒 

Input parameters: 

𝑏 = 𝑇ℎ𝑒 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑏𝑢𝑛𝑘𝑒𝑟𝑠 [
€

𝑙𝑖𝑡𝑒𝑟
] 

𝑟𝑥 = 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑏𝑢𝑛𝑘𝑒𝑟𝑠 [
𝑙𝑖𝑡𝑒𝑟

ℎ𝑟
] 𝑎𝑡 𝑠𝑡𝑎𝑔𝑒 𝑥  

𝑌𝑡𝑜𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

𝐷𝑟 = 𝐷𝑒𝑚𝑢𝑟𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 𝑟𝑎𝑡𝑒 [
€

ℎ𝑟
] 

𝐷𝑗
𝑝

= 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑦𝑒𝑎𝑟𝑙𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗  

Random variables: 

𝑡0 = 𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑟𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 𝑜𝑟 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑙𝑦 𝑜𝑟𝑖𝑔𝑖𝑛 0  

𝑡0𝑗 = 𝑆𝑎𝑖𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛 0 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗       

𝑡𝑗 = 𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑟𝑡 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗  

𝑡𝑗0 = 𝑆𝑎𝑖𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑓𝑟𝑜𝑚 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 𝑏𝑎𝑐𝑘 𝑡𝑜 𝑜𝑟𝑖𝑔𝑖𝑛 0 

𝑡𝐽
𝑡𝑜𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑟𝑜𝑢𝑛𝑑𝑡𝑟𝑖𝑝 𝑡𝑖𝑚𝑒 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 

 

Decision variable: 

𝑥0𝑗
𝑝

= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑜𝑢𝑛𝑑𝑡𝑟𝑖𝑝 𝑤𝑖𝑡ℎ 𝑇𝐶 𝑓𝑟𝑜𝑚 𝑜𝑟𝑖𝑔𝑖𝑛 0 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗  

 

Variables related to Time Charter: 

𝑇𝐶 = 𝑀𝑜𝑛𝑡ℎ𝑙𝑦 𝑓𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡𝑠 𝑓𝑜𝑟 𝑎 𝑇𝑖𝑚𝑒 𝑐ℎ𝑎𝑟𝑡𝑒𝑟 [𝑖𝑛 €]      
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 𝑇𝐶𝑟 = 𝑇𝑖𝑚𝑒 𝑐ℎ𝑎𝑟𝑡𝑒𝑟 𝑐𝑜𝑠𝑡 𝑟𝑎𝑡𝑒 [
€

ℎ𝑟
] 

�̂�𝑗
𝑝

=  𝐹𝑟𝑒𝑖𝑔ℎ𝑡 𝑝𝑟𝑖𝑐𝑒 𝑖𝑛 𝑇𝐶 𝑓𝑜𝑟 𝑠ℎ𝑖𝑝𝑝𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 𝑓𝑟𝑜𝑚 𝑜𝑟𝑖𝑔𝑖𝑛 0 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗                            

�̅�0𝑗
𝑝

=  𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑎𝑟𝑔𝑜 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 𝑏𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 

𝑉0𝑗
𝑝

= 𝐶𝑎𝑟𝑔𝑜 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 𝑏𝑎𝑟𝑔𝑒 𝑓𝑜𝑟 𝑎 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 0 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 

𝑚𝑜𝑗
𝑣 = 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡𝑠 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 𝑤𝑖𝑡ℎ 𝑣𝑜𝑙𝑢𝑚𝑒  𝑉0𝑗

𝑝
  

𝑀0𝑗 = 𝑇𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡𝑠 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 

𝐵𝐽
𝑡𝑜𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑏𝑢𝑛𝑘𝑒𝑟 𝑐𝑜𝑠𝑡𝑠 𝑜𝑓 𝑎 𝑟𝑜𝑢𝑛𝑑𝑡𝑟𝑖𝑝 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 

𝑛𝐽
𝑚𝑎𝑥 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑜𝑢𝑛𝑑𝑡𝑟𝑖𝑝𝑠 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

𝜗𝑗 = 𝐶𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 𝑓𝑜𝑟 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 

