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ABSTRACT: 

The offshore logistics is a crucial point of interest in the E&P industry as it can influence not only the 

global operational costs, but also impact failures and transportation delays. Petrobras counts with 

several offshore units in the Santos Basin, attended by a large fleet of PSV responsible for the 

transportation of deck and liquid cargo. As it is observed an unpredictability of the weather conditions 

in offshore logistics, the fleet sizing definition problem becomes highly stochastic, which can be better 

solved with discrete event simulation. 

The case study includes one terminal port, 16 production units and a homogeneous fleet of PSV to 

test the fleet size and define a delivery schedule. Key performance indicators (KPI) are used to 

evaluate the efficiency of the different scenarios. Cost figures are also assessed, such as variable 

costs and fixed costs and the total offshore logistics cost per square meter of deck cargo transported. 

Three scenarios were defined to observe the performance characteristics of three classes of PSV. The 

evaluation of the scenarios’ behaviours was performed by the investigation of the KPI and cost figures, 

essential to comprehend the logistics responses according to the number of vessels in the simulation 

model. By comparing the sub scenarios for the three classes of PSV, the best sub scenario result was 

defined (Scenario 3 – PSV4500, 4-unit’s fleet). This fleet composition returned the lowest cost figures 

(considering the required slack time for a robust schedule resolution). 

 

Keywords: 

Offshore cargo logistics, Simulation of logistics operation, Logistics, Offshore supply vessel, Platform 

Supply Vessel, Brazilian Coast Offshore Logistics. 
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RESUMO: 

A logística offshore é um ponto crucial de interesse na indústria de E&P, pois pode influenciar não 

apenas os custos operacionais globais, mas também impactar em falhas e atrasos do transporte. A 

Petrobras conta com várias unidades offshore na Bacia de Santos, assistidos por uma grande frota de 

PSV, responsáveis pelo transporte de carga líquida e de convés. Como se observa uma 

imprevisibilidade das condições climáticas na logística offshore, o problema de definição de 

dimensionamento de frotas torna-se altamente estocástico, o que pode ser melhor resolvido pelo uso 

de simulação de eventos discretos como metodologia. 

O estudo de caso inclui um porto, 16 plataformas e uma frota homogênea de PSV para testar o 

tamanho da frota e definir um cronograma de entrega. Indicadores de desempenho (KPI) são usados 

para avaliar a eficiência dos diferentes cenários. Os custos também são avaliados, como os variáveis 

e fixos e o custo total por metro quadrado de carga de convés transportada. 

Três cenários foram definidos para observar as características de desempenho de três classes de 

PSV. A avaliação dos comportamentos dos cenários foi realizada pela investigação dos valores de 

KPI e custos, essenciais para compreender as respostas logísticas de acordo com o número de 

embarcações na simulação. Ao comparar os subcenários para as três classes de PSV, o melhor 

resultado dos subcenários foi definido (Cenário 3 - PSV4500, frota de 4 unidades). Esta composição 

de frota retornou os menores valores de custo (considerando o tempo de pausa exigido para uma 

resolução de cronograma robusta). 

 

Palavras-chave: 

Logística de Carga Offshore, Simulação de operações logísticas, Logística, Embarcações de Apoio 

Offshore, Embarcações de suprimento de plataformas, Logística Offshore na Costa Brasileira.  
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1 INTRODUCTION 

1.1 Background and Motivation 

Although efforts are being made to change the world’s dependence on the non-renewable energies, 

the fossil fuels are still the main source of energy in the planet. Furthermore, this dependence will 

endure, as can be observed in Figure 1, projection from the United States Energy Information 

Administration, U.S. EIA (Org.) (2017a), for at least more 20 years. The graph shows an increase of 

the energy requirements for 2040, which is a growth of about 28% of the world’s requirements from 

2015. Economies such as China and India will be responsible for half of this increase in consumption, 

as their economic growths will demand for energy. The demand for petroleum and other liquids and 

natural gas in 2015 and in the projection of 2040 represents approximately 55% of the world’s energy 

consumption, according to EIA. 

 

Figure 1 – World energy consumption by energy source (U.S. EIA (Org.) (2017a)). 

Brazil is the ninth-largest global producer of petroleum and other liquids (crude oil and lease 

condensate, natural gas plant liquids and liquids from renewable sources) in the year of 2017, 

according to U.S. EIA (Org.) (2017b). The production has increased in recent years with the pre-salt oil 

deposits, which are located in offshore ultra-deep waters, in between thick layers of rock and salt. The 

Brazilian pre-salt resources were discovered in 2005 by the state-controlled Petrobras, that holds the 

monopoly on oil-related activities in Brazil since 1997.  

Santos Basin, located in the exclusive economic zone (EEZ) in the southeast of Brazil, is the heart of 

the pre-salt. Its distance from the Brazilian coast, nearly 300 kilometers, increases the necessity of 

logistical planning for the shipping from and to the unit facilities in the open sea. The movement of 

goods is very necessary for the efficiency of exploration and production of oil and gas, which may 

achieve its plenitude in the moment that the logistics area is well planned (Roveri (2011)).  

Unfortunately, the supply challenge of the logistics system has increased with the expansion of the 

offshore units, together with the uncertainties in the shipping process. Hence, the logistics analysis is 
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more complex than before, and finding solutions to improve the logistics area, according to Aas et al. 

(2009), is not a straightforward process.  

The offshore oil and gas industry is one of the most important industries in the world with a direct 

impact on the worldwide economies. Lima (2015) emphasizes the Petrobras’ investment dedication, 

which is considered the energy company that most invests in the world, increasing its applications 

seven times from 2002 to 2014. Those investments are firstly focused in the local production of 

research, in order to receive its contribution back as inputs for the company. As a result of the 

investments performed by Petrobras, the pre-salt was discovered, being a successful example of the 

finance return for the company.  

According to Brazilian National Agency of Petroleum, ANP (2018a), since December 2017 the pre-salt 

oil and gas production in Brazil achieved more than 50% of the national production. Although this 

event was expected to happen, it must be stressed that the pre-salt is more present in the Santos 

Basin, a young production location with many prospects of increase in the future. The Campos Basin, 

which is the “competitor” for the largest production basin in Brazil, is the responsible for the best 

production results in the last decades, however with a mature and well-developed E&P location, and 

no significant prospects of increase in the future. 

Lula Field, located in the Santos Basin, was also classified by ANP (2018b) in the January 2018 

monthly report as the largest producer of petroleum and natural gas. This title was not surprisingly 

new, as it is known that Lula Field achieves great production rates since October 2015, according to 

Ministry of Mines and Energy, MME (2015). Following the same path, the floating production storage 

and offloading (FPSO) Cidade de Itaguaí, in Lula Field produced 190,4 thousand boe/d, being 

considered the production stationary unit (UEP) with the highest production, by the use of six wells, as 

stated by ANP (2018a). 

The Intelligence and Business Platform EnergyWay (2017), focused in the petroleum, gas and energy 

chains in Brazil, sees the pre-salt cluster Lula, which is formed by Lula, Sapinhoá and Lapa, the main 

producers in the Santos Basin, and the expectation is the increase of results as new FPSO are to be 

installed in the cluster. 

Notwithstanding, the investments in the Exploration and Production (E&P) industry in the year of 2016, 

according to Petrobras (2017a), was R$ 47.3 billion. The fund was allocated for the development of 

new oil fields, with a primarily focus in the Santos Basin pre-salt area, together with the maintenance 

of production at old fields and exploration and operational improvement efficiency.  

The offshore logistics is a crucial point of interest in the E&P industry, as the service must be 

maintained to avoid possible interruptions of activities in the production and exploration units. This 

segment has a major importance as it can influence not only the global operational costs, but also 

impact the failures and delays of the transportation, storage and support functions, according to Pires 

and Caprace (2016). Halvorsen-Weare and Fagerholt (2011) also mentions that the worst-case 

scenario in the logistics are interruptions of the service for the offshore industry, which can result in 

temporary shut-downs of the production and loss of income. At the moment, Petrobras counts with a 
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large fleet of Platform Supply Vessels (PSV), responsible for the transportation of deck and liquid 

cargo, which may be goods and equipment to be used in the units. 

In the offshore logistics it is observed an unpredictability of the weather conditions, which makes the 

fleet sizing definition problem highly stochastic. The result is the use of probability distributions to 

describe the stochastic phenomena, providing a non-trivial and complex problem, which can be better 

solved by the use of discrete event simulation (DES) as methodology. In this way, the offshore 

logistics of the Santos Basin has been modeled using DES methodology, in order to find solutions for 

the planning problem of transportation of supplies and maintenance equipment to the oil and gas 

offshore units. As in the majority of processes, the simulation is marked by continuous changes, 

making the development of the model complex. The model, by the discrete event modeling, can be 

evaluated by a series of well-defined and ordered events, in which variability, constrains and 

limitations are applied, in order to obtain the desirable results.  

The case study will include one port, 16 installation units and a homogeneous undefined number of 

PSV to test the fleet size. Key performance indicators (KPI) will be used to evaluate the efficiency of 

the different scenarios, which include the investigation of number of voyages performed in a year, total 

voyage time (general and cluster individual values), vessel’s average speed, cargo waiting times, 

weather influence in the vessel delays, not delivered cargo in the 365-days of simulation, and other 

performance parameters that assist in the simulation model results comprehension. Cost figures will 

be also evaluated, which can be divided into variable costs (fuel and port taxes) and fixed costs 

(affreightment annual costs) for the transportation of the supplies. A cost indicator will be also used to 

evaluate the best results in the scenarios created, which is the total offshore logistics cost per square 

meter of deck cargo transported (load and backload). 

1.2 Objectives 

The goal of this project is to conceive, verify, validate an analyze the output results from an ARENA 

simulation model to study the PSV operations in some defined fields in the Santos Basin, using as 

base terminal the Rio de Janeiro’s port. 

The specific objectives of this thesis are: 

• To promote a better understanding of the logistics of cargo demand arising from fields of 

offshore installations; 

• To conceive a generic simulation model that may serve as a tool for strategical fleet sizing and 

operational planning, representing the movement of the PSV that leave a base with destiny to 

offshore fields; 

• To assess and analyze key performance indicators and cost figures of different fleet sizes of 

PSV. 
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1.3 Outline of the Thesis 

The thesis is organized in six chapters and respective appendices.  

Chapter 1 is the introduction section of the thesis, consisting on information regarding the background 

of the offshore industry in Brazilian coast, the growth of Santos Basin in the oil and gas production and 

motivation to deal with the logistics problems observed in the production sites.  

Chapter 2 contains the cargo logistics in offshore oil and gas production characterization, in both 

global (world-wide operations) and local (Santos Basin operations) views. This section is also 

dedicated to describing the offshore supply chain, its components (vessels, offshore units, port 

terminals) and processes (maritime transportation, offshore and port operations). The influence of 

weather conditions is also acknowledged as part of the logistics problem, in both operation and 

navigation occasions. The variable and fixed costs in the offshore logistics operations are described. 

Chapter 3 presents the literature review in the Discrete Event Simulation area dedicated for solving 

offshore logistics problems. Other relevant literature productions are described, which assisted in the 

construction of the case study problem definition and gathering of data. 

Chapter 4 details the methodology applied, focused in the Discrete Event Simulation methodology. 

The assumptions and considerations for the model construction are provided, divided into sub 

sections: offshore units, vessels, port terminal, cargo, load/unload operations and weather conditions. 

The conceptual model is broken down into sub-model’ parts, in order to simplify their presentation and 

comprehension. The division is done according to their function in the simulation model and the 

movement of the entities in the model. The number of replications and validation of the model 

constructed is described. At the end of this chapter, the key performance indicators and cost figures 

are presented, which will provide a better view of the results from the simulation model. 

Chapter 5 is divided into three subsections. At first, the definition of the logistics system is given, 

presenting the case study proposed for Santos Basin. After the description of the logistics system, the 

definition of the scenarios to be inputted in the simulation are analyzed and featured. At the final topic, 

it is presented the results for the three supply operation scenarios. The key performance indicators 

and cost figures are showed, providing conditions to compare the sub scenario results for equal 

classes of PSV. After the definition of the best fleet performance at each scenario, a final comparison 

between the three classes of PSV are given (PSV 1500, PSV300 and PSV 4500). The final result is 

the schedule prepared for the most preferred economical and operational simulation result in the 

offshore logistics operation for the Santos basin case study. 

Finally, Chapter 6 indicates the main conclusions for the work developed during the model 

construction, data gathering and processing and simulation results. Some future recommendations are 

given for the work developed and possibilities of improvement in the model and the offshore logistics 

problem are provided. 
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2 CARGO LOGISTICS IN OFFSHORE OIL AND GAS 
PRODUCTION 

Logistics activities in the offshore industry are mainly divided into two parts, the downstream and 

upstream logistics. The downstream logistics are dedicated to the transportation of oil and gas from 

the production facilities to onshore. Upstream logistics, on the other hand, is responsible for the 

transportation of all necessary cargo supplies in the offshore facilities. The upstream logistics must 

deal with the regular delivery of supplies, in the required time available, to avoid possible interruptions 

of production in the production and exploration installations. This chapter will be dedicated to the 

understanding of the dynamics of the production fields and the cargo logistics in the offshore oil and 

gas production, which are the base for the composition of the simulation. 

2.1 The Santos Basin 

According to Görmüş (2016), approximately 91% of the oil production in Brazil comes from the 

offshore industry in ultra-deep water. The infrastructure required for the production is already well 

established, and Petrobras is the holder of a great number of researches in the deep and ultradeep 

water, known for its innovative creations to achieve such good production results.   

Petrobras (2018a) states that Santos Basin is the biggest sedimentary basin in Brazil, with a total area 

of more than 350 thousand square meters. As the following map illustrates (see Figure 2), this basin 

extends from Cabo Frio (Rio de Janeiro) to Florianópolis (Santa Catarina), and the first investments in 

this area for the exploration and production of oil and gas started in the 70’s.  

 

Figure 2 – Map of the oil fields and ports in the south and southeast of Brazil (Leite (2012)). 

As indicated by ANP (2018a), the biggest production developments are located in the pre-salt from 

Santos Basin, with a special highlight to Lula Field, holder of the best production results since October 

2015, according to MME (2015). The ANP report also highlights the most significant growth results 

obtained in the Lula Field (Iracema Norte and Iracema Sul areas, by the exploration of the FPSO 

Cidade de Itaguaí and Cidade de Mangaratiba) and in the Sapinhoá Field (FPSO Cidade de Ilhabela). 
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The Santos Basin, differently from Campos Basin, is located in a higher distance from shore, which is 

around 290 kilometers from Rio de Janeiro and 350 kilometers from São Paulo. This distance, in 

addition to the infrastructure dedicated to ultra-deep waters, requires a large demand of passengers, 

fluids and cargo, creating a very complex logistics chain to attend the large number of offshore units. 

The fields that compose Santos Basin are presented in Figure 3. 

 

Figure 3 - Santos Basin (Adapted from Petrobras (2015)). 

Santos Basin, as previously mentioned, is located in very deep-water depths in the Atlantic Sea, with 

more than 2,000 meters of water depth. Among that, the oil and gas reservoir are even in a deeper 

location, which can achieve 7,500 meters. The pre-salt, according to Petrobras (2018b), is a sequence 

of sedimentary rocks formed more than 100 million years ago. Large lakes were formed during the 

separation of the African and American continents in which, during millions of years, receive organic 

products that came from continental rivers. As the continents separated, the waters of the Atlantic 

Ocean covered the lakes and its sediments, forming what we know today as the pre-salt. The layer of 

the pre-salt can achieve 2,000 meters thick and extends in an area of approximately 800 kilometers 

per 200 kilometers width. Figure 4 illustrates the pre-salt and all the layers that must be perforated in 

order to achieve the oil and gas reservoirs. 

The Regulatory Model for the oil and gas industry, as reported by Petrobras (2017a), states that the 

Union owns the oil, although the extraction can be developed by companies or consortia though 

different payment methods, such as royalties.  

 

Figure 4 – Santos Basin pre-salt layers (Adapted from Galp Energia (2014)). 
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2.2 Cargo Logistics in the Offshore Industry 

Pires and Caprace (2016) state that the offshore logistics is extremely complex, as there is a 

considerable number of elements involved, the technological complexity of the operations, high costs, 

uncertainties that affect the hole system and problems related to metrological conditions. In an 

advanced level of the offshore logistics analysis, the authors also consider the supply delivery 

complexity, such as the diversity of the offshore units, which will probably require different types and 

quantities of supplies and cargo, the homogeneity of the fleet, the deadlines of delivery, distances, 

weather conditions (sea state) and many other influence components. The failure tolerance for this 

industry is low, which indicates the necessity of quality in the process of the demand attendance.  

As reported by Aneichyk (2009), the challenge in the offshore logistics agreement is the regular 

service of supplies to be performed, ensuring the continuous production of the units. As consequence 

of the importance of the service, the costliest resources used in the upstream logistics are the PSV, 

which will have a special comment in the next Section 2.2.3. 

As can be observed in Figure 5, the oil and gas industry phases (Exploration, Development and 

Production) demand specific goods and services and, as consequence, the Logistics Support activity 

can be observed as a high relevance product of the supply chain logistics in the offshore industry 

(Brasco Logística Offshore (2013) and Bain & Company and Tozzini Freire (2009)).  

 
Exploration Development Production 

Reservoir Services        

Drilling        

Drilling, Coating and well completion        

Infrastructure        

Production and maintenance        

Decommissioning        

Logistics Support    

Legend:  High Relevance Medium Relevance  Low Relevance 

Figure 5 – Relevance of each segment in the supply chain logistics of the E&P industry (Adapted from 

Bain & Company and Tozzini Freire (2009)). 

According to Bain & Company and Tozzini Freire (2009), the offshore support operation is remote and, 

in order to attend the transportation, storage and cargo handling (equipment, consumables and 

personal), different services must be performed. In general terms, the offshore supply services may be 

classified into maritime and air support services. The maritime support service involves the use of 

ocean vessels to perform services and transport goods from the onshore infrastructure (ports, 

terminals, storages) to the offshore units. The air support service, on the other hand, is more focused 

in the transportation of personnel from the onshore locations to the offshore facilities. 

In this manner, the infrastructure required to support the E&P industry englobes the presence of ports, 

warehouses, terminals, airports, inland transportation courses (trains and trucks), offshore supply 

vessels (OSV), oil storage and transportation units, helicopters and many other resources. Regarding 

the upstream logistics in the offshore industry, a simplified model of the cargo and personnel flows are 

presented in Figure 6. 
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Figure 6 - Upstream logistics - offshore supply chain (Adapted from Brasco Logística Offshore (2013)).  

The warehouses (storage area) allocate the international and national resources used in the E&P 

industry. The track of products and inventories must be performed in the storage area, as well as the 

reception of cargo requests from offshore installations. As the offshore installation requests shipping 

orders, the packing process is performed, and between the cargo consolidation activities there is the 

definition of the prioritization of cargo sending and the size and type of packing (Uglane and Friedberg 

(2013)). At this point, the prioritization of cargo delineates the routing and scheduling of the PSV for 

the deliveries. In Brazil, ground transportation is a weak link of logistics in general, as services are 

most performed in highway road systems instead of other more economically efficient modes of 

transportation, such as railroads (Ilos (2008)). Then, the cargo is sent from the warehouses to the 

terminal ports, where the loading operation is performed in PSV and transported to the offshore 

facilities. The personnel, on the other hand, is mostly transported to the units in helicopters. Between 

the reasons to avoid marine transportation of personnel, it can be mentioned the lower cruise speeds, 

the comfort of the passengers in the open sea and difficulties to operate when the sea state is 

changing (Borges (1998), Clemons (2009) and Souza (2014)). 

In the next subsections the Port Operations, Maritime Transportation and Offshore Facilities will be 

better described. 

2.2.1 Port Operations  

As defined by U.S. Department of Transportation (1999), ports are “facilities where vessels transfer 

cargo and passengers, and include recreational access facilities and shipyards”. UNCTAD (1999) also 

includes the activities that are supposed to be provided by ports, such as cargo-handling, towage, 

mooring, pilotage, ship handling and other specific services. Bichou and Gray (2005), when 

summarizing the port structural constitution, describe ports perchance being “a stevedoring company, 

a terminal operator, a public authority, a private company or just a cluster of different actors and 

operators.” Despite that, the main difference in the operation of ports is found in the 

infrastructure/superstructure ownership as well as in the management and manpower affiliation. 

Port operations, as explained by Bichou and Gray (2005), are “usually oriented towards the two major 

traditional components of any port system, i.e. ships and cargo”. Regarding the services they may be 

dedicated as follow: 
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• to ships:  

o performed at sea or water-ways side, such as dredging, pilotage, mooring/unmooring, etc.; 

o performed at the ship/shore interface, which includes berthing, repair and maintenance, 

supply and bunkering, etc. 

• to cargo:  

o performed at the ship/shore interface, as the stowing, loading, discharging, etc. 

o performed in land-side areas such as container freight stations, including e.g. break bulk 

and consolidation, storage and distribution.  

2.2.1.1 Port operations in Santos Basin 

The port which serves the Santos Basin is Rio de Janeiro, administered by the Companhia Docas do 

Rio de Janeiro (CDRJ). Its location is in the Guanabara Bay, having a total occupied area of 1 million 

square meters, 6.7 kilometers of pier extension, 31 berths and depths varying from 10 to 15 meters, 

according to CDRJ (2018). Furthermore, the total cargo moved in 2016 was more than 6 million tons 

and almost 300 thousand twenty-foot equivalent units (TEU).  

As stated by Secretaria de Portos da Presidência da República et al. (2014), the offshore supply 

vessel operations are acquiring a growing importance in Rio de Janeiro. The Paperless Port system 

registered, in 2012, the mooring of 2,679 offshore supply vessels in the port, which corresponds to 7.3 

mooring operations per day. The offshore operations executed in Rio de Janeiro Port include, 

according to Leite (2012), deck cargo, water, diesel and cement which supports the Santos Basin. 

Other ports in the same country state, such as the one located in Niteroi are responsible for other 

operations, such as the load of fluids and dry bulk with spot contracts.  

According to CDRJ (2016a), the predominant cargo in the Multipurpose Terminal 1 are connected to 

the offshore and general cargo industry. Brazilian National Waterway Transportation Agency, ANTAQ 

(2012), adds that the terminal used for offshore operations is the General Cargo and Offshore 

Terminal of São Cristovão (TGS location in Figure 7), located between the bollards 170 and 190. The 

pier is 806.09 meters long, with a total area of 41,565 square meters.  The warehouse dedicated for 

offshore general cargo in the port of Rio de Janeiro has the total dimension of 6,600 square meters, 

according to Secretaria de Portos da Presidência da República et al. (2014). 

 

Figure 7 – Rio de Janeiro port zoning (Secretaria de Portos da Presidência da República et al. (2014)). 
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The offshore logistics services are performed by Triunfo Logística, the actual winner of the bidding 

from 2017, although it serves Petrobras in Rio de Janeiro since 2011 (O Petróleo (2017)). The CDRJ 

provides six piers in the terminal for the loading/unloading of cargo, waste management and 

operational control, until December 2020, when the contract finishes. 

The port of Imbetiba, located in Macaé, Espírito Santo, is the responsible for the offshore logistics of 

the Campos Basin. This port has an average of 440 berths per month, being considered the busiest 

terminal in the oil and gas industry in the world, on the word of Papa (2013). In Macaé, the loading 

process for offshore services is developed in the following way, according to Papa (2013): the cargo 

manifest is created when a voyage is programed in the port, using information from the Transportation 

Requisitions (RT) of all the cargo to be transported in the selected PSV. The captain of the vessel is 

responsible for the definition of the loading plan, informing the order and position of the cargo to be 

boarded. The responsible for the transportation of the cargo inside the port receives the loading plan 

and the RT of the cargo, which informs the weight, size and priority of the cargo. The priority in the 

pre-loading is, in sequence, chemicals and explosives, food and drinkable water and, at last, the 

heavy cargo. 

According to Diretoria de Desenvolvimento Econômico (2014), since April 2013 the port of Rio de 

Janeiro is in the program Port 24 Hours, which increased the efficiency and reduced the bureaucratic 

clearance. In this program, the port leaves the commercial hours to work 24 hours, in the seven days 

of the week. The article demonstrates that, with the operation of Port 24 Hours, the time spent with 

bureaucratic clearance went from 5.5 days to 2.7, lower than the world average of 3 days.  

2.2.2 Maritime Transportation 

Aguiar (2013) describes the maritime transportation main function as to help with the connection of the 

productive and consumer areas of manufactured and feedstock products. Maritime transportation job 

includes the monitoring of the vessel’s activities, tracking the movement and the loading/unloading 

operations in the offshore units.  

The maritime transportation consists of a part of the offshore logistics, making the connection of 

warehouses and ports to the offshore units, and cannot be considered the hole offshore supply chain. 

As the offshore units are located in distant locations from the coast, the oil and gas industry are really 

dependent on this transportation modal, since the amount of cargo moved in the up and downstream 

logistics is large. 

OSV are ships specialized to serve operational purposes in the oil and gas exploration and production 

at sea. According to Kaiser (2017), the OSV fleets that serve the E&P industry vary worldwide 

according to environmental, operational and regulatory differences, although it generally share more 

similarities than discrepancies. There are many types of OSV, that are classified according to their 

function(s). Some of the classification groups of OSV are: 

• Diving Support Vessels (DSV), that give the support for the activities related to the subsea 

installations;  
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• Anchor Handling Tug Supply (AHTS), responsible for towing of the offshore units and 

positioning with the launching of mooring lines; 

• Fast Supply Vessels (FSV), specialized in the transport of offshore support personnel, deck 

and below-deck cargo; 

• Utility Vessels (UT), which is, according to Leite (2012), used in the south and southeast of 

Brazil for emergency deck cargo, as they are faster than PSV (service speed is 20 knots) 

and 

• Platform Supply Vessels (PSV), designed to carry regular supply functions, such as the 

transportation of cargo to and from shore to installations. 

Platform Supply Vessels are specialized ships, known as the workhorses or trucks in the offshore 

industry. They are powerful and designed to maximize cargo capacity, also known for being built to 

work in extreme weather conditions, as Skoko et al. (2013) declares in their paper. The main 

characteristic of this type of vessel is the large deck capacity, that allows the transportation of deck 

cargo, essential for the functionality of the production and exploration units. 

The types of cargo the PSV usually transport are drilling pipes, tools, repair parts, containers which 

can be refrigerated to transport food supplies, and below-deck cargo such as: fuel, drilling water, 

potable water, liquid mud, brine, cement, mud base products, chemicals, etc. (Papa (2013)).  

The classification of this type of vessel, as Leite (2012) exposes, is done according to its deadweight, 

which is represented by a number after the abbreviation PSV. The most common PSV classes in 

Brazil are PSV 1500, PSV 3000 and PSV 4500. Regarding the length, the common range for this type 

of vessel goes from 45 meters to more than 105 meters. Furthermore, it is recognized that in a general 

manner, the load restriction does not come from the deadweight, but actually from the size of the deck 

area and volume of tanks, as can be verified in Halvorsen-weare et al. (2012) and Cuesta et al. 

(2017). 

It is observed in the PSV studies that there is an agreement regarding the available area to be used in 

the vessel’s deck, which corresponds to 75% of the total area, information verified in Pires and 

Caprace (2016) and Leite (2012). This rate usage results from the space requirement between 

cargoes for the circulation of people in the deck. 

PSV provide offshore installations with necessary supplies usually on a periodic basis according to 

weekly sailing schedules. The execution of weekly schedules during the year is affected by weather 

conditions, which influences sailing time and service duration at the offshore installations. There is 

also to be considered the service of transportation of backload, in which cargo is sent from the 

offshore installations to onshore.  

The PSV may be hired by one of the two possibilities: the long-term contracts, with the dedication of 

the ship for a considerable amount of time, in the scale of months or years and the spot market, in 

which a vessel is contracted for a small period or to perform only a specific job given. As the spot 

market is known, according to Shyshou et al. (2010), for being one magnitude more expensive than 

the long-term ships, it is important to choose the accurate fleet size to attend the offshore units, in 
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order to avoid expensive extra costs. This motivates the need for detailed simulation studies of these 

offshore logistics activities.  

2.2.2.1 PSV attending Santos Basin 

Petrobras uses many different types and sizes of OSV, which may or not be specific for a purpose. 

The type of hire contract used is the long term one, according to Borges (1998) and Bordalo and 

Dores (2014), and bidding process for the hiring can or not account with the time to build the required 

ship. This is explained by Petrobras’ leading in the E&P industry in the ultra-deep exploration, which 

may require vessels with dimensions or characteristics that does not exist yet in the market to attend 

the pre-salt locations. Also, the average price of PSV has increased in the last years, according to 

Bordalo and Dores (2014), to a point that more complex PSV can cost around 200 million dollars. 

Bordalo and Dores (2014) also discuss the number of OSV required to supply drilling and exploration 

installations. According to these authors a ratio of two to four OSV per unit is common, and it will 

depend on the cycle phase of the oil field and technological characteristics of the offshore units.  

The PSV 4500 is the largest PSV type of vessel operating for Petrobras in Brazil, as mentioned by 

Leite (2012); the length of such a ship is approximately 87 meters, width of 18 meters and maximum 

draft around 6.2 meters. The deck area may exceed one thousand square meters, with an economical 

travel speed of 10 knots. The travel speed, as Aas et al. (2009) describes, is the parameter usually 

used as input in the route planning process, in order to establish the sail duration. In the same paper, 

that studies the North Sea offshore operations, the economical speed of the most modern vessels is 

around 11 and 13 knots, with maximal speed around 18 knots. 

In Petrobras, the use of tanker ships for the transport of oil and other liquids for the offshore units is 

common (for the use of PSV and the offshore units), while the PSV are dedicated to the transportation 

of deck cargo and industrial water in tanks under the main deck (Pires and Caprace (2016) and Silva 

et al. (2017)).  

2.2.3 Offshore Facilities 

The offshore industry accounts with different offshore facilities, also called offshore units, operating in 

different stages of the E&P. The two main types of installations, as established in Aas et al. (2009) 

paper, are drilling and production units, and as predictable and previously mentioned, the logistics 

necessities are distinct. The drilling units are known for its non-fixed position in a long-term basis, as 

they are used for the construction of the wells during the exploration phase. The production units, on 

the other hand, are platforms, semisubmersibles (SS) or production ships that are positioned in a field 

location for a long duration.  

Pinder (2004) explains the working function of the offshore production units. The oil that comes from 

the reservoir is usually mixed with water and gases and must be separated in order to be stored and 

transported by tankers to onshore. The water that is “produced” by the separation process is normally 

reinjected in the reservoir, to maintain the pressure in the oil field. The natural gas is also separated 
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from the oil and sent onshore by pipelines or ships, reinjected in the reservoir or used in the equipment 

to generate energy in the platform, as described by Granada (2017). 

The units’ clustering is a practical concept in the offshore industry. The objective in the clustering is to 

facilitate the attendance of the offshore facilities, speeding up the logistics and reducing extra costs 

relative to longer voyages. Borges (1998) explains that the concept of proximity zoning is used by 

Petrobras for the service of PSV in the basins, in which a certain number of offshore units are 

preferably attended by the same supply vessel. 

The different types of offshore units used in Brazilian coast, according to Petrobras (2017b), are Fixed, 

Jack-up, SS, FPSO, Monocolumn FPSO and Tension Leg Wellhead Platform (TLWP).  

2.2.3.1 Offshore Facilities in Santos Basin 

The production units used by Petrobras, according to Leite (2012), are of the type fixed, the FPSO and 

the SS. The common drilling units may be of the type anchored or dynamic position SS or drill ships. 

Each type of unit requires different specific logistics requirements, such as more diesel in the units that 

may use dynamic positioning. 

In Santos and Soares (2016) it is stated that Brazil has the history of using elderly tankers as FPSO 

for its flexibility, cost advantages and productivity in the condition of deeper waters. FPSO are units 

that require significant technological developments in order to become processing oil and gas facilities. 

The vessels are moored near the oilfields and risers used to connect the wellheads to the vessel, 

carrying crude oil for onboard storage, as described by Pinder (2004). 

SS are offshore units with the major part of the structure beneath the sea surface, making the platform 

less susceptible to wave actions because of the smaller waterline plane. Regarding the drilling units 

type, when comparing SS and drill ships, the drill ships have larger payload capacity, but are under a 

major influence of sea motions. (Bai and Bai (2010)) 

2.3 Weather Conditions 

The offshore logistics operations are dependent on the weather conditions at sea. The weather 

conditions, due to its unpredictability, adds complexity to the problem definition of fleet sizing and 

routing. Halvorsen-Weare and Fagerholt (2017) even declares that the major problem on the OSV 

planning is the weather condition parameter. 