Variables related to Contract of Affreightment: 

�̃�𝑗
𝑝

=  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑟𝑒𝑖𝑔ℎ𝑡 𝑝𝑟𝑖𝑐𝑒 𝑖𝑛 𝐶𝑂𝐴 𝑓𝑜𝑟 𝑠ℎ𝑖𝑝𝑝𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗, 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑑𝑒𝑚𝑢𝑟𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 

𝐹𝑗
𝑝

= 𝐹𝑟𝑒𝑖𝑔ℎ𝑡 𝑝𝑟𝑖𝑐𝑒 𝐶𝑂𝐴 𝑓𝑜𝑟 𝑠ℎ𝑖𝑝𝑝𝑖𝑛𝑔  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝  𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗, 𝑒𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑑𝑒𝑚𝑢𝑟𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 

𝑔0𝑗
𝑣 = 𝐹𝑟𝑒𝑖𝑔ℎ𝑡 𝑝𝑟𝑖𝑐𝑒 𝑓𝑜𝑟 𝑎 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 0 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟  𝑗 𝑤𝑖𝑡ℎ 𝑐𝑎𝑟𝑔𝑜 𝑣𝑜𝑙𝑢𝑚𝑒 𝑣 

𝑑𝑗
𝑣 = 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑗 𝑜𝑓 𝑠ℎ𝑖𝑝𝑚𝑒𝑛𝑡𝑠 𝑤𝑖𝑡ℎ 𝑐𝑎𝑟𝑔𝑜 𝑣𝑜𝑙𝑢𝑚𝑒 𝑣 
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Appendix E: Fitting of Distributions of Time spent at the Customer 

In this section, our objective is to find a mathematical function that represents the statistical variable of our 

data. Assume we have a data set with the following observations 𝑥1, 𝑥2, … , 𝑥𝑛. We would like to investigate 

if these observations are originated of a probability density function 𝑓(𝑥, 𝜃), where 𝜃 is a vector of 

parameters to estimate with our available data. In our model the random variable 𝑋 represents the time, 

which differs at any stage. Hence, in total we have to find a distribution that describes the time at SABIC 𝑡0, 

the sailing times to and from each customer 𝑡0𝑗,𝑡𝑗0 and the time at each customer 𝑡𝑗. Note that we merge 

adjacent customers into clusters of customers representing different port areas.   

 For each dataset, which describes the variable time, we start with an exploratory data analysis. This 

entails obtaining the descriptive statistics (e.g. mean standard deviation, coefficient of variation) and 

subsequently make graphical figures, such as histograms or ECDF to hypothesize which distribution will 

have a good fit with our data.          

 The size of our datasets varies strongly (e.g. 53 data points describing the “time in Rotterdam” to 

184 describing the “time at SABIC”). Therefore, we observe that extreme values have a greater impact on 

the shape of the histograms that are based on smaller datasets, than on larger datasets. Only a few outliers 

have been removed, due to extraordinary causes of delay. An extraordinary reason might be an off 

specification order, resulting in additional sampling by a third party or even selling the product at a lower 

price to a different customer.           

 After we chose a pdf model based on our hypothesis concerning the nature of the data, we have to 

estimate the parameters of this pdf. In the statistical literature several methods are described how to 

estimate the pdf. Some commonly used methods are analogic method, maximum likelihood estimation 

(MLE) and method of moments. The MLE starts with an expression that is referred as the likelihood function 

of sample data. The likelihood of a set of data is the probability of obtaining that particular set of data given 

the chosen probability function, containing unknown parameters. The parameters that maximize the 

likelihood are the maximum likelihood estimates, see van Noortwijk (2009).     

 In this analysis we will use the method of moments. In the method of moments a technique for 

constructing estimators of parameters is used, based on the sample moments with the corresponding 

distribution moments. Therefore, we consulted the handout of Vito Ricci “Fitting Distributions with R”. 
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Figure D: Fitting of empirical distributions with a Gamma Distribution with parameters 𝛼 and 𝛽 

 

 

 

 

𝑡𝑗~Γ (α, β)  ∀ 𝑗 ∈ 𝐽 

 

 

To Port Area (𝒋 ∈ 𝑱) Shape parameter 𝜶 Scale parameter 𝜷 

Amsterdam 1.6941 1/25.1733 
Antwerp 4,6755 1/5.9442 

Rotterdam 4,82326 0,2532335 
Terneuzen 6,1898 1/ 2,6689 
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Appendix F: Bootstrapped Tracking Data  

 

Barges that departure at the port of Stein and go to all port areas under scope are manually tracked by using 

Marine Traffic. Due to the limited available data points, we applied a Bootstrapping technique. The sample 

sizes for each region may differ because of a turnaround of the cracker at SABIC, in the period that we 

tracked the barges. This resulted in significantly less benzene shipments and thus we did not frequently 

visit benzene customer areas during that period. 

 

SAILING TIMES           

Antwerp             

            
16,00  16,83 19,38 20,50 20,50 20,50 20,50 20,50 20,50 14,50 16,83 
16,83  16,83 16,83 20,50 16,83 14,50 20,50 16,83 16,83 14,50 16,83 

14,50  16,00 23,25 19,38 14,50 16,83 20,50 20,50 23,25 20,50 20,50 

19,38  19,38 19,38 19,38 14,50 23,25 23,25 20,50 16,83 14,50 19,38 
23,25  16,83 16,00 23,25 16,00 20,50 23,25 14,50 20,50 16,83 14,50 
20,50  16,00 16,00 23,25 23,25 16,00 16,83 19,38 16,00 16,83 20,50 

            
Mean  Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 

18,41  16,98 18,47 21,04 17,60 18,60 20,81 18,70 18,99 16,28 18,09 

            
Mean of the Means 18,56          
Std dev  2,77012          
Samples  10           

 

 

 

 

 

SAILING TIMES           

Ghent             

            
23,32  29,32 23,32 29,32 23,32 29,32 29,32 29,32 28,92 23,32 29,32 

28,92  28,92 28,92 23,32 29,32 23,32 29,32 29,32 23,32 28,92 23,32 

29,32  29,32 28,92 28,92 29,32 29,32 28,92 23,32 28,92 23,32 23,32 

Mean  Mean Mean Mean Mean Mean Mean Mean 28,92 Mean Mean 

27,19  29,19 27,05 27,19 27,32 27,32 29,19 27,32 27,05 25,18 25,32 

            
Mean of the Means 27,21          
Std dev  2,759574          
Samples  10           
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SAILING TIMES           

Rotterdam           

            
25,50  23,87 20,30 25,50 23,87 17,63 17,63 25,50 25,50 19,00 19,00 

18,98  20,30 16,25 19,25 19,00 25,50 17,63 23,87 20,45 19,67 25,50 

23,87  23,87 19,67 17,82 25,50 25,50 19,67 19,25 25,50 17,82 19,00 

16,25  18,98 20,30 19,00 20,30 16,25 17,63 20,30 23,87 18,98 17,82 

19,00  17,82 19,00 19,00 20,30 18,98 19,00 19,25 17,82 20,45 19,25 

17,82  17,82 19,00 20,45 20,30 19,67 17,82 19,25 19,25 19,67 23,87 

17,63  25,50 23,87 20,45 23,87 23,87 18,98 17,63 19,67 17,63 17,63 

20,45  19,25 17,63 17,82 20,30 23,87 25,50 17,63 19,25 17,82 23,87 

19,67  19,67 18,98 20,45 20,30 17,63 18,98 19,67 17,82 17,82 19,67 

19,25  17,63 25,50 23,87 19,00 19,25 19,00 19,25 19,00 20,30 20,30 

20,30  16,25 20,45 16,25 17,82 20,45 19,67 16,25 20,30 19,00 23,87 

Mean  Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 

19,88  20,09 20,09 19,99 20,96 20,78 19,23 19,80 20,77 18,92 20,89 

            
Mean of the Means 20,15          
Std dev  2,597487          
Samples  10           

SAILING TIMES           

Germany              

            
20,75  27,50 27,50 27,50 20,50 24,83 20,50 20,75 27,50 20,50 23,83 
21,43  20,50 20,50 23,83 24,83 23,83 20,75 23,83 20,50 27,50 23,83 
27,50  27,50 27,50 20,50 20,50 23,83 20,75 20,50 23,83 20,75 24,83 
23,83  24,83 23,83 23,83 20,50 24,83 23,83 24,83 23,83 20,75 20,50 
24,83  23,83 23,83 24,83 23,83 24,83 20,75 20,50 20,50 20,75 20,50 