Halvorsen-weare et al. (2012) exemplifies the difficulties in the logistics operations by the influence of 

the sea condition. As the significant wave height (𝐻𝑠) achieve a certain critical limit, the operations at 

the installations are interrupted until the sea conditions smooth down. In relation to the voyages, the 

speed needs to be reduced in bad weather conditions.  

Halvorsen-Weare and Fagerholt (2011) characterize the 𝐻𝑠  as the critical factor in the weather 

conditions when analyzed to define the planning of schedule. According to the author, the “weather 

conditions represent the major uncertain elements in the supply vessel planning problem and must be 
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taken into consideration when we aim to create robust solutions to the supply vessel planning 

problem”. For the Norwegian Sea, as the paper describes, if the 𝐻𝑠 is more than 4.5 meters, due to 

safety regulations, loading/unloading operations are not allowed, and the PSV must wait until the 

improvement of the weather to finish its service in the unit, which may be called as waiting on weather 

(WOW).  

In the paper written by Shyshou et al. (2010), the weather conditions were divided into two possibilities 

for the Norwegian Sea: the high-sea periods, in which the 𝐻𝑠 in the sea was above 3.5 meters or the 

low-sea period, with 𝐻𝑠 at a maximum of 3.5 meters.  

Leite (2012), when studding the logistics of the Brazilian coast, states that in bad weather conditions 

the supply vessel must wait and try to serve the offshore units within the time windows and, in the 

case of the PSV possibility of operation in any other offshore unit of the route, changes in the logistics 

plan can be negotiated between offshore units. The author also mentions that the weather conditions 

in Santos Basin are considerably worse than in Campos Basin.   

The effect of weather conditions may be observed in the reduction in sailing speed as well as the 

increase, in percentage, in the service time for loading, unloading and discharge operations in the 

offshore units.  

2.3.1 Effect of Weather Conditions on PSV Speed 

The reduction in sailing speed may be determined by different methods or proposals from the 

literature. The objective is to observe the influence of the weather conditions in the speed of the 

vessel, the Beaufort Scale and, consequently, the significant wave height. They may be also based in 

the design or service speed, as in Babbedge Phill / Aertsen Diagram or even in other ship 

characteristics, such as the vessel deadweight in Khokhlov’s formula. 

Babbedge Phill / Aertsen Diagram (Santos (2016)) is used to evaluate the reduction in speed of ships 

up to 100,000 DWT (deadweight). The method requires the propulsion power and its curve slope, the 

service speed and the length between perpendiculars of the vessel, as can be observed in Figure 8. 

Considering that the power requirement 𝑃𝐵 is proportional to the speed to the power of three (see 

MAN Diesel & Turbo (2011)): 

𝑃𝐵 = 𝑐 . 𝑉3       ( 1 ) 

Knowing that c is a constant and 𝑉 the vessel speed.  

It is possible to conclude that the slope curve 
𝑑𝑃𝐵

𝑑𝑉
⁄   is equal to the following equation: 

𝑑𝑃𝐵
𝑑𝑉

⁄ = 3 . 𝑐 .  𝑉2          ( 2 ) 

And 𝑛, consequently will become: 

𝑛 = 3 . 𝑐 . 𝑉2 .
𝑉

(𝑐 .  𝑉3)
= 3             ( 3 ) 
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Figure 8 –Babbedge Phill / Aertsen Diagram for speed reduction (Santos (2016)). 

Halvorsen-Weare and Fagerholt (2017) presents a table (see Table 1) in which the speed reduction 

increases in steps according to wave height intervals. 

Table 1 - Weather Condition effect on service time at offshore units (Edited from Halvorsen-Weare and 
Fagerholt (2017)). 

Wave Height [m] Speed Reduction 

≤ 2.5 0 knots 

> 2.5,3.5] 0 knots 

> 3.5,4.5] -2 knots 

> 4.5 -3 knots 

 

According to Maisiuk and Gribkovskaia (2014), Aertseen and Khokhlov formulas are the most 

appropriate methods for fitting of offshore supply vessels (deadweights under 10,000 DWT). The 

approximate methods are considered accurate enough and has the advantage of being easy to 

implement, differently from theoretical methods.   

Regarding Khokhlov formula (Lubkovsky (2009) apud Maisiuk and Gribkovskaia (2014)), it determines 

the speed reduction using the following equation: 

𝑆𝑝𝑒𝑒𝑑 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛Khokhlov formula = ( 0.745 𝐻𝑠 − 0.245 𝛼 𝐻𝑠 ) . ( 1 − 1.35 10−6 𝐷 𝑉0 )  ( 4 ) 

In which 𝑉0 is the design speed in knots, 𝐻𝑠 is the significant wave height in meters, 𝐷 is the vessel’s 

deadweight in tons, and 𝛼 is the angle off-bow in radians. Besides all advantages, the method is 

applicable only for ships from 4,000 to 20,000 DWT and design speeds from 9 to 20 knots. Respecting 

these parameters, the standard error may not exceed 0.5 knots. (Maisiuk and Gribkovskaia (2014)) 
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Finally, the last speed reduction method found is Aertseen formula (see Aertssen (1975)) that follows 

the equation: 

𝑆𝑝𝑒𝑒𝑑 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛Aertseen formula = ( 
𝑚

𝐿𝐵𝑃
+ 𝑛 ) .  

𝑉

100%
    ( 5 ) 

In which 𝐿𝐵𝑃 is the length between perpendiculars, 𝑉 is the vessel design speed and 𝑚 and 𝑛 are 

Aertseen coefficients taken from a table according to the angle off-bow and the maximum significant 

wave height. Table 2 presents Aertseen coefficients for head sea. 

Table 2 – Aertssen coefficients for head sea 𝛼 = [0𝑜 − 30𝑜) (Edited from Molland et al. (2011)). 

Beaufort Number Maximum 𝐻𝑠 [m] 𝑚 𝑛 

5 2.5 900 2 

6 4.0 1,300 6 

7 5.5 2,100 11 

8 7.5 3,600 18 

 

2.3.2 Effect of Weather Conditions on Offshore Operation  

Halvorsen-Weare and Fagerholt (2017), present the Statoil’s acts when weather conditions are 

unsatisfactory for the offshore unit operations at sea, given in Table 3. Reminding that Statoil is the 

leading operator on the Norwegian continental shelf. 

Table 3 – Weather Condition effect on Service time offshore (Edited from Halvorsen-Weare and Fagerholt (2017)). 

𝐻𝑠 [m] Service time increase 

≤ 2.5 0 % 

> 2.5,3.5] 20 % 

> 3.5,4.5] 30 % 

> 4.5 WOW 

 

WOW, as previous mentioned, means waiting on weather, not executing any operations until 

significant wave height is under the critical limit of 4.5 meters.  

2.4 Cargo Supply Characteristics 

Offshore drilling and production units can vary in size, which can achieve several hundreds of workers 

onboard (Aas et al. (2009)). The variability of size, type of facility unit and number of workers influence 

in the quantity of supplies required for the daily operation, such as food, clothes, equipment and bulk 

cargos for the E&P. Drilling units, as Aas et al. (2009) describes, have more fluctuating and uncertain 

demand patterns for the supplies than the production units. The demand of supplies will depend on 

the phase of the well drilling, differently from the production units, that usually maintain a more 

predictable demand.  
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Pires and Caprace (2016) points that, as the storage capacity of the offshore units are limited, the visit 

of PSV have an elevated frequency, in order to avoid lack of supplies and gathering of backload cargo 

in the platform (which is cargo to be sent back to onshore, such as waste and garbage). It is also 

mentioned the necessity of frequent voyages to transport rented equipment that may lead into 

penalties in case of delay to be returned. 

According to Aas et al. (2009), it is common to observe deviations from the route of PSV to cover 

urgent deliveries in an offshore installation, which is observed in the high demand uncertainty. In Leite 

(2012), a simulation was performed considering that emergency and priority cargos in Campos Basin 

are transported on separated trips and never on a normal trip. The type of vessel executing these 

emergency voyages are UT, which serve up to five offshore units.  

Regarding the delivery windows, according to Papa (2013), in the Brazilian logistics the RT document 

informs the sooner and latter day and hour to receive the required supplies. By this and other relevant 

information provided in the RT, the offshore logistics service is prepared to provide the required 

supplies according to the expectation of deadline from the offshore unit.  

2.4.1 Typical Cargo 

The cargo transported in the offshore logistics may be classified into deck cargo, fluids and dry bulk. 

The following Figure 9, from Leite (2012), segregates the importance of the ports in Brazil, according 

to the cargo transported. The port to be observed in this image is the one from Rio de Janeiro which 

attends the Santos Basin and, as can be noticed, has larger cargo parcels in industrial water and deck 

cargo transportation. 

 

Figure 9 - Importance of each port in 2011, according to each type of cargo (Leite (2012)). 

Dry bulk  

The main dry bulk products transported to offshore units are cement, barite and bentonite, stored 

inside tanks of the vessel (Arpini (2015) and Leite (2012)). 
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Fluids  

The fluids are stored in the tanks of the ship, and the main products sent to the offshore units are: 

potable and industrial water, diesel for the generation of engines and electrical equipment, drilling mud 

and brine (Arpini (2015) and Leite (2012)).  

Deck cargo  

Deck cargo are products placed in the deck for the transportation to the offshore units. According to 

Arpini (2015), the deck cargo may be classified into four subcategories: foods, drilling and production 

pipes, chemical products and general cargo. Leite (2012) classifies the drinkable water together with 

food as deck cargo, being transported in small refrigerated containers.  

The deck cargo is usually unitized, when possible. In the unitization, as Roveri (2011) state, the 

products are joined in bigger packings, so the movement of cargo may be favored. In this manner, the 

cargo is better protected and conserved, and the loading and unloading times may be reduced.  

Aas et al. (2009) and Leite (2012) mention that heavy constructions, such as Christmas trees and 

BOPs (blowout preventer), differently from unitized cargo as offshore containers, skips and baskets, 

are placed directly on the deck of the PSV. Pipes are tied together for the transportation. 

The following table presented in Figure 10, from Leite (2012), illustrates the composition in percentage 

of deck cargo according to the type of offshore unit. Special vessels, according to the author, are ships 

that executes specific works, such as install pipelines. 

 

Figure 10 - Composition in percentage of deck cargo according to type of unit (Table from Leite (2012)). 

Figure 11, obtained in Leite (2012), illustrates the weekly demand for deck area for a production unit in 

Campos Basin, between April 2011 and March 2012, not including the backload cargo. 
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Figure 11 - Weekly demand for deck area for a production unit in Campos Basin, between April 2011 and 

March 2012 (Leite (2012)). 

2.5 Loading and Unloading in the Unit Facilities 

The loading and unloading processes in the offshore installations, according to Aas et al. (2009), are 

influenced by mainly two factors: the installation’s lifting capacity and the capacity of the PSV to 

maintain its position during the operation. The unloading is done by the use of cranes from the 

offshore facilities while any bulk may be pumped from the PSV’s tanks to the installation’s tanks by the 

use of hoses. 

The Guidelines for Offshore Marine Operations, written by G-OMO Work Group (2013), is a document 

summarizing the best practices adopted in the North West European Area. Although being guidelines 

for European seas, the authors of the document recognize that the older version has become widely 

used outside Europe. The guidelines are helpful for the loading and unloading procedures to be 

executed in offshore units. 

Interruptions in the loading/unloading happen when the weather conditions are bad and it is 

responsibility of the captain of the PSV, according to G-OMO Work Group (2013), to ensure that 

loading/unloading is done safely. However, Aas et al. (2009) add that the crane operator and the 

platform chief have also the authority to stop operations if they judge them to be unsafe for any 

reason.  

In the event of interruption of operation, according to G-OMO Work Group (2013), the PSV is 

requested to stand by for further instructions, and moves to a safe distance from the offshore unit in a 
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drift off position. In this way the risk of contact of the PSV and the offshore unit is decreased. The 

vessel, when back to loading/unloading operation, must respond to the pre-entry checks and set-up 

procedures, which will increase the time in the same facility location.  

G-OMO Work Group (2013) also mentions the power utilization of critical maneuvering arrangements 

when in the vicinity of offshore facilities. According to the guidelines, it is required that vessels must 

maintain position, when on the weather side of a facility, by the use of any maneuvering thruster 

(including the main propellers) not exceeding 45% of the power utilization.  

Aas et al. (2009) indicates that the position of cranes in different sides of the offshore units increase 

the chance of operations in the leeward side where the limit for operations is a bit higher (wave height 

limitation 4.5 m).  

Aas et al. (2009) and Borges (1998) mention that the simultaneous unload of deck, water, diesel and 

bulk cargos is allowed, both in the port terminal and in the offshore units, if the weather is good. A 

single detail is pointed out by the most recent reference, in which bulk operations are a bit more 

weather sensitive than deck operations, which can result in stops in loading/unloading operations, as 

there is a physical connection between the PSV and the offshore unit, the hoses. Regarding 

simultaneous operation activities1 involving the offshore unit and different vessels, they may occur with 

the approval of those responsible for managing such operations, according to G-OMO Work Group 

(2013), but introduces potential hazards to all elements involved.  

G-OMO Work Group (2013) and The Norwegian Oil Industry Association (OLF) (2008) state that 

cherry picking, which is the selective discharge of cargo within the stow, is not allowed. This means 

that load surrounded by other load or any requirement in which the personnel cannot work following 

the secure procedures is prohibited. The recommendation is that the supply vessels should be advised 

about the high-priority cargo deliveries, so the distribution of cargo in the deck is done considering 

their destination.  

The Norwegian Oil Industry Association (OLF) (2008) states that, for safety reasons, there must be a 

practicable sufficient deck space between cargos available for the work developed by the vessel crew. 

Furthermore, the backload space recommended by the guidelines, when arriving at the first offshore 

unit in the route, should be 10% of usable deck space. 

2.6 Offshore Logistics’ Costs 

According to Christiansen et al. (2017), the total costs of the offshore logistics consists of a fixed daily 

cost for the use of the PSV and variable costs, which are connected to the sailing. These costs can 

also be seen as capital expenditures (CAPEX) and operating costs (OPEX), as broadly mentioned by 

Münsterberg (2017). The CAPEX may be exchanged by OPEX when it is performed an outsourcing or 

                                                      

1 Simultaneous operations refer to conditions at which two or more vessels are performing activities within a 

facility’s safety zone, at the same time, or yet operating outside the safety zone, in circumstances where actions 
started by one may have affect the other(s). (G-OMO Work Group (2013)) 
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the hiring of equipment and installations. According to Leite (2012), the oil and gas companies usually 

affreight vessels rather than own them, paying for the fuel and harbor dues.  

Norlund et al. (2015) states that the PSV are a resource in the offshore logistics that is costly, and 

Statoil hires the vessels and operations, which generates planning process costs (the sum of the 

charter and fuel cost). The charter cost, as mentioned by the author, is higher than the fuel cost, which 

explains the objective of the logistics operator to decrease the number of vessels in the fleet. At the 

same time, reducing the fleet reduces the slack in the weekly vessel schedule, and thus induce delays 

in the consecutive voyages when unpredicted situations occur. 

As previously mentioned in Section 2.2.2.1, the type of hire contract used in the Brazilian coast is the 

long term one, according to Borges (1998) and Bordalo and Dores (2014). The following image (see 

Figure 12) is from SINAVAL (2017), which presents qualified proposals for commercial biddings of Oil 

Spill Recovery/Response Vessels (OSRV) which can execute both oil recovery and platform supply 

functions. The table presents the availability of the vessel (Type A from December 2017, Type B from 

May 2018 and Type C from December 2018). The table also presents the EBN, which corresponds to 

Brazilian shipping companies, the name of the vessel ‘embarcação’ and the period of the long-term 

contract in days ‘período (dias)’.  

 

Figure 12 – Qualified proposals for OSRV (SINAVAL (2017)). 

IHS ENERGY (2015) presents some figures for the affreightment of AHTS and PSV in South America. 

This term contract day rates were provided by vessel owners over three months preceding the 

publication date (January 2015). The values, in US$, are shown in Figure 13: 

 

Figure 13 – Term contract day rates for AHTS and PSV in South America (IHS ENERGY (2015)). 
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In a worldwide context, current day rate trends in 2018 are presented by Daleel - Oil & Gas Supply 

Chain Portal (2018), (see Figure 14). The table presents low, high and target daily hire rates for small 

to mid and mid to large PSV. Small vessels have DWT of 1,000 or more, mid 2,000 or more and large 

4,000 or more. 

 

Figure 14 - Current day rate trends for PSV in 2018 (Daleel - Oil & Gas Supply Chain Portal (2018)). 