Mean  Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 
23,67  24,83 24,63 24,10 22,03 24,43 21,32 22,08 23,23 22,05 22,70 

            
Mean of the Means 23,14          
Std dev  2,450694          
Samples  10           



66 
 

 

 

SAILING TIMES           
Amsterdam           

            
20,75  23,50 24,83 23,83 27,50 27,50 24,83 23,83 23,83 23,50 27,50 
23,50  23,50 23,83 20,75 27,50 27,50 24,83 24,83 27,50 23,83 23,83 
27,50  27,50 27,50 20,75 23,83 23,50 23,50 27,50 20,75 24,83 23,83 
23,83  23,83 27,50 23,50 20,75 23,83 27,50 27,50 23,50 27,50 24,83 
24,83  24,83 20,75 23,83 23,50 27,50 27,50 23,50 23,83 27,50 27,50 

Mean  Mean Mean Mean Mean 24,83 Mean Mean Mean Mean Mean 
24,08  24,63 24,88 22,53 24,62 25,97 25,63 25,43 23,88 25,43 25,50 

            
Mean of the Means 24,85          
Std dev  2,155181          
Samples  10           

 Ams Ant Rot Ger Ter Gnt 

The Blue Road Map [hrs] 22,13 15,58 19,88 28,00 20,43 21,817 

Number of locks 8 6 6 6 9 9 

Tracking Data Marine Traffic [hrs] 24,58 18,56 20,15 23,14 24,13 27,21 

Aggregated mean time 23,49 17,07 20,02 25,57 22,28 24,51 

 

SAILING TIMES           

Terneuzen           

            
29,00  20,00 24,00 18,75 18,33 24,75 24,75 24,00 24,00 18,33 26,33 
29,25  26,83 18,33 24,75 18,33 26,83 20,08 20,08 29,00 24,53 24,53 
18,75  29,25 24,75 24,75 24,00 18,75 24,75 24,00 24,75 24,75 26,33 

24,75  26,33 20,08 24,75 20,08 18,75 26,83 24,00 24,00 29,00 24,53 
26,83  24,75 18,33 24,00 20,08 24,75 20,00 26,83 24,75 20,00 29,25 

30,21  26,83 18,33 18,33 24,75 24,00 20,08 20,08 29,25 24,53 26,83 
20,08  20,08 20,00 24,75 20,08 30,21 26,83 20,08 24,75 26,33 18,33 

24,00  18,33 29,25 24,53 24,00 24,53 29,00 20,08 20,08 30,21 30,21 

20,00  24,75 18,33 30,21 26,83 30,21 20,00 24,53 20,00 24,53 26,83 
24,53  26,33 24,00 24,53 24,53 24,00 20,08 30,21 30,21 24,00 24,75 

18,33  24,00 20,00 26,83 29,25 26,83 26,83 18,75 24,00 24,75 24,75 

26,33  18,75 29,25 18,75 26,83 26,83 30,21 29,00 26,33 29,00 26,83 

Mean  Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 
24,34  23,85 22,06 23,75 23,09 25,04 24,12 23,47 25,09 25,00 25,79 

            
 
Mean of the Means 24,13          
Std dev  3,607356          
Samples  10           
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Appendix G: Input parameters and statistics for simulation in Enterprise Dynamics 

To parameterize the simulation model for each customer cluster  j ∈ J we provide an overview of the used 

parameters.  For the sailing times, we assumed a Triangular Distribution which is a continuous probability 

distribution function with parameters 𝑎, 𝑏, and 𝑐 with the condition that 𝒂 ≤ 𝒄 ≤ 𝒃.  The extreme values 𝑎 

and 𝑏 are found by taking the extreme values of the tracking data. The mode 𝑐 denotes the aggregated sailing 

time, which is the mean of the expected sailing time of Marine Traffic and the sailing time indication of The 