Fuel costs for Rio de Janeiro Port can be obtained from Bunker Index (2018), which presents the US$ 

price per metric ton of IFO380, IFO180 and MGO. The price search date is also presented in the table 

(07/16/2018). 

 

Figure 15 – Price per metric ton of IFO380, IFO180 and MGO in Rio de Janeiro (Bunker Index (2018)). 

Port Terminal taxes in Rio de Janeiro are given by CDRJ (2016b). The taxes in this port are divided 

into seven sections, with charges presented in the form of tables. The sections are: 

• related to the protection and use of terminal access, that may provide sheltered, calm, deep 

waters to allow safety operations such as bay access, signaling, breakwaters and jetties;  

•  related to the berthing installations, such as dolphins, piers and fenders; 

•  related to land installations and facilities, such as operational and control inspections, paving, 

road access and parking lots, parking areas, railway and crane lines, electrical installations 

required for various equipment and external lighting, security, signal networks, communication, 

sewage, water and firefighting; 

• related to the moving of cargo and containers; 

• related to the storage, including patios and warehouses; 

• other services, such as man power, water, electricity, road and rail transportation inside the 

port, etc. and 

• related to the supply of port equipment, when requested. 
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3 LITERATURE REVIEW 

In the Literature Review it will be described some relevant studies regarding applications of the 

discrete event simulation and other optimization processes that evaluate the operational planning and 

the fleet sizing decision in different logistics applications. 

As the E&P offshore industry evolves, it is observed the frequent search for the optimization and 

investigation of tasks performed by the companies, in order to increase the profit. Furthermore, 

according to the president of Petrobras in his message in the 2016 Sustainability Report, Petrobras 

(2017a), the last years have being problematic, as the abrupt drop in oil prices from the end of 2014 to 

2016 of 65% required from the industry the adaptation to this new reality of prices, reducing 

investments and costs.  

The offshore logistics, according to Cuesta et al. (2017), Pinto et al. (2015) and Aas et al. (2009), are 

known for being a costly service, which cannot be cut off the budget as it is essential for the proper 

operation of the E&P units. In consequence, it is observed an increase in the offshore logistics studies 

in the last decade, in different oil field locations around the world. Görmüş (2016) in his master thesis 

states that the number of works related to offshore logistics was relatively small at the time, 

nevertheless it was predicted a growth in the interest in the near future for this subject. These 

investigations, which will be described in this section, cover regions such as the coasts of Norway and 

Brazil, with similar objectives: to achieve the best fleet size of supply vessels or the best schedule 

table to serve a determined group of offshore units. 

3.1 Discrete Event Simulation  

The approach given for the achievement of the desired results in the offshore logistics studies can be 

developed from some different fronts, such as the concept of optimization models or the application of 

different methodologies and solutions. This project is focused in the development of a simulation of the 

upstream logistics of some fields in the Santos Basin by the use of Discrete Event Simulation. 

Silva et al. (2017) presents a paper in which the problem is the estimation of a fleet of supply vessels 

to transport diesel consumed by offshore oil and gas units at Campos Basin. The analysis is 

performed on discrete event dynamic simulation considering uncertainties presented in offshore 

operations to achieve a robust fleet estimation and observe the impact of these uncertainties in the 

offshore logistics operations. The simulation considers different fleet compositions to analyze the 

possibility and impact of multipurpose trips, which would include deck cargo and water in the voyages. 

The robustness of the planning is obtained by the consideration of crew changes, downtimes and 

docking periods in the simulation. The authors state that the offshore logistics problem is usually 

analyzed deterministically, with the account of the uncertainties and stochastic elements of the 

system. The simulation is performed in the free version of Bisagi Modeler software for business 

processes and evaluates a group of key performance indicators for the validation process, so 

alternative scenarios may be executed.  
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Görmüş (2016) in his master thesis worked based in a database of 6 months of AIS tracking data for 

90 different ships that developed the up and downstream logistics in the Campos Basin in Brazil. First 

it was developed an algorithm to organize the database from AIS tracking data. After that, the 

developed discrete event simulation included 5 ports, 15 crude oil tankers, 23 PSV and 38 offshore 

production platforms such as FPSO, fixed platforms and SS. The model included several distributions 

for the different types of PSV in the model, such as loading and unloading times, sailing speed, waiting 

time in port and the weather conditions. To validate the model, it was used a small cluster of offshore 

production sites. Furthermore, a comparison between the total distance traveled by all the vessels in 

the simulation model and the real distance from AIS tracking data was performed as a crosscheck. 

The author recommended the DES as a useful tool in the offshore logistics applications industry.  

Maisiuk and Gribkovskaia (2014) presented a case study for a supply vessel planning problem arising 

in servicing oil and gas to offshore installations. The paper presents a discrete event simulation model 

that evaluates alternative fleet size configurations considering uncertainties such as weather 

conditions and future spot vessel rates. The planning problem developed is addressed to serving 

offshore facilities on the Norwegian continental shelf in which the simulation logic used is described. 

ARENA software was used to perform the simulation, providing as the major output result the 

influence of the number of time-charter vessels in the total annual vessel costs.  

Aguiar (2013) investigates the impact of an upgrading of the port infrastructure in the Vitoria Bay, in 

Brazil. Based in the argument that the oil and gas activities have been increasing in an accelerated 

pace and requires improvements in the offshore terminals for supply services, it is evaluated the best 

solution to be invested: to build a new berth or increase the port courtyard. A computational simulation 

was performed, in which some operational indicators were studied: cargo receiving rate in the 

terminal, loading rate in vessels, occupation rate of berths, time in berth, number of berths, total 

amount of carts arriving at the port, cycle average time of carts in the port and total amount of cargo 

received in the port. The results illustrated that, differently from what was expected by the author, the 

increase of the courtyard would be more advantageous for the port than the additional berth for the 

analyzed terminal.  

The paper of Shyshou et al. (2010) was dedicated to the investigation of fleet sizing problem for AHTS 

vessels in the Norwegian Sea. The discrete event simulation performed dealt with the cost optimal 

fleet on long term charter by the analysis of different fleet sizes. The simulation returned as efficiency 

measurement output the annual vessel hiring cost, consisting of long-term hire cost and spot hire cost. 

The validation was based in the spot hire days measure. The animation, as stated by the author, was 

an important resource for the verification of the simulation to debug the model and present reliable 

results for the offshore company. 

The thesis of Aneichyk (2009) is based in a problem case from StatoilHydro for the upstream logistics 

in the Norwegian Sea. According to the author, the large number of stochastic elements for the 

operation hinder the possibility of the use of mathematical models to evaluate the offshore system 

analytically. The data used in the simulation was provided by StatoilHydro, for the development of a 

strategical fleet sizing and operational planning tool, which can additionally be used when facing 
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heavy weather conditions, delays and extra calls from the offshore facilities. The author states that the 

dynamic animation from the developed ARENA model was helpful in the verification and validation 

process. The simulation model was compared with the real weekly vessel plan used by StatoilHydro, 

providing the exact behavior of the system when not considering the uncertainty factors. 

The thesis presented by Batista (2005) has conceived a simulation model for the PSV’s movement in 

Macaé’s Port by the use of ARENA software. The focus was given to the port operations, such as the 

berth occupation and the use of queues to berth. The methodology used was based in the Operational 

Research, in which, according to the author, it is observed the search for the optimization of the 

operations of the entire organization, instead of the improvement of a division of the company. The 

validation was performed by a comparative methodology based in real operation data from the port in 

the year of 2002. The results obtained from the simulation demonstrated the wide possibilities of the 

systemic analysis of a port, providing a useful decision tool for Macaé’s Port. 

Borges (1998) proposed an ARENA model for the maritime transportation of supplies in the Campos 

Basin, stating that, at the time, the cost of the offshore supply services for Petrobras represented 65% 

of the overall transportation costs for the E&P. Carried by this motivation, it was created a simulation 

model that established the best route and fleet size in order to minimize the transportation costs. The 

data analysis counted with consumption information of the offshore facilities from Petrobras in a period 

of one year. The model, in this manner, had the consideration of the supplies requested by the 

offshore units, the allocation and loading of the cargo in the vessels and the delivery in the offshore 

facilities. The model considered a set of 36 offshore units, divided in 28 fixed production units and 8 

floating production units.  

3.2 Other Relevant Studies 

In addition to the previous literature presented, some other studies are pertinent for this thesis, 

although mainly focused on optimization rather than simulation. This collection of researches includes 

investigations in the optimization area for the offshore logistics in Brazil. 

The paper from Halvorsen-Weare and Fagerholt (2017) is dedicated to the optimization of offshore 

supply vessel planning, in order to determine the fleet size and mix of vessels. The study was 

developed in a project with Statoil and presents a new arc-flow and a voyage-based model for the 

support planning problem. The paper also includes valuable considerations regarding the weather 

condition impact in both vessel speed and offshore operations (loading and unloading). Concerning 

the model, it is dedicated to the minimization of costs while maintaining a reliable supply service. 

Pires and Caprace (2016) presented a technical report to Petrogal, in which it is studied the offshore 

logistics in Brazil. The report, called Work Package 6, englobes both the cargo (runoff production and 

supply services) and the personnel logistics transportation. The model was based in older phases of 

the study, in which it was established the cluster pattern of FPSO in Brazil and permitted a sensibility 

analysis of the logistics dimensioning in relation to the production according to three different 

scenarios, that varied according to the distance of the units from onshore. The objective of the project 



  

26 

was to propose basic patterns of operation. The report presents some valuable information about the 

behavior of the offshore logistics in Brazilian coast.  

Arpini (2015) describes the model developed for the logistics planning to supply offshore units in 

Campos Basin by a mathematical model. The proposal was to consider a heterogeneous fleet in which 

the objective function was to minimize the number of vessels, the travelled distance and the difference 

of distributed weights in the sides of the vessel. The model’s name is Weight Balance Two-

Dimensional Loading Heterogeneous Fleet Vehicle Routing Problem (WB2L-HFVRP), which is a 

mixed linear programming, that proposes the organization of the cargo in bidimensional spaces in the 

deck cargo. Arpini’s thesis is composed by some relevant information about the deck cargo, the supply 

vessels and the port and offshore operations in Brazil.  

Norlund et al. (2015) developed a case study paper regarding speed optimization strategies to reduce 

fuel oil consumption and, consequently, emissions. It was developed a multi-step simulation-

optimization tool that provided weekly vessel schedules under different weather conditions. In order to 

evaluate the weather conditions impact on the fuel consumption of vessels, which is a stochastic 

factor, a simulation model was proposed. The simulation-optimization tool created has an optimization 

process that evaluates the outputs from the simulation model, in order to provide the best overall 

results. 

Hagen (2014) gives some insight in Petrobras logistics characteristics, which are processed and used 

to develop the proposed planning tool. The thesis has an optimization with simulation proposal, in 

which the model has as objective function the minimizing of the cost while deciding which orders to 

serve using both fixed, adjusted and optimized routes. The model introduces a cost related with the 

inconvenience of delays which helps in the allocation of orders in a departure. The thesis 

characterizes not only the logistics system detected in Petrobras but also the supply order process, 

which connects the warehouse, the logistics manager operation and the platform units. 

Papa (2013) studies the operational processes of a port terminal specialized in supply logistics by the 

application of computational simulation. The model created presents performance indicators, such as 

time in queue of vessels and trucks and operational time in berth, which can be used as a tool in 

decision making in offshore terminals. This thesis presents relevant information regarding operational 

characteristics of offshore port terminals in Brazil, besides general information regarding offshore 

logistics. 

The thesis from Uglane and Friedberg (2013)  presents an operational optimization model to design 

PSV route planning and scheduling. The model considered the refueling tankers in detail, assigning 

routes based on orders and with a limit planning period of one week. It describes the logistics chain 

observed in Petrobras, with emphasis in Macaé’s Port, widely known for its exclusive dedication to 

Brazilian offshore logistics.  

Leite (2012) developed his offshore logistics master thesis by the empirical analysis of deck cargo 

transportation in the Campos Basin. The study has many pertinent data regarding the offshore 

logistics services that are carried out in Brazil, such as types and average amount of deck cargo and 
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water required by the offshore units, time performing operations in terminal and others. Based in the 

analysis, some aspects from the offshore logistics were identified and pointed as possible 

improvement tasks. A simulation was carried out using real cargo demand, which was meticulously 

studied in order to investigate the service policies. The data was related to a period of 52 weeks, and 

different routes were created to meet the real cargo demand. The method used was an iterative 

procedure from Clarke and Wright, first developed in 1964, used to find the optimum routing of a fleet 

of trucks of varying capacities from a central depot to a number of delivery points. 

The paper from Halvorsen-weare et al. (2012) is a supply vessel planning problem, which consists of 

identifying an optimal fleet that serves a given number of offshore installations (vary from 3 to 14 units) 

from one common onshore depot. It clarifies some points about weather conditions, the platform 

supply vessels and illustrates constrains to be considered in fleet sizing and scheduling. 

Halvorsen-Weare and Fagerholt (2011) presents a robust planning for supply vessels, in which the 

objective is to determine the optimal fleet size and mix of vessels and schedules. The model created 

pursuit for solutions in the schedule to allow unforeseen events during execution. The problem is a 

real situation faced by Statoil and many approaches were tested. The model has some constraints 

from Statoil’s problem, such as minimum and maximum duration of voyages and number of offshore 

installations to be visited, the estimated weekly cargo requests and operational time to load/unload the 

cargo, number of required visits per week, offshore unit opening hours, among other specific restrains. 

Aas et al. (2009) is a paper that discusses the role of supply vessels in the offshore logistics. It argues 

that one of the largest cost elements in the upstream chain, the fleet of PSV, deserves more attention 

in the academic world. Furthermore, it develops the discussion presenting characteristics of the 

offshore logistics operations observed in the Norwegian Sea. It lists the complexities of the logistics 

system in the offshore services, concluding that studies dedicated to this area may be helpful for oil 

companies in the future.  

Botter (2002) provides some procedures to process and analyze data for the use in simulation 

projects. The thesis gathers concepts and statistical techniques to evaluate data used in discrete 

event simulations. The author presents a clustering method, used in this thesis to define the offshore 

units that compose the clusters during the case study (Section 5.1.2). It is also described some 

principles for validation, verification and testing of simulation models.  
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4 DISCRETE EVENT SIMULATION OF OFFSHORE SUPPLY 
OPERATONS 

The offshore supply operations in the Santos Basin are to be modeled by using Discrete Event 

Simulation (DES) methodology. As in the majority of processes, the model is marked by continuous 

changes, making the development of the model complex. The model can be evaluated by a series of 

well-defined and ordered events, in which variability, constrains and limitations are applied, in order to 

obtain the desirable results. 

According to Rossetti (2016), a methodology is to simply follow a series of steps, and this can be 

applied when simulating a system. The model building may be developed according to the following 

steps, as recommended by Altiok and Melamed (2007) and with some extra insights of Rossetti 

(2016): 

1. Problem analysis and information collection: Initially, the objective is to analyze the problem 

and gather structural information. It includes the identification of the input parameters, the 

key performance indicators to be observed, the rules that dictates the system components 

and the relationships between parameters and variables. This information is represented as 

logic flow diagrams that maps the system. The construction of a conceptual model, as 

supported by Rossetti (2016), is a good start to capture simple aspects and behaviors of the 

real system.  

2. Data collection: At this point, the data is obtained to estimate input parameters. This data is 

converted to distribution of random variables and, when missing data, it can be designated 

by parameter ranges. The data collection is also required for the model validation, to 

compare the model outputs with the real system. 

3. Model construction: The model is then constructed and implemented as a computer 

program. Rossetti (2016) recommends that the beginning of the model construction should 

start at a simple level, that allows the model to be initiated. As the understanding of the 

problem is increased and the constructed models work, the complexity of it may be 

increased until it reaches the desired goals. This process requires continuous checks to 

ensure that the model is representing the reality as intended by the programmer. 

4. Model verification: The verification is done to check if the development of the model 

construction was well done. This step is conducted by inspections and comparison of model 

code and model specifications.  

5. Model validation: Validation is done by the fitting of the model to empirical data, which are 

measurements of the real-life system. Key performance indicators (KPI) are used to see if 

the real-life system and the model match or agree. It is common to work on the model 

construction, verification, validation and modification until it converges to reasonable results. 

6. Designing and conduction of simulation experiments: Simulation experiments are run to 

evaluate the model performance to solve the initial problem. It is selected a number of 
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scenarios, each of them is replicated, and the results average – which reduce statistical 

variability – are obtained.  