Blue Road Map. Note that all values of the sailing time parameters are integers because the Triangular 

Distribution built-in function in Enterprise Dynamics does not allow real numbers. For the time spent at the 

customer, we applied a Gamma Distribution given the statistics the mean and standard deviation. Let 𝑛𝑗 

denote the sample size of that dataset. In the last column, the expected roundtrip time is depicted for each 

customer. This expected roundtrip is generated as an output of 1000 iteration in a simulation model in 

Enterprise Dynamics (see Appendix G) 

 
 

Customer cluster 𝒋 ∈ 𝑱 
 

 
Parameters 

Sailing times 
𝒂 ≤ 𝒄 ≤ 𝒃 

 
𝒕𝟎𝒋 = 𝒕𝒋𝟎 

 
Parameters 

time spent at 
customer 

 
𝒕𝒋 

 
Expected roundtrip time 

by simulation 
 

𝑬[𝒕𝒋
𝒕𝒐𝒕] 

 
 

Amsterdam 
 
 

 
𝑎𝐴𝑚𝑠 = 21 

 
𝑏𝐴𝑚𝑠 = 28 

 
𝑐𝐴𝑚𝑠 = 𝜇0𝑗 = 𝜇𝑗0 = 24 

 

 
𝜇𝐴𝑚𝑠 = 50,12 

 
𝜎𝐴𝑚𝑠 = 47,85 

 
𝑛𝐴𝑚𝑠= 115 

 
 

𝐸[𝑡𝐴𝑚𝑠
𝑡𝑜𝑡 ] =121,181 

 
 

 
Antwerp 

 
𝑎𝐴𝑛𝑡 = 15 

 
𝑏𝐴𝑛𝑡 = 23 

 
𝑐𝐴𝑛𝑡 = 𝜇0𝑗 = 𝜇𝑗0 = 17 

 

 
𝜇𝐴𝑛𝑡 = 27,78 

 
𝜎𝐴𝑛𝑡 = 13,99  

 
𝑛𝐴𝑛𝑡 = 65 

 
 
 

𝐸[𝑡𝐴𝑚𝑠
𝑡𝑜𝑡 ] =79,326 

 
 
 

Germany 
 

𝑎𝐺𝑒𝑟 = 21 
 

𝑏𝐺𝑒𝑟 = 28 
 

𝑐𝐺𝑒𝑟 = 𝜇0𝑗 = 𝜇𝑗0 = 25 

 

𝜇𝐺𝑒𝑟 = 19,19 
 

𝜎𝐺𝑒𝑟 = 7,97  
 

𝑛𝐺𝑒𝑟 = 42 

 
 

𝐸[𝑡𝐺𝑒𝑟
𝑡𝑜𝑡 ] = 85,136 

 
 

Ghent 𝑎𝐺𝑛𝑡 = 22 
 

𝑏𝐺𝑛𝑡 = 29 
 

𝑐𝐺𝑛𝑡 = 𝜇0𝑗 = 𝜇𝑗0 = 25 

 

𝜇𝐺𝑛𝑡 = 25,82 
 

𝜎𝐺𝑛𝑡 = 16,86  
 

𝑛𝐺𝑛𝑡 = 21 

 
 

𝐸[𝑡𝐺𝑛𝑡
𝑡𝑜𝑡 ] =93,686 

 
 
 
 

Terneuzen 𝑎𝑇𝑒𝑟 = 18 
 

𝑏𝑇𝑒𝑟 = 30 
 

𝑐𝑇𝑒𝑟 = 𝜇0𝑗 = 𝜇𝑗0 = 23 

 

𝜇𝑇𝑒𝑟 = 22,80 
 

𝜎𝑇𝑒𝑟 = 13,36  
 

𝑛𝑇𝑒𝑟 = 49 

 
 

𝐸[𝑡𝑇𝑒𝑟
𝑡𝑜𝑡 ] = 87,758 

 

Rotterdam 𝑎𝑅𝑜𝑡 = 16 
 

𝑏𝑅𝑜𝑡 = 26 
 

𝑐𝑅𝑜𝑡 = 𝜇0𝑗 = 𝜇𝑗0 = 20 

𝜇𝑅𝑜𝑡 = 20,77 
 

𝜎𝑅𝑜𝑡 = 12,49  
 

𝑛𝑅𝑜𝑡 = 53 

 
 

𝐸[𝑡𝑅𝑜𝑡
𝑡𝑜𝑡 ] =76,074 
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Appendix H: Output Simulation of Roundtrip Times 

The roundtrip times for each customer 𝑗 are simulated in Enterprise Dynamics. Enterprise Dynamics is an 

object-oriented software program for modelling, simulation, visualization and control of dynamic 

processes. Enterprise Dynamics has a functionality to connect with Excel and write output to an excel file. 

This appendix is a written output of Enterprise Dynamics simulations. 

 

Iteration Antwerp Amsterdam Germany Ghent Terneuzen Rotterdam 

1 79,2885745 116,4899523 79,6134788 79,7509976 79,8242612 70,0058693 

2 86,9381115 144,6910175 84,2640415 84,9560239 78,1042686 65,84211255 

3 65,7882469 107,4131626 92,1420636 78,9836322 83,2256533 65,30973794 

4 83,0965799 134,6513157 78,5452494 87,357275 73,2353379 75,11184093 

5 71,2976298 102,3218187 78,4190916 86,6074795 97,4316245 74,92424941 

6 63,3466462 136,5818597 82,4223575 86,7981948 96,1595028 77,06934086 

7 68,7777253 123,2095567 85,7506064 75,5440596 84,9997447 90,08111692 

8 75,5336259 111,6091653 77,6698455 90,7828637 80,0154202 81,77569812 

9 80,5691813 100,8612903 100,308333 100,273276 85,1530562 68,26766655 

10 83,427278 105,0628876 86,8531475 88,6890289 74,8330557 69,63788081 

11 67,9805562 103,1751049 76,1237667 90,4957889 75,4811556 66,39840981 

12 93,5609865 139,3049846 77,9865561 93,1446676 94,9219592 72,26403395 

13 71,5196342 116,7459308 82,1206222 83,8940406 78,7690218 66,81585704 

14 98,6057151 108,9094704 102,790189 88,8635474 85,5311614 77,48849517 

15 99,7450001 99,81826699 124,096022 80,469985 94,0695534 96,9805082 

16 62,4554803 94,22786847 86,8775037 92,6511556 76,1622729 106,1879076 

17 82,0529682 106,915338 76,1964232 100,293419 87,801662 105,0787733 

18 75,892909 105,661706 79,9104575 125,261737 81,9899484 106,6822285 

19 77,0409974 127,1797028 72,7144559 142,875478 81,2422279 97,28229981 

20 61,0336187 132,6102169 87,3827015 84,690963 71,8984534 92,86088278 

21 74,6944118 170,9385615 99,3441125 104,765588 76,7117793 106,7465931 

22 81,7550581 113,927008 80,043302 88,8530169 75,4206744 69,94869026 

23 79,8228934 94,46969495 82,7029427 101,817492 66,6320425 66,77758746 

24 75,4218259 115,261717 80,1987455 81,4589686 79,8502305 93,40731125 

25 103,549819 112,5914956 101,332247 99,3646685 88,2991165 73,94681529 

26 63,7970106 107,2953488 125,955347 107,767253 85,546793 82,68791131 

27 73,3162679 109,6351669 89,7596227 101,479837 104,022845 67,89231702 

28 75,6583983 111,1009543 71,3428777 87,3340824 123,546552 78,03650356 

29 77,547739 103,9183015 82,1882704 88,035158 78,553067 64,29988618 

30 78,3804145 99,55645309 101,712582 84,907924 79,1370515 63,78135924 

… … … … … … … 

1000 74,7167947 119,0381294 82,6649737 84,9473022 77,7231826 76,69202736 
 

 