7. Output analysis: The key performance indicators are statistically and logically analyzed, in 

order to identify the competing alternatives and the apparent best design.  

8. Final recommendations: Finally, the output analysis is used to provide final 

recommendations regarding the problem.  

The simulation model is being developed in order to represent offshore supply operations under the 

influence of weather conditions and other logistics characteristics. The duration of the voyage will 

depend on the number of installations visited, the service times, sailing distances, weather conditions 

and vessel speed. The duration of the voyages is an important factor, since short voyages will visit few 

offshore units, not using with efficiency the capacity of the deck of the supply vessels and long 

voyages should be avoided because of weather unpredictability and uncertainties regarding sailing 

time. 

The proposed methodology consists of an initial step, which is the comprehension of the real system 

behavior and characteristics, followed by the search and analysis of the database. The data 

information is to be as closest as possible from the reality of the operation conditions found in the 

Brazilian coast. Data, when not available from the companies responsible for the offshore logistics and 

operations, is to be acquired from previous studies in the area, such as the ones performed in the 

Campos Basin and extrapolated to Santos Basin.  

After that, part of the data information must be converted into stochastic variables, to be inserted as 

inputs in the simulation model. The use of probability distribution functions will quantify values of 

random variables. In this moment all the probability distributions are to be developed, such as the 

offshore units’ deliverables (deck cargo and water), cargo backloads and weather conditions.  

With all input parameters in hands, the simulation model starts to be created. As previous mentioned 

by Rossetti (2016), the model should start with a simple conceptual model that exhibits the basic 

aspects of the system. Then, the addition of details is performed, trying to compromise the quality and 

availability of the data with the complexity of the model. This balance is extremely related to the 

expected degree of validity necessary to achieve the objectives. Furthermore, it indicates until which 

point the model requires extra inputs, as it is inconceivable to develop a simulation model that has all 

possible parameters that influence a real system. Assumptions and simplification are part of the job of 

defining the model. 

During the simulation model development, the verification of the model behavior is performed, in order 

to evaluate the quality of the model. Bottom-up testing is executed, as mentioned by Balci (1998), with 

the model and its sub models being tested from the base level until it is fully developed at its highest 

level. Furthermore, comparisons of the simulation results and the real measured data are an excellent 

approach for the verification of this type of project. The animation of the simulation model assists the 

verification, validation and testing of the model, according to Balci (1998). To observe the model in 

action can provide the visualization of uncovering errors, although it does not mean the model is free 

of errors. Validation is also essential for the simulation model development, as from this step forward 
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different scenarios may be correctly performed. The validation will consider Leite’s data (Leite (2012) – 

see Section 4.4), so the simulation model will be compared with a real system and some of its logistics 

behavior.   

With the verification and validation procedures executed, the different scenarios are inputted in the 

simulation model. The KPI are the observed outputs, that measure the efficiency or inefficiency of the 

supply logistics model according to the number and class type of PSV – a more profound explanation 

of the assumptions assumed for the model and scenario characteristics are given in subsequent 

sections. Furthermore, the costs are also evaluated, considering the fixed and variable costs in this 

type of logistics service, which include port, fuel and affreightment figures.  

The output data, together with its processing, should provide a better understanding of the offshore 

supply logistics problem. By the observation of frequency behaviors from the simulation results, a 

schedule of the clustering supply services may be created. 

4.1 Discrete event simulation using ARENA 

The simulation model will be done by using ARENA Discrete Event Simulation Software. This software 

features a flowchart modeling methodology with pre-defined building blocks without the need of 

custom programming. The software also presents a range of statistical distribution options to model 

process variability, giving statistical analysis of the model and realistic animations to visualize the 

results. According to Kelton et al. (2007), ARENA is an interesting combination of the ease of use from 

high-level simulators and the flexibility of simulation languages like programming system or C. 

Simulations are resources used in many fields and industries which, according to Kelton et al. (2007), 

has the objective to imitate the behavior of real systems. The simulation requires the use of methods 

and applications, that can normally be performed in a computer by the use of a convenient software. 

The purpose of the simulations is to conduct numerical experiments and return a better understanding 

of the behavior of complex systems, avoiding the strong simplification of assumptions that can be 

observed in other methods. Simulations may be also used to measure the performance of systems, to 

look for weak links to be improved or even to evaluate the operation of a system with non-working 

equipment.  

Altiok and Melamed (2007) divide models between descriptive or prescriptive. Simulation models are 

classified as descriptive when models produce estimates for a set of performance measures according 

to the input data. Simulation models have a tendency of serve as performance analysis models. The 

prescriptive models, on the other hand, are looking for design or optimization, as optimal argument 

values of a prescribed objective function. Examples of prescriptive models are the ones produced from 

analytical methods, used as optimization tools. 

Regarding how the model is constructed, it will depend on the modeler’s view of the system, of the 

parameters to be evaluated and of the system boundaries. Rossetti (2016) exemplifies that “two 

perfectly logical and rational people can look at the same thing and conceptualize that thing as two 

entirely different systems based on ‘world view’ ”, illustrating that a system can be visualized in 
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different ways according to the objective of the modeler. Figure 16 presents a conceptual visualization 

of a generic system, in which the system boundary divides the components that will compose the 

system from the environment.   

 

Figure 16 – A conceptualization of a system (Rossetti (2016)). 

There are different kinds of simulation models, and their classification is done by the use of three 

dimensions, according to Kelton et al. (2007) and Rossetti (2016): 

• Stochastic vs. Deterministic: if it is observed the presence of random or stochastic 

component(s) in the system, the system is said to be stochastic, although it can also have 

deterministic components. A deterministic system will have only deterministic components, 

which can be, for example a system with only fixed service times. A stochastic system will have 

at least one component that has random inputs. 

• Dynamic vs. Static: a system model that does not change with respect with time is said to be 

static. If a system is dynamic, the evolution with respect with time will be considered. ARENA 

was developed to study primarily dynamic systems.  

• Continuous vs. Discrete: at continuous models the state of the system can change continuously 

over time, while a discrete model has a state of the system that changes at discrete points in 

time.  

A representation of the different types of simulation models that can be developed is presented in 

Figure 17. The highlighted path is the type of model that will be constructed in this study, a discrete 

event simulation (DES).  

 

Figure 17 – General types of systems (Rossetti (2016)). 
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According to Altiok and Melamed (2007), most part of modern computer simulations are discrete event 

simulations. The model in this type of simulation is governed by a clock and, as stated by Rossetti 

(2016), observations are gathered at selected points in time when changes take place in the system, 

named events. 

Rossetti (2016) lists the common goals in a simulation study, which are:  

• Comparison: to compare system alternatives and their respectively performance measures; 

• Optimization: a special sample of the comparison, in which it is target the identification of the 

best system configuration according to constraints and performance measures; 

•  Prediction: to predict the behavior of the system in a future point in time; 

• Investigation: to explore and learn about the system behavior according to its inputs. 

The models, as early mentioned, are governed by random processed and, as discussed by Rossetti 

(2016), the randomness phenomena may be described by probability distributions. Based in historical 

data, the model can be inputted with probability models which will adequately reproduce all the 

modeling scenarios to be experimented. Another possibility would be the use of historical data directly, 

which is not recommended as it will not correspond well to different scenarios. 

4.1.1 Basic Elements in ARENA 

At the development stage of a simulation model, there are some basic elements and terms that are 

often used. Their definitions follows Kelton et al. (2007) and Rossetti (2016): 

• Attributes are properties or variables that are associated with entities. They are common 

characteristics of all entities that may have different values from one to another.  

• Entities are objects whose movement change of status and operation may cause the 

occurrence of events. They are objects of interest in the system that affect the state of the 

system and consequently the output performance measures. Entities usually have a cycle of 

life, being created, having interactions with the system and being disposed (in some cases 

entities are not disposed, circulating the system perpetually until the simulation stops).  

• Events are instantaneous occurrences or actions that change the state of the system at a point 

of time. The changes may occur in the attributes, variables or statistical accumulators. 

• Parameters are quantities that are properties of the system and do not change during the 

simulation. They constitute part of the system environment, introduced as model inputs in the 

form of variables and are not controlled.  

• Queues are locations that hold entities when a constrain is found in the system. It can be 

consequence of the seize of a resource that is tied up by another entity. 

• Resources are components in the system that are used by entities while they are being 

processed in the simulation. Resources represent things such as personnel, equipment or 

spaces, having a limited quantity and size, which may or may not be available. When an entity 

attempts to seize a resource that does not have any units available, it must wait in a queue. 

Resources have four different status during simulation: idle, busy, inactive or fail. 
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• Variables are quantities that are properties of the system that change during simulation. They 

may be determined by the relationships of components of the system through time. 

4.2 Model Formulation 

In order to build the computer program model, a conceptual model is performed in the form of 

conceptual diagrams and flow charts, which can only be developed after the good understanding of 

the problem and the system under study. In agreeing with Rossetti (2016), a simulation model 

englobes the elements of the system studied, probability and statistics, computer programming and 

engineering design, used to investigate a problem by measures of performance.  

The system being studied in this thesis is the logistics process of offshore production sites. The 

system englobes the PSV, which are entities performing their routes to deliver deck cargo and water to 

offshore units and return backload to onshore, and the purpose is to make the successful delivery and 

return of cargoes.  

4.2.1 Assumptions and Simplifications 

The model development is intrinsically connected to the assumptions and simplifications to be 

performed to mimic the real system in a simulation program. This will also include the previously 

mentioned boundaries of the system, that are defined according to the delimitation of the problem. The 

following assumptions and simplifications have been set. 

Regarding the offshore units: 

• The offshore platforms considered in the model are only of the production type, which stay at 

the same position during the simulation model; 

• Each offshore unit is seen as different in the simulation, according to their production capacity, 

which will influence in the supply necessities, using related probability distributions, as user’s 

specification; 

• The earth’s surface, during the simulation, is taken as flat, instead of the consideration of the 

earth’s spherical shape;  

• The offshore units are divided into clusters, a common practice by Petrobras (Borges (1998)), 

and the deliveries in a voyage are to be performed by the PSV in the offshore units of the same 

cluster; 

• The decision of the offshore units that will compose each cluster are computed in the model 

according to user’s specification and will not change during simulation; 

• The routes are predefined by user’s specification. In case a route, in a particular moment, 

cannot be performed in consequence of cargo organization during one of the offshore legs, a 

new route sequence is defined. The logic of the route definition in these cases is presented in 

Section 4.2.2, Figure 22; 
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• Regarding the last topic, in case all possible routes, respecting the route logic definition (see 

Section 4.2.2.3), were tested and the deck area is insufficient for all, the cargo is divided 

according to necessity; 

• The distances between offshore units are introduced in the model by the user; 

• The model accepts the introduction of 10 different clusters, in which each cluster may be 

composed of 15 offshore units (allowing the simulation of up to 150 offshore units); 

• The offshore units are considered to be open to receive the supplies at any time of the day, 

although the model is prepared to account for daily windows to perform operations; 

• It will not be considered the reduction of speed, when doing the approximation of the PSV in 

the offshore unit; 

Regarding the PSV: 

• The PSV in the model have straight routes; 

• The PSV are not assigned to a specific cluster, operating voyages according to the necessity 

(queue) of cargo requests; 

• There are three main classes of PSV in the model, and their characteristics are equal within 

class; 

• Each class of PSV has their own dimensions, total and partial load capacities (deck cargo and 

water) and average velocity;  

• The number of PSV in the model is variable, according to the user’s specification;  

• The model will consider only one class of PSV in the simulation, according to user’s 

specification; 

• The PSV will be carried with load considering the available area of the main deck, which 

corresponds to 75% of the total area (or according to user’s specification); 

• The PSV will consider a 10% margin of the deck area when leaving the port to ensure to carry 

the backload of the first offshore unit visited (or according to user’s specification); 

Regarding the Port Terminal: 

• The model is developed considering one port terminal, which is able to dispatch all cargo with 

no delay or cargo storage limitation; 

• The port terminal is considered to have unlimited berth capacity, or, in other words, there will 

be no queues of assigned PSV waiting to berth in the terminal; 

• The only queue of PSV in the port terminal is of vessels waiting for a travel assignment; 

• The PSV routes start and end at the port terminal; 

Regarding the weather conditions: 

• Weather conditions are variable according to the month, with appropriate probability 

distributions; 

• It can affect load/unload operations and the PSV’s speed; 

• Bad weather conditions can increase or interrupt the offshore activities, being reinitiated as 

good weather arrives; 
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• Bad weather conditions do not prevent PSV from departing the port terminal; 

Regarding the cargo: 

• It will be performed deliveries of deck cargo and industrial water (transported in the tanks of the 

PSV) and pick-ups of cargo (backload) in the offshore units. This propose is in accordance with 

Figure 9 in Section 2.4.1, which presents the most relevant cargoes that circulate in Rio de 

Janeiro’s terminal; 

• The demand is stochastic, given in square meters of deck capacity and cubic meters of water; 

• The cargo may be equally divided, in case the PSV is not able to carry the total order demand; 

• The cargo planning is defined by a weekly demand of supplies, and the delivery is attributed to 

one PSV or more, depending on the amount of cargo requested; 

• In case the weekly delivery to a cluster is divided, this divided remaining cargo comes back to 

the requests queue with a delay. This delay is calculated as the division of the days in a week 

(7) by the number of divisions of the cargo, leading the cargo to be preferentially delivered in 

the same week of the request.   

Regarding load/unload of cargo: 

• The time to load/unload the PSV in the port terminal is considered, which is dependable of the 

cargo requests;  

• The productivity of the port cranes will be modeled as 13 lifts/hour (or according to user’s 

specification); 

• The port terminal pumping rate for the load of water in the vessel is computed as the same as 

from the PSV water flow capacity; 

• The time to load/unload the PSV in the offshore unit is considered, which is dependable of the 

cargo requests and weather conditions;  

• The productivity of the offshore unit’s cranes will be modeled as 10 lifts/hour (or according to 

user’s specification); 

• It will be used only one crane per PSV in the port and in the offshore units; 

• There are no time windows to delivery cargo in the offshore units, being the only restriction to 

load/unload at sea, the weather conditions; 

4.2.2 Conceptual Model 

Based in the assumptions and considerations previously mentioned, the conceptual model may be 

presented. The model gives a more detailed vision of the system description, which will be used for 

the development of the simulation model.  

The model is divided into some sectors, in which different entities circulate the model. The first sector 

is the INPUT, which is responsible to collect relevant data from the data excel sheet. The WEATHER 

is responsible to assign the weather conditions (the variation of significant wave height) into the 

system, with an interval of one hour. CLUSTER REQUESTS is the section in the model responsible to 

generate the weekly requests for each cluster. The PSV QUEUE + UNLOAD AT PORT section 
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creates the vessel entities that will circulate in the model, holds the PSV in the queue and performs the 

last port operation of a travel. The LOGISTICS MANAGER + SERVICE AT PORT comprehends the 

work performed by a logistics manager, assigning a PSV to deliver a certain cluster the cargo 

requested. The last section is the OFFSHORE UNIT SERVICES, which performs the load and unload 

of deck cargo and water at the offshore units. A more detailed explanation of each section of the 

simulation model is given below. 

4.2.2.1 Conceptual Model: CLUSTER REQUESTS 

The CLUSTER REQUESTS conceptual model is presented in Figure 18. 

 

Figure 18 – CLUSTER REQUESTS conceptual model. 

In the CLUSTER REQUESTS section, requests for each cluster are weekly created. Additionally, each 

cluster has a specific day and hour that the request is created, determined by the number of days in a 

week and the number of clusters defined by the user: 

interval between cluster requests = days in a week / number of clusters       ( 6 ) 

  Entrance 

 

 

  (from Figure 20) 

Exit                  (to Figure 20) 
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For example, consider that the weekly creation of requests for ‘cluster 1’ is always on Monday 00:00. 

In this manner, if a hypothetic system has 5 clusters, the weekly requests generated would follow the 

scheme in Table 4. 

Table 4 – Example of liberation of weekly requests for a five-cluster system. 

Cluster Request time moment [days] Equivalent Day and Hour 

1 x1 = 0 Monday, 00:00 

2 x1 + (7 / 5) = 1.4 days Tuesday, 09:36 

3 x1 + 2 ∗ (7 /5) = 2.8 days Wednesday, 19:12 

4 x1 + 3 ∗ (7 /5) = 4.2 days Friday, 4:48 

5 x1 + 4 ∗ (7 /5) = 5.6 days Saturday, 14:24 

 

Regarding the assignments of load, backload and water requirements per offshore unit, they are 

computed in this section respecting Normal Distributions, in which the user provides the mean and 

standard deviation of each type of cargo for each unit in the model. The check box for possible limits is 

a test to evaluate if the cargo is over a limit value defined by the user. Normal distributions may 

provide extreme values that are unlikely to happen, in the same way it can provide negative values, 

which are impossible cargo request figures. The limit for the maximum cargo value is provided by the 

user, which indicates how many times the cargo mean value is conceivable as a request (in the case 

study, assumed as 2 times the cargo mean value). Furthermore, when detected, negative values are 

also eliminated from the model. Both over-limit and negative cases are replaced by new draw values 

for the request. 