Appendix I: Script Excel VBA Knapsack Allocation 
Private Sub CommandButton1_Click() 
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Dim limit As Double, time As Double, value As Double, totalTime As Double, profit As Double 

Dim i, j, k, l, m, o, p, q, r, s As Integer 

'// declare all variables 

'// Knapsack allocation stage 1 

limit = Range("B26").value 

profit = 0 

For i = 0 To 63 

    For j = 0 To 64 

        For k = 0 To 42 

            For l = 0 To 31 

                For m = 0 To 70 

                    For n = 0 To 48 

                        For o = 0 To 14 

                            For p = 0 To 6 

                                For q = 0 To 10 

                                    For r = 0 To 14 

                                        For s = 0 To 3 

 time = ttot_Ant_benz * i + ttot_Ger_benz * j + ttot_Rot_benz * k + ttot_Ter_benz * l + ttot_Ams_txcut * m + 
ttot_Ant_txcut * n + ttot_Gnt_txcut * o + ttot_Ams_rawpygas * p + ttot_Ant_rawpygas * q + ttot_Rot_rawpygas * r + 
ttot_Ter_rawpygas * s 

value = (Fp_AntCOA_benz - Fp_AntTC_benz) * avgvolume_Ant_benz * i + (Fp_GerCOA_benz - Fp_GerTC_benz) * 
avgvolume_Ger_benz * j + (Fp_RotCOA_benz - Fp_RotTC_benz) * avgvolume_Rot_benz * k + (Fp_TerCOA_benz - 
Fp_TerTC_benz) * avgvolume_Ter_benz * l + (Fp_AmsCOA_txcut - Fp_AmsTC_txcut) * avgvolume_Ams_txcut * m + 
(Fp_AntCOA_txcut - Fp_AntTC_txcut) * avgvolume_Ant_txcut * n + (Fp_GntCOA_txcut - Fp_GntTC_txcut) * 
avgvolume_Gnt_txcut * o + (Fp_AmsCOA_rawpygas - Fp_AmsTC_rawpygas) * avgvolume_Ams_rawpygas * p + 
(Fp_AntCOA_rawpygas - Fp_AntTC_rawpygas) * avgvolume_Ant_rawpygas * q + (Fp_RotCOA_rawpygas - 
Fp_RotTC_rawpygas) - avgvolume_Rot_rawpygas * r + (Fp_TerCOA_rawpygas - Fp_TerTC_rawpygas) * 
avgvolume_Ter_rawpygas * s 

                                       If value > profit And time <= limit Then 

                                        Range("O5").value = i 

                                        Range("O6").value = j 

                                        Range("O8").value = k 

                                        Range("O9").value = l 

                                        Range("O11").value = m 

                                        Range("O12").value = n 

                                        Range("O14").value = o 

                                        Range("O18").value = p 

                                        Range("O19").value = q 

                                        Range("O22").value = r 
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                                        Range("O23").value = s 

                                        totalTime = time 

                                        profit = value 

                                        End If 

                                        Next s 

                                    Next r 

                                Next q 

                            Next p 

                        Next o 

                    Next n 

                Next m 

            Next l 

        Next k 

    Next j 

Next i 

End Sub 
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Appendix J: Output Knapsack Algorithm Benzene trip allocation  

 

 

 
Benzene trip allocation 

[in # of trips/ year 

 
 

Antwerp 

 
 

 Rotterdam 

 
 

Germany 

 
 

Terneuzen 

 
Total trips 

per year 
 

 
Expected total 

Recovered 
costs 

 
100% utilization 

 
63 

 
17 

 
0 

 
28 

 

 
108 

 
€   1.191.893,82  

 

 
90% utilization 

 
63 

 
3 

 
0 

 
31 

 
97 

 
€   1.076.437,12  
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Appendix K: Demurrage costs rate = TC costs rate  

 

This figure shows the profitability of a single TC trip, when  𝐷𝑟 = 𝑇𝐶𝑟 .We observe that the profitability of 

certain trips has been decreased, because these trips depend on high demurrage costs. 

 

 

 

 

 

 

 

 

 

 