This module is also connected to the LOGISTICS MANAGER + SERVICE AT PORT section, in case 

the PSV is not capable of carrying the full cargo in one travel. In this manner, the cargo request is 

equally divided respecting the PSV capacity limits. One of the divided cargo requests is prepared to 

deliver and the remaining broken requests come back to the queue to wait for a PSV to be available. 

Before arriving to the queue, a delay is accredited to the requests, so there is no chance two PSV are 

assigned at the same time, avoiding queues to perform the delivery in the offshore unit. The delay time 

is a function of the number of divisions of the cargo, being equally divided in the interval of a week. 

4.2.2.2 Conceptual Model: PSV QUEUE + UNLOAD AT PORT 

The PSV QUEUE + UNLOAD AT PORT conceptual model is presented in Figure 19: 
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Figure 19 - PSV QUEUE + UNLOAD AT PORT conceptual model. 

In the PSV QUEUE + UNLOAD AT PORT section, the PSV entities wait in a queue to wait to perform 

a new travel. The queue receives vessels after their last operation of a travel, which is the unload of 

the backload from the offshore units at port. 

4.2.2.3 Conceptual Model: LOGISTICS MANAGER + SERVICE AT PORT 

The LOGISTICS MANAGER + SERVICE AT PORT conceptual model is presented in Figure 20. 

During the logistics manager process, some details are checked, such as the PSV capacity to carry 

the load, backload and water in the departure and arrival at port’s terminal. If the PSV has no capacity 

to carry the cargo, the division of cargo is performed. As previously mentioned, before the remaining 

divided cargo return to the queue, a delay is accredited to the requests, so there is no chance two 

PSV are assigned at the same time to the same cluster delivery. The delay time is a function of the 

number of divisions of the cargo, being divided in the interval of a week. 

An observation about the model in this checking moment is that it is optional for the user to follow the 

The Norwegian Oil Industry Association (OLF) (2008), which recommends an extra 10% space for the 

load of backload in the first offshore unit in the route. In this manner, the user can keep with the 10% 

extra reduction or to input the percentage of deck space usage allowed for the first leg of the voyage.  

Exit                   (to Figure 20)  

  Entrance 

               (from Figure 23) 
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Figure 20 - LOGISTICS MANAGER + SERVICE AT PORT conceptual model. 

Exit                 (to Figure 18) Exit                    (to Figure 23) 

Entrance                                   Entrance       

           (from Figure 18)                             (from Figure 19) 
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Furthermore, the percentage of deck occupation for the other voyage legs is also a user’s 

specification. Following Pires and Caprace (2016) and Leite (2012) references, the recommended use 

of the total deck area is 75%. This model section will check conflicts of load and backload in the PSV 

during the leg travels.  

As the cluster requests are respecting normal distributions, cargo deliveries vary from one offshore 

unit and one week to another. It may happen that, when performing the user’s inputted sequence of 

visits in the cluster, one leg travel could have a low amount of load to deliver and a large amount of 

backload to return, having an overloaded PSV. For better understanding, the scheme of an 

unexcepted leg travel is presented in Figure 21: 

Leave Port 

 

64% occupied 

Deliver load at first 
offshore unit 

61% occupied 

Load backload at 
first offshore unit 

78% occupied 

Figure 21 – Load/Unload travel scheme for a PSV overloaded. 

 When a similar case happens, with more cargo than allowed in deck, the model proposes a change of 

the delivery sequence. If an initial hypothetical sequence of deliveries 2 → 5 → 9 has a leg deck cargo 

problem, the next sequence of delivery is tested. The test of possible delivery sequences for the 

hypothetical case is presented in Figure 22: 

 

Figure 22 – Possible delivery sequence test in case of deck are overload. 

It may be observed that this test produces results that are not aiming for optimized results when it 

regards to travel distances, although it avoids the simulation model to break a delivery request in half 

without necessity of doing it. If all sequential possibilities are tested without an acceptable result, the 

cargo delivery request is divided, and the cargo is once more tested to check if there are problems in 

the occupation of deck during voyage legs. 

The end of this model section is responsible to perform the loading process of the PSV in the port 

terminal, characterizing the beginning of a new travel assignment. This section also sends the PSV to 

the first destination of the cluster. The speed assignment is done just before the PSV leaves the port, 

in which weather conditions at the leaving port time instant are checked, influencing in the 

determination of the velocity of the vessel for the first leg travel. 

4.2.2.4 Conceptual Model: OFFSHORE UNIT SERVICES 

The OFFSHORE UNIT SERVICES conceptual model is presented in Figure 23.  
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Figure 23 - OFFSHORE UNIT SERVICES conceptual model. 
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(to Figure 19) 
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This section is responsible for the loading and unloading processes in the offshore units. It is a section 

that is repeated in a voyage according to the number of offshore units in the cluster, which inspects the 

time to unload the cargo and water from the PSV and the backload from the offshore unit. The staying 

time of the PSV in the unit will depend on the longest process computed (the sum of the delivered 

deck cargo and backload or the time to unload water from the tanks).  

The processes in the offshore units may be interrupted or delayed by the weather condition, in which is 

checked in intervals of one hour, according to Table 3 presented in section 2.3.2. The weather 

condition is once more reviewed every time the PSV leaves an offshore unit, determining the PSV 

speed for the next leg travel. 

4.3 Determination of the number of replications of simulation 

As Altiok and Melamed (2007) state, intuitively, the larger is the number of replications, the more 

improved should be the accuracy by averaging over all the replication estimates. The number of 

replications process used here is based in procedures observed in thesis such as Neto (2006) and 

Ribeiro (2003), and also mentioned by Pinto (2014). 

The variables chosen for the replication number test are total voyage time, average leg time travels, 

time increase in operation for bad weather conditions at offshore units, time operation at offshore units 

and port (loading and unloading), number of weekly trips to clusters and deck cargo amount per 

cluster (load). 

Each replication mimics 365 days of offshore supply logistics services for the input data conditions 

used in the validation process (see Section 4.4). Thirty-five replications were run, and for each 

replication the mean values were calculated. From the individual averages, the accumulated average 

may be estimated, together with the percentage difference between accumulated averages. The 

following figures (Figure 24 and Figure 25) present the percentage differences of the accumulated 

average according to the number of replications. 

 

Figure 24 - Percentage differences for the variables chosen for the determination of number of 

replications (part 1). 
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Figure 25 - Percentage differences for the variables chosen for the determination of number of 

replications (part 2). 

As can be observed in the previous graphs, the percentage differences between the accumulated 

averages are, in general, small, having maximum values of about 3% for 1 to 2 replications. All 

variables evaluated, excluding “Time increase in operation for bad weather conditions per voyage” 

have a fast stabilization before 10 replications. Besides that, the percentage differences observed in 

the graph evaluating the weather conditions influence in offshore operations have small percentage 

intervals of variation, which is acceptable.  
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The number of replications defined to perform simulations is based in the moment it is observed some 

constancy in the percentage differences. From the observation of Figure 24 and Figure 25, the number 

of replications chosen for the simulation model is 20, which is believed to provide consistency for the 

statistical results.  

4.4 Data for the validation of the Model 

The validation of the model is to be performed by the analysis of a group of information provided by 

Leite (2012), in Figure 26. These data are related to the characteristics of the offshore logistics 

performed in some ports, such as the Port of Imbetiba that attends Campos Basin and the Port of Rio 

de Janeiro, that supplies for Santos Basin. As expected, this validation procedure faces a lack of 

historical data from the Brazilian company operator of offshore supply services, which constrains the 

validation comparisons to some parameters presented in Figure 26 (the parameters are mean values 

and, in some cases, the standard deviation is show in brackets). The ideal solution for the validation 

would include real data of a known set of offshore units, their real locations and the real cargo demand 

of each unit. In this way, it would be known the real capacities of the simulation model. 

The model results were compared to some real data parameters (Figure 26) to evaluate the model 

capability of reproducing real-world performance. By this approval, the model is able to reproduce 

different scenarios with a safe credibility. Kleijnen (1995), however, explains that validation “cannot be 

assumed to result in a perfect model, since the perfect model would be the real system itself”.  

 

Figure 26 – Comparison between parameters from different cases (Adapted from Leite (2012)). 

In order to emulate the real-world characteristics presented by Leite (2012), the model received the 

following data and assumptions inputs: 

• As the data does not provide a number or class type of PSV, during the simulations it was 

modeled systems with vessels with DWT of 3,000 tons. 
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• It was inputted 13 offshore units in the model, in order to emulate similar ‘Number of Offshore 

Units per Trip’. There are 3 clusters created in the simulation model for validation, which have 

offshore units distributed as illustrated in Figure 27. They are composed by offshore units in 

operation and future installations in Santos Basin, as it will be discussed in Section 5.1.1. 

• As the model is not prepared to duplicate visits to a unit in the same voyage, the ‘Number of Visits 

per Trip’ is the same as the ‘Number of Offshore Units per Trip’. 

• Distances between offshore units and the port are defined by the real coordinates and future 

possible coordinates of the offshore units in Santos Basin (the possible locations for new 

installations will be discussed in Section 5.1.1). 

• All offshore units have the same weekly demands distribution characteristics. These values 

correspond to the mean and standard deviation cargoes observed in Campos Basin, presented in 

Table 5. The demand of cargo for Campos Basin is used as the demand characteristics for Santos 

Basin is not available. The data to compose the information provided by Leite was collected from 

the units of Campos Basin between April 2001 and March 2012. 

 

Figure 27 – Clustering presentation for model Validation (Adapted from Google). 

Table 5 - Weekly mean demand of load, backload and water cargo requirements for Campos Basin 
offshore units and its standard deviation (Data from Leite (2012)). 

Load Backload Water Cargo 

μ [m²] σ [m²] μ [m²] σ [m²] μ [m³] σ [m³] 

133 54 156 112 467 214 

 

The outputs of the model simulation are shown in the following Table 6. It presents the results 

obtained considering a system with 6 and 4 PSV units of the class PSV 3000. The 4-unit’s-fleet results 

are chosen to be shown as they are the minimum number of PSV to attend all units in the model. The 

reason to present the 6-unit’s-fleet is explained in the interpretation of the simulation outputs, after 

Table 6. The mean value is represented by μ and the standard deviation σ. The simulation has been 

run for 20 replications.  
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Table 6 – Real data and simulation output results for model validation. 

Real Data versus Simulation Results 
Port of Rio de Janeiro Simulation results: 20 replications 

μ  Σ μ  σ μ  σ 

Vessel PSV PSV 3000 6 UNITS PSV 3000 3 UNITS 

Cycle time [days] 7 5.4 6.55 0.60 4.37 0.46 

Number of offshore units per trip 4.3 4.33 4.33 

Number of visits per trip 5.6 4.33 4.33 

Weekly trips to production units 2.1 0.3 2.13 0.36 2.13 0.36 

Mean Transport time between the port 

and the production units [days] 
1.9 1.51 1.51 

Total voyage time [days] No real data informed 2.50 2.50 

Request time for production units 5 3.72 3.72 

Number of production units in the basin  25 13 13 

 

The cycle time of the vessels may be defined as the time between one and another arrival of the 

vessel at the port. The request time is the period between two departures to the same offshore unit 

plus the leg travel time of the second departure to this offshore unit. This represents the maximum 

time that the offshore unit will have to wait to receive a requested cargo.  

The mean transport time between the port and the production units has no definition in Leite’s thesis. It 

will be interpreted here as the mean of the sum of the travel periods in voyages, because of the 

following sentence in the author’s thesis: “The mean times between the port and the units for the 

Campos and Santos Basins are very close to one another, although the distances in the Santos Basin 

are larger. This is due to the high number of offshore units and visits per route of the trips departing 

from Port of Imbetiba.” This sentence gives the idea that as Campos basin has more units to visit, the 

mean time is summed by all the stops, resulting in a similar value to Santos basin. In this manner, it 

leads to conclude that the mean transport time between the port and the production units represents 

the mean time of the summed trips in a voyage.  

Observing the cycle time in the real data and comparing this figure with the mean transport between 

the port and the production units (as it is not known the real total voyage time), it is detected that 

althougth the mean transport time takes only 1.51 days to be completed, the PSV has a large cycle 

time, which may be consequence of the high standard deviation from the cycle time. In the simulation 

model, on the other hand, this high standard deviation is not observed, as the model may not predict 

such high variations in the cycle time of the PSV. In this way, to emulate a similar result for the mean 

cycle time, it is necessary to have an idled fleet, that stays for long periods anchored in the port (6 

PSV). Using a fleet of 4 PSV, the model presents equal results from the 6 PSV simulation model for all 

parameters under validation, except the cycle time (this can be also observed in Table 7). 

Furthermore, the mean transport time between the port and the production units has a difference from 

real data because the simulation model does not allow to revisit the same offshore unit in a voyage, 

making the mean travelled time per voyage lower than the ones from the real data. 

Table 7 presents the data validation adherence for the simulation models considering a system with 6 

and 4 PSV units of the class PSV 3000. 
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Table 7 – Data validation adherence. 

Data validation adherence PSV 3000 6 UNITS PSV 3000 3 UNITS 

Cycle time  94% 62% 

Number of offshore units per trip 101% 101% 

Number of visits per trip 77% 77% 

Weekly trips to production units 102% 102% 

Mean Transport time between the port and the production units  79% 79% 

Request time for production units 74% 74% 
  

Regarding the model credibility,  Balci (1998) in his chapter “Verification, Validation, and Testing” in 

the Handbook of Simulation Optimization states that the model have to be judged considering its 

studies objectives. Furthermore, it mentions that the adjective ‘sufficient’ is the ideal word to indicate 

that the validity of the model is in respect with the aimmed objectives. In this way, and based in Balci’s 

argument, the model is considered to be sufficiently valid with respect to the study objectives.  

4.5 Key Performance Indicators 

The key performance indicators are used to evaluate the efficiency/inefficiency of the different 

scenarios. Each scenario will have a number of simulations run, in which the only difference is the 

number of vessels of the evaluated PSV class – the scenarios are discussed in Section 5.2. The key 

performance indicators will be calculated as the average value from 20 replications. To evaluate the 

scenarios and number of PSV to attend the offshore units, the following KPI are used: 

• total number of voyages in a year; 

• total voyage time (general and cluster individual values); 

• cycle time of the PSV; 

• request cycle time; 

• cargo waiting times in port and in offshore units; 

• PSV delay and waiting time for better weather conditions in offshore units; 

• PSV queue time and number of units in queue; 

• cargo requests queue time and number of requests in queue; 

• not delivered cargo in the 365-days of simulation (load, backload and water); 

• weekly trips to production units (general and cluster individual values); 

• percentage of times the route was changed; 

• percentage of times cargo requests were divided; 

• total occupation of the deck area and water tanks from and to port; 

• the sum of the logistics costs (variables and fixed) for the transportation of the supplies: 

o fuel costs, based in the stand-by, port and travel times of the PSV; 

o port costs, based in the amount of cargo, number of travels performed in a year, anchored 

times, berth times to load and unload cargo at port and gantry crane usage; 

o affreightment annual costs, based in the PSV class and number of units; 

• total offshore logistics cost per square meter of deck cargo transported (load and backload).  



  

49 

5 RESULTS 

This chapter will be dedicated to the presentation of the definition of the logistics system to be 

implemented in the simulation model, the scenarios created and the simulation model results.  

5.1 Definition of Logistics System 

According to Petrobras (2018c), the volume of oil and gas produced in the Santos Basin per well is 

higher than the average volume produced in the oil and gas industry. It is around 25 thousand barrels 

of petroleum per day. If it is considered the ten wells with the largest production in Brazil, nine are 

located in Santos Basin, with the most productive well at Lula Field (daily average of 36 thousand 

barrels of oil). 

Concerning the national production of oil and gas, according to MME (2015), Petrobras produced 

75.89% of the total oil and gas in Brazilian coast, followed by Shell/BG Brasil (12.10%) and Petrogal 

Brasil, with 3.06% in the end of 2017. 

The case study will be explained in this section. Among the information presented, it will be given the 

data to be used in the simulation model, such as the uncertainties from port operations, PSV, offshore 

units, cargo supply necessities and weather conditions. Some of these data are transformed in 

distributions, and after that they are used as variables inputs in the simulation model. When there is no 

data to corroborate with the case study and define the probability distributions, the uncertainties will be 

treated by a subjective analysis of the stochastic elements.   

5.1.1 Fields and Offshore Facilities’ Locations 

The offshore facilities to be used in the model simulation are the ones located in Lula, Júpiter, 

Sapinhoá and Lapa’s fields, presented in Figure 28.  

The first two were selected for this study as they are marked by the participation of Petrogal – Galp in 

the oil and gas production. Galp Energia has a percentage participation of the blocks BM-S-8 (Bem-te-

vi), BM-S-11 (Lula, Lula Sul, Berbigão, Sururu and Atupu), BM-S-21 (Caramba, which is not 

represented in Figure 28, located under the Bem-te-vi field) and BM-S-24 (Júpiter). These percentages 

go from 14 to 20%, with water depths from to 1,600 to 2,500 meters.  

The other two fields (Sapinhoá and Lapa) were selected as they have offshore units operating with no 

presence of other platforms nearby, stimulating the study of the logistics for these units together with 

the Petrogal – Galp participation units.  

The offshore unit located in Atapu, which is the FPSO Cidade de São Vicente, was not included in the 

model simulation study as this platform unit is part of the second phase of projects of new exploration 

locations, the also called Antecipated Production System (SPAs). There are seven SPAs locations in 

Santos Basin being tested for the capacity and behavior of the oil reservoir. The tests, done to 
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determine the definitive production development, take from four to six months per location, which 

means the unit does not have a fixed location defined, moving from one SPA to another.  

 

Figure 28 – Location of offshore units from Santos Basin (Adapted from Petrobras (2018d)). 

The Júpiter Field, as it is still an exploratory block, has no defined number of offshore units nor 

locations and, therefore, a proposal from Caprace (2017) is used for the case study. The proposal, 

which can be observed in Figure 29, is composed of 4 FPSO and 66 production wells. As the objective 

of this project is to evaluate the logistics of the fields previously listed, the new installations will be 

accounted in the simulation, making possible the consideration of the best logistics attendance for the 

production units. Furthermore, two FPSO that are nowadays under construction - Petrobras 67 and 

Petrobras 69 - will be also included in the model. Their exact real locations were not found, although 

the regions to be installed were disclosed: Lula North and Lula South End, respectively.   

 

Figure 29 – Proposal for the exploration of Júpiter Field (Caprace (2017)). 

The offshore units to be used in this case study are listed in Table 8. The units with the asterisk mark 

were introduced in the model, although not installed in the fields yet. 
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Table 8 – Offshore units from Santos Basin in the case study. 

 

The offshore units in the case study are geographically represented in Figure 30. The locations of the 

offshore units in Santos Basin have their real coordinates (except the ones not yet installed in the oil 

fields, in which an approximate location was defined by this author according to some research), and 

so is the location of the Port of Rio de Janeiro, thus the simulation model will account with the 

coordinates of the real system.  

 

Figure 30 – Location of the offshore units from Santos Basin in the case study (Adapted from Google). 

Offshore Unit 
Field 

Location 
Processing 

Oil Capacity 

Name Acronym Latitude Longitude [bbl/d] 

FPSO Cidade de Angra dos Reis FPCAR Lula -25°32'36.59" -42°50'30.55" 100,000 

FPSO Cidade de Caraguatatuba FPCCG Lapa -25°31'07.41" -43°27'59.57" 100,000 

FPSO Cidade de Ilhabela FPCIB Sapinhoá -25°40'22.09" -43°12'22.29" 150,000 

FPSO Cidade de Itaguaí FPCIG Lula -25°08'29.65" -42°56'40.90" 150,000 

FPSO Cidade de Mangaratiba FPCMB Lula -25°12'14.68 -42°52'42.82" 150,000 

FPSO Cidade de Maricá FPCMC Lula -25°26'55.85" -42°45'11.06" 150,000 

FPSO Cidade de Paraty FPCP Lula -25°22'02.33" -42°45'36.69" 120,000 

FPSO Cidade de São Paulo FPCSP Sapinhoá -25°47'59.43" -43°15'47.78" 120,000 

FPSO Cidade de Saquarema FPCSQ Lula -25°29'28.56" -42°46'52.54" 150,000 

Petrobras 66  P-66 Lula -25°36'10.14" -42°49'14.37" 150,000 

Petrobras 67 * P-67 Lula -25°17'08.81" -42°44'20.84" 150,000 

Petrobras 69 * P-69 Lula -25°39'43.70" -42°50'30.54" 150,000 

FPSO A * FPSO A Júpiter -25°12'14.68" -42°15'36.00" 110,000 

FPSO 1B * FPSO 1B Júpiter -25°22'02.33" -42°24'36.00" 110,000 

FPSO 2B * FPSO 2B Júpiter -25°29'28.56" -42°31'48.00" 110,000 

FPSO C * FPSO C Júpiter -25°36'10.14" -42°27'36.00" 110,000 
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In order to determine the exact location of the points of interest to be used in the simulation model, the 

globe locations where transformed into x-y Cartesian Coordinates by using the Mercator projection 

method, which was also used by Görmüş (2016) in his thesis to simulate the logistics operations in 

Campos Basin.  

5.1.2 Clustering Division 

The determination of the clustering of the offshore units is performed according to a technique 

presented in Botter (2002), named Clusters Analysis. The clustering will depend on the variables used 

to apply the method which, in this case, are the distances between offshore units. Therefore, the 

application of the method searches for the lowest Euclidian distances when grouping the closest 

offshore units.  

While applying the method, some restrictions are used to limit the clustering of units, such as a 

maximum number of units per cluster (three). Moreover, if it is observed that a certain offshore unit 

would be isolated without any possibility of joining a cluster, the next available lowest Euclidian 

distance option was chosen. The resultant table with the application of the Clusters Analysis is 

presented in Table 9, which presents the resultant Euclidian distances, in kilometers, between the 

clusters.  

Table 9 – Application of Clusters Analysis. 

Clusters Analysis 

FPCAR FPCCG     

P-66 FPCIB FPCMC P-67 FPCMB FPSO A 

P-69 FPCSP FPCSQ FPCP FPCIG FPSO 1B 

FPCCG FPCIB FPCSP 53.87      

 FPCMC FPCSQ 15.14 63.03     

 P-67 FPCP 30.41 71.00 16.11    

 FPCMB FPCIG 46.87 69.32 36.20 23.95   

 FPSO A FPSO 1B 60.83 109.6 48.31 43.00 60.32  

 FPSO C FPSO 2B 35.58 87.67 27.70 35.72 59.05 21.57 

 

In this manner, the offshore units in Santos Basin are divided into clusters and named as: 

• Cluster Green – composed by FPCAR, P-66 and P-69; 

• Cluster Yellow – composed by FPCCG, FPCIB and FPCSP; 

• Cluster Pink – composed by FPCMB and FPCIG; 

• Cluster Blue – composed by FPCMC and FPCSQ; 

• Cluster Grey – composed by P-67 and FPCP; 

• Cluster Purple – composed by FPSO A and FPSO 1B; 

• Cluster Orange – composed by FPSO 2B and FPSO C. 

The resultant clustering division can be also visualized in Figure 31. 

 



  

53 

 

Figure 31 – Resultant clustering division applied in the case study (Adapted from Google). 

5.1.3 Cargo Supply Data 

Since there is no available public information by Petrobras or the company that performs the logistics 

(Triunfo Logística), the cargo supply data for Santos Basin are going to be extrapolated from Leite 

(2012). Mean and standard deviation of load, backload and water supplies for the offshore units in 

Campos Basin (see Table 10) were extrapolated to Santos basin based in the average processing oil 

capacity of the platforms per day – which may be referred in this study as the size of platform. The 

weekly demand data from Leite was calculated for each offshore unit and then the general mean value 

for the deck cargo area and water volume were obtained. The average size of the offshore units in 

Campos Basin is 108,867 bbl/day and, therefore, the values presented in Table 10 will be seen as 

reference to this average offshore unit size.  

Table 10 – Weekly mean demands of load, backload and water cargo requirements for Campos Basin 
offshore units and its standard deviation (Data from Leite (2012)). 

Load Backload Water Cargo 

μ [m²] σ [m²] μ [m²] σ [m²] μ [m³] σ [m³] 

133 54 156 112 467 214 

 

The data to compose the information provided by Leite was collected from offshore units located in 

Campos Basin between April 2001 and March 2012. It can be observed that the demanded area for 

backload cargo is major than the load delivered in the offshore units, which may be explained, 

according to Leite (2012) and Pires and Caprace (2016), by the lower efficiency of the offshore loading 

procedures when compared with port operations. 

The resultant weekly demands of load, backload and water supplies, and their standard deviation, are 

presented in Table 11. 
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Table 11 - Weekly mean demands of load, backload and water cargo requirements for the modeled 
Santos Basin offshore units and their standard deviations. 

Santos Basin 

Offshore Units 

Processing Oil 

Capacity 

Load Backload Water Cargo 

μ  σ μ  σ μ  σ 

[bbl/d] [m²] [m²] [m²] [m²] [m³] [m³] 

FPCAR 100,000 122.17 49.60 143.29 102.88 428.96 196.57 

FPCCG 100,000 122.17 49.60 143.29 102.88 428.96 196.57 

FPSO A * 110,000 134.38 54.56 157.62 113.17 471.86 216.23 

FPSO 1B * 110,000 134.38 54.56 157.62 113.17 471.86 216.23 

FPSO 2B * 110,000 134.38 54.56 157.62 113.17 471.86 216.23 

FPSO C * 110,000 134.38 54.56 157.62 113.17 471.86 216.23 

FPCP 120,000 146.60 59.52 171.95 123.45 514.75 235.88 

FPCSP 120,000 146.60 59.52 171.95 123.45 514.75 235.88 

FPCSQ 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

P-66 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

P-67 * 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

P-69 * 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

FPCMB 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

FPCMC 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

FPCIB 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

FPCIG 150,000 183.25 74.40 214.94 154.32 643.44 294.85 

 

5.1.4 Port Operations  

Papa (2013) exposes the lack of information to evaluate the operation time per equipment, worker and 

shift in Macaé’s port, which performs the supply logistics transportation for Campos Basin. However, 

according to Arpini (2015), the average time to load the ship in port is 6 hours. Pires and Caprace 

(2016) mentions that the typical port operation in the Brazilian terminals, without considering queues, 

is about 48 hours in total.  

Rio de Janeiro’s port will be the base for onshore operations in the case study. The location of the port 

is in the Latitude -22°53'40.85" and Longitude -43°12'43.78". As previously mentioned in section 4.2.1, 

the productivity of the port cranes will be modeled as 13 lifts/hour, which is a realistic figure for port 

operations.  

The deck cargo is discretized during port and offshore operations. This discretization may be called 

size of the lift, indicating the area, in square meters, that the crane can move in one lift, in average. 

These figures, presented in Table 12, are provided in Leite (2012), according to the data obtained for 

eleven years. They are mean values of the typical cargo carried in PSV, which are general cargo and 

chemical (common for both load and backload), food and drinking water (load, only sent to offshore 

units) and waste and garbage (backload, only sent onshore).  
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Table 12 – Size of the lift and density for Load and Backload (Data from Leite (2012)). 

Size of the lift [m²] Density of cargo [ton/m²] 

Load Backload Load Backload 

4.6 4.5 0.67 0.37 

 

The water pumping flow rate in port terminal is considered to be the same as the flow rate capacity of 

the PSV. 

Port Terminal taxes in Rio de Janeiro are given by CDRJ (2016b). Some of the taxes applicable to 

offshore services for the use of terminal access, installations and equipment are presented in Table 

13. The table presents both the value of tax in reais (R$) and dollars (US$), with a charge conversion 

rate of 3.8733 from July 17th, 2018. 

Table 13 – Terminal port taxes in Rio de Janeiro (CDRJ (2016b)). 

Tax Section Type of charging [R$] [US$] 

Protection and port access 
Per ton moved in CDRJ installations 6.46 1.67 

Per vessel 2,766.25 714.18 

Protection and port access 

Per vessel staying in anchoring areas (periods of 10 days): 

First period 2,766.25 714.18 

Second period 2,766.25 714.18 

Third period 5,532.49 1428.37 

Fourth and subsequent periods 11,064.98 2856.73 

Berth Installations Per ship, per period of 6 hours or fraction 899.05 232.11 

Land Installations and 

facilities 

Per ton or fraction moved in offshore supply vessels 

dedicated to oil and gas exploration 
4.51 1.16 

Supply of port equipment Gantry crane per hour or fraction (up to 10 tonnes) 36.88 9.52 

5.1.5 PSV 

The PSV characterization is defined according to the three main classes of vessels: PSV 1500, PSV 

3000 and PSV 4500. The characteristics of the classes were obtained from a data base containing a 

sample of the currently PSV in use in the Brazilian coast. The sample is composed of 58 ships, 

distributed in different classes (9 units of PSV 1500, 9 units of PSV 3000 and 40 units of PSV 4500). 

The difference between the sample numbers for each PSV class is consequence of the reduced 

number of available public reliable data. The average dimension values and technical features of each 

class are presented in Table 14: 

Table 14 - Average dimension values and technical features from the three PSV classes.  

PSV Class  
Deck Area Length Width Draft 

Strength 

of deck 

Water 

Capacity 

Water 

Flow 

Service 

Speed 

[m²] [m] [m] [m] [t] [m³] [m³/h] [knots] 

PSV 1500 350 65.5 12 4.2 2.95 700 120 10 

PSV 3000 620 71.7 16.4 5.9 5 1,450 180 10 

PSV 4500 885 90 18.2 6 5 2,100 180 10.8 
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Table 15 presents the average diesel consumption according to the PSV classes. All PSV classes 

from the data base have diesel electric propulsion systems, as they are the most common observed 

type of propulsion in this type of vessel in the Brazilian coast. According to Dedes et al. (2012), high 

speed diesel engines have rotational speed greater than 1000 rpm, while medium speed diesel 

engines are between 400-1000 rpm. Vásquez (2014) indicates that for engine-generator sets, high 

speed engines are generally fueled with pure distillates from crude oil, such as MGO and MDO, or 

even both, while medium speed diesel engines may be fueled with MGO, MDO, IFO or HFO. Looking 

for some uniformity in the case study decisions that will influence the simulation model results, it will be 

considered that the PSV 1500 class uses the same fuel as the other two remaining classes. This 

consideration will be done since the average rotational speed of the engines for this class, 900 rpm, is 

relatively close to the rotational speed boundary from Dedes et al. (2012). Regarding the specific fuel 

consumption, this is taken as constant in relation to the vessel’s speed for the three classes of PSV. 

Also, the PSV 1500 class has a larger average power installed value in comparison with the PSV 

3000, probably because the fleet observed in the Brazilian coast of vessels with DWT 1500 are older 

(ships from 1980’s).  

Table 15 - Average diesel consumption for the three PSV classes. 

PSV Class  

Power 

Installed 

Rated 

Speed 

Specific fuel 

consumption at 

service speed 

Fuel 

consumption 

in travel legs  

Fuel consumption  

at operation in 

offshore units  

Fuel 

consumption 

stand-by  

Fuel 

consumption 

at port  

(kW) [rpm] [g/kW.h] [t/h] [t/h] [t/h] [t/h] 

PSV 1500 4930 900 190 0.70 0.77 0.14 0.20 

PSV 3000 4703 1500 209 0.74 0.81 0.15 0.21 

PSV 4500 6692 1800 234 1.18 1.29 0.24 0.33 

 

The fuel consumptions in the previous table were estimated considering the power of the main engine, 

taken from vessel’s catalogs. To define the fuel consumptions on navigation, at operations in the 

offshore units, in stand-by and at port, a relative percentage use of the total power of the main engines 

is used from Oliveira (2015). The power demand percentages from Oliveira are related to design 

specifications of a PSV 4500, which is, as simplification, used here for the three classes of PSV. As 

can be observed, the most required power from the engines is during load/unload operations at 

offshore facilities, in which the PSV uses the dynamic positioning near the platform. 

Table 16 – Power demand for different operations in a PSV 4500 (Edited from Oliveira (2015)). 

Operation type Demanded power percentage 

Navigation 75% 

Load/unload at offshore unit 82% 

Stand-by 15% 

Port 21% 

 

The long-term contract values were taken from Figure 12 in Section 2.6, and are presented in Table 

17. The table presents affreightment rate values for the three classes of PSV, considering vessels 

from the data base. The vessels in this table are OSRV, which are responsible to act in case of oil 
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splits, although they can perform the platform supply services and are even classified as PSV 

according to their commercial operators and/or ship owners 2 3 4 5. As previously mentioned in Section 

2.6, the availability type regards to the moment the vessel will start to operate (Type A from December 

2017, Type B from May 2018 and Type C from December 2018). 

Table 17 – Affreightment rates for long-term contracts in Brazil (Edited from SINAVAL (2017)). 

OSRV / PSV DWT 
Affreightment Price Affreightment Time 

Availability Type 
[US$/day] [day] 

Saveiros Gaivota 1500 17,100 730 B 

Saveiros Albratoz 3000 17,100 730 B 

Asso Ventisette 3000 17,300 1460 B 

Skandi Yare 3000 16,900 1460 C 

Bravante VI 4500 16,100 1460 A 

 

The affreightment rates used in the case study are the ones presented in the table for the PSV 1500 

and PSV 4500, while the PSV 3000 value is taken as the average value between the three figures with 

DWT 3000 presented in the table. It is highlighted that these values for the specific vessels are 

relatively close to the average affreightment prices for each PSV class considering the data from 

SINAVAL (2017), Figure 12. 

5.1.6 Weather Conditions 

As previously mentioned, weather conditions are usually regarded in simulation models by their effect 

on the significant wave height. The data used to obtain the monthly characterization of the significant 

wave height at Santos Basin is from Brazilian National Program of Buoys (Programa Nacional de 

Boias) which accounts with 19 fixed buoys and 297 drift buoys. The relevance of the program is based 

in the description and understanding the variability and predictability of the climate system in different 

space-time scales, providing numerical data of the weather. 

The South Atlantic Ocean has a lack of weather data, strict to some island locations with sporadic 

measures performed by Brazilian Navy and some voluntary merchant ships. The program was created 

to change that, providing more reliable and scattered weather data from the South Atlantic Ocean. The 

fixed buoy used to obtain weather data is located in the latitude -25.70⁰ and longitude -45.14⁰, with 

collected data from March 2011 to April 2017. The data has a time interval of one hour, in which some 

parcels of time presented error in the weather reading.  

After performing the data preparation, in which outliers that do not represent or belong to the real 

process were excluded, fitting techniques were applied in order to obtain the probability functions that 

represent the significant wave height characterization. The fitting techniques were performed using 

                                                      

2 - Saveiros Gaivota and Albratoz - http://www.wsutoffshore.com.br/nossa-frota 
3 - Asso Ventisette - http://www.assomaritima.com.br/v2/static/navios/A27.pdf 
4 - Skandi Yare - http://www.marlinnav.com.br/frota/skandi-yare/ 
5  - Bravante VI - http://www.bravante.com.br/imgs/775.pdf 
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one of the tools from ARENA, the Input Analyzer. The probability distributions to the historical data are 

presented in Table 18. 

Table 18 – Monthly characterization of significant wave height at Santos Basin. 

Month 
Number of 

Observations 
Minimum 
Value [m] 

Maximum 
Value [m] 

μ 
[m] 

σ 
[m] 

Distribution Expression 

Jan 4441 0.65 4.59 1.71 0.56 0.6 + LOGN (1.12, 0.621) 

Feb 4067 0.62 4.57 1.60 0.53 0.6 + GAMM (0.252, 3.99) 

Mar 4458 0.74 4.3 1.75 0.58 0.65 + ERLA (0.368, 3) 

Apr 4213 0.52 5.54 1.82 0.73 0.5 + ERLA (0.33, 4) 

May 4455 0.6 7.35 2.13 0.85 0.5 + ERLA (0.406, 4) 

Jun 4433 0.73 8.17 2.00 0.79 LOGN (2, 0.76) 

Jul 3859 0.59 5.83 2.00 0.82 0.5 + LOGN (1.52, 0.926) 

Aug 3714 0.73 6.29 2.30 0.86 0.45 + ERLA (0.37, 5) 

Sept 3593 0.94 6.48 2.21 0.73 0.63 + GAMM (0.31, 5.11) 

Oct 3187 1.05 5.81 2.18 0.66 1.01 + GAMM (0.368, 3.18) 

Nov 3532 0.82 4.98 2.00 0.56 0.819 + 4.18 * BETA (3.08, 7.88) 

Dec 4442 0.6 5.29 1.71 0.63 0.2 + ERLA (0.251, 6) 

 

The Input Analyzer tool searches for the best probability distribution that minimizes the square error of 

the fitting. Among that, the Kolmogorov-Smirnov and Chi Square tests were used during the fitting 

process and only fitting distributions not rejected by the tests were considered. All monthly fitting 

distributions returned p-values under 0.005 for the Chi Square test and 0.01 for the Kolmogorov-

Smirnov test. Figure 32 presents the histogram and the fitting distribution for the month of January. 

Histograms and fitting distributions for the other months of the year are presented in Appendix 1.  

 

Figure 32 - Histogram and the fitting distribution for the month of January. 

5.1.6.1 Effect of Weather Conditions on Offshore Operations 

The case study will consider the proposal from Halvorsen-Weare and Fagerholt (2017), based in 

Statoil’s acts when weather conditions are unsatisfactory for the offshore unit operations at sea, given 

in Section 2.3.2, Table 3. 
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5.1.6.2 Effect of Weather Conditions on PSV Speed 

The reduction in sailing speed may be determined by different methods or proposals from the 

literature. The objective is to observe the influence of the weather conditions in the speed of the 

vessel, the Beaufort Scale and, consequently, the significant wave height. They may be also based in 

the design or service speed, as in Babbedge Phill / Aertsen Diagram or even in other ship 

characteristics, such as the vessel deadweight in Khokhlov’s formula. 

Applying the required calculations to use the Babbedge Phill / Aertsen Diagram, it is found the  

𝑛 𝐿0.63 presented in the following Table 19.  

Table 19 – Parameter 𝑛 𝐿0.63 from Babbedge Phill / Aertsen Diagram. 

𝑛 𝐿0.63 
PSV 1500 PSV 3000 PSV 4500 

41.8 44.3 51.1 

 

It can be observed that the parameter values found for the three classes of PSV do not fit into the 

diagram intervals. Even though, because of the difficulty to find speed reduction estimation methods, 

the speed reduction figures were taken from the diagram considering the lowest 𝑛 𝐿0.63 value possible 

for each Beaufort curve. 

According to Maisiuk and Gribkovskaia (2014), Aertseen and Khokhlov formulas are the most 

appropriate methods for fitting the speed reduction of offshore supply vessels (deadweights under 

10,000 DWT). The approximate methods are considered accurate enough and has the advantage of 

being easy to implement, differently from theoretical methods.   

Regarding Khokhlov formula, the PSV 1500 and PSV 3000 have average deadweight figures out of 

the deadweight interval for Khokhlov’s formula, which can give major errors than the one presented by 

Maisiuk and Gribkovskaia (2014). Besides that, following the same argumentation to not reject 

Babbedge Phill / Aertsen Diagram results, the speed reduction influence from Khokhlov’s formula was 

calculated for the three PSV classes. The angle off-bow 𝛼 is taken here as zero, since the waves and 

ships’ directions are not under evaluation in the model. 

From the restrictions and limitations of each method presented, Aertseen formula seems the most 

adequate approach for the speed reduction in offshore supply vessels. The disadvantage of the 

method, according to Maisiuk and Gribkovskaia (2014), is the correlation of the maximum significant 

wave height intervals with the Aertseen coefficients, instead of a precise estimation of 𝐻𝑠, which leads 

to over-estimation of the speed reduction. 

A comparison between different methods or proposals for the reduction in sailing speed are presented 

in Table 20, considering the PSV technical features.  
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Table 20 – Speed reduction according to weather conditions. 

B
ea

u
fo

rt
 N

u
m

b
er

 

P
ro

b
ab

le
 W

av
e 

H
ei

gh
t 

 

P
ro

b
ab

le
 M

ax
im

u
m

 

W
av

e 
H

ei
gh

t 
 

B
ab

b
ed

ge
 P

h
ill

 /
 

A
er

ts
en

 D
ia

gr
am

 

H
al

vo
rs

en
-W

ea
re

 

an
d

 F
ag

er
h

o
lt

  

A
er

ts
ee

n
 F

o
rm

u
la

 

P
SV

 1
5

0
0

 

A
er

ts
ee

n
 F

o
rm

u
la

 

 P
SV

 3
0

0
0

 

A
er

ts
ee

n
 F

o
rm

u
la

 

 P
SV

 4
5

0
0

 

Kh
o

kh
lo

v 
Fo

rm
u

la
  

P
SV

 1
5

0
0

 

Kh
o

kh
lo

v 
Fo

rm
u

la
  

P
SV

 3
0

0
0

 

Kh
o

kh
lo

v 
Fo

rm
u

la
 

 P
SV

 4
5

0
0

 

 [m] [m] [knots] [knots] [knots] [knots] [knots] [knots] [knots] [knots] 

0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1 0.1 0.1 0.00 0.00 0.00 0.00 0.00 0.07 0.07 0.07 

2 0.2 0.3 0.00 0.00 0.00 0.00 0.00 0.15 0.14 0.14 

3 0.6 1 0.30 0.00 0.00 0.00 0.00 0.44 0.43 0.42 

4 1 1.5 0.90 0.00 0.00 0.00 0.00 0.73 0.71 0.70 

5 2 2.5 1.10 0.00 1.57 1.46 1.30 1.46 1.43 1.39 

6 3 4 2.50 2.00 2.58 2.41 2.21 2.19 2.14 2.09 

7 4 5.5 4.70 3.00 4.31 4.03 3.71 2.92 2.86 2.78 

8 5.5 7.5 6.20 3.00 7.30 6.82 6.26 4.01 3.93 3.83 
 

Khokhlov formula and Halvorsen-Weare and Fagerholt (2017) present results that illustrates a minor 

influence of the significant wave height in the speed reduction under bad weather conditions. 

Babbedge Phill / Aertsen Diagram and Aertseen formula, differently, have major influence of weather 

conditions in the speed reduction. The comparison was performed to evaluate the sensibility of the 

speed under different methods, although for some methods the PSV technical features do not agree 

with the intervals of applicability. In this manner, Aertseen formula will be the method used to 

determine the speed reduction of the fleet in the simulation model. The speed curves for the three 

classes of PSV are presented in Figure 33. The figure also presents the second order trendline 

equation used in the simulation model. 

 

Figure 33 – Speed curves for the three PSV classes according to Aertseen Formula.  
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5.2 Definition of scenarios for supply operations 

First, all scenarios consider a time interval of offshore logistics operation of one year (365 days), 

including weekends and holidays. The different scenarios of offshore supply operations are defined 

according to the PSV class used in the model. As the simulation model accepts only one class of PSV 

in the simulation, the objective of deriving the scenarios is to determine the required fleet size to each 

PSV class to perform the services according to the exact same conditions. In this way, the supply 

services will attend the same offshore units, which are divided into the same clusters’ composition and 

the same cargo requests’ characteristics. Additionally, port and offshore units’ productivities are 

maintained equal, as well as the weather condition behaviours. As result, the different scenarios will 

allow the evaluation of the KPI and cost figures when considering different PSV class fleets. 

All scenarios will start with the clock time at January 1st, 9:00 AM. As there are 7 clusters in the 

system, each cluster will generate their request at a specific day of the week (Monday, Tuesday, 

Wednesday, …) at 9:00 AM. This is a propitious time to receive the cargo requests in the simulation 

model because, after checking the obtained results for the three scenarios, it was verified that the 

begin of loading cargo at the terminal at this hour may induce in arrivals at the first offshore unit at the 

morning of the next day.  

Regarding the delay created in the division of cargo for each PSV class, for PSV 3000 and PSV 4500 

classes the number of days in delay are calculated and then truncated in the model, as presented in 

the following equation: 

𝑑𝑒𝑙𝑎𝑦 𝑡𝑖𝑚𝑒 = 𝑡𝑟𝑢𝑛𝑐𝑎𝑡𝑒 (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑖𝑛 𝑎 𝑤𝑒𝑒𝑘 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛𝑠 𝑜𝑓 𝑐𝑎𝑟𝑔𝑜
)    ( 7 ) 

The reason to truncate the delay is consequence of the observation of the obtained results. First, it 

was detected a great number of cargo request divided into 2 voyages for these two classes. And 

second, the average total voyage time for these two classes are 2.29 days (PSV 3000) and 2.50 days 

(PSV 4500). Imposing these truncated results in the model, the loading operations at port for the 

remaining cargo will always begin at 9:00 AM if there is a vessel available in the queue. Furthermore, if 

the request is divided into two voyages, the cargo will begin to be loaded 3 days later than the first 

voyage loading.  

For the PSV 1500 class, the delay is not truncated, as it is observed a larger number of divisions of 

cargo (most cargo requests being divided into 2 and 3 divisions but going up to 5). Truncated delay 

times for 3 or more divisions of cargo would result in 1 or 2 days of delays between voyages to the 

same cluster, not merging with the average total voyage time interval (2.05 days for PSV 1500). With 

non-truncated delays, the time between loadings of the same cargo request is enlarged at its 

maximum. 

In this manner, three different scenarios will be under analysis: 

• Scenario 1: the vessels in the model are PSV 1500; 

• Scenario 2: the vessels in the model are PSV 3000; 

• Scenario 3: the vessels in the model are PSV 4500. 
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5.3 Results for Supply Operations Performance 

The results from the simulations for the different scenarios are presented in this section. In each 

scenario it was generated different sub scenarios varying the number of PSV, with the first simulation 

being the model system with only 1 unit serving the 16 offshore units (7 clusters). A unitary increment 

of PSV number was used, in order to observe the evolution of the KPI and cost figures in the results.  

The first KPI to be observed during the variation of PSV are the number of voyages in a year and the 

amount/percentage of cargo that is not delivered/returned in the interval of the one year of simulation. 

These KPI inform the number of voyages demanded to transport the cargo and are related with the 

lack of capacity of the currently number of vessels in the model to attend all weekly cargo requests. 

Based in these KPI, it is known the minimum number of PSV to serve the system.  

The next KPI to track are the average number and time of PSV and Cargo Request in queues to 

serve/be attended. There is also the cargo delay time at port, that represents the waiting time of the 

remaining cargo divided at port to be transported. These indicators provide an idea of the idleness of 

the fleet, and the readiness of the fleet to start the loading of the Cargo Requests. 

After that, it is possible to analyze some time related performance indicators from the model, such as 

the cycle time of the PSV, which is the total average time between two arrivals of the same PSV at 

port, the request time, the mean and standard deviation of the weekly trips and total voyage times to 

each cluster and other relevant parameters from the simulation model results. These time related 

indicators are essential to define the schedule for the PSV. 

Another important indicator to track is the deck and tanks occupation during the port leg travels, which 

have maximum values of 65% and 75% for the first and last leg travels, respectively. Its value is 

mainly limited by safety recommendations, which were mentioned in previous sections (maximum 

occupation of 75% of the total deck area) and consequently influence in the leg travels between units. 

A special attention should be given to the cost related figures for all three scenarios. These cost 

related performance indicators are interesting to investigate, as they demonstrate the misapplication of 

capital that may be spent to have more units of PSV than necessary, for example. Furthermore, they 

reveal the specific costs most influenced by an idled fleet.  

Finally, all these KPI and cost related figures will be used in order to evaluate the best homogeneous 

fleet that may attend the offshore units from the case scenarios and define the offshore logistics 

schedule for the fleet.  

5.3.1 Scenario 1 

The KPI for Scenario 1 are presented in Table 21. The values are equivalent to the accumulate 

average of 20 replications for each sub scenario. As can be observed in the table, the minimum 

required number of PSV to deliver/return the cargo is 6 units, based in the total not delivered/returned 

cargo and the stabilization of the number of voyages in a year for 6 or more vessels.  
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It is necessary to explain that there is a residual cargo percentage of not delivered/returned in the 

model, consequence of the day the cargo request was sent onshore. As each cluster sends the 

request in a different day, the percentage observed in the table for 6 vessels or more represents the 

remaining non-served cargo in the simulation model. Requests for the PSV 1500 class are divided 

99.8% of times and the remaining cargo is reserved to be sent offshore a few days later (the time 

between the beginning of a new travel will depend on the number of divisions of the cargo, as 

explained in Section 4.2.2.3). As consequence, there was no enough time to complete all required 

voyages to deliver the cargo in the 365 days of simulation. This residual cargo value will be also 

observed in the other scenarios. 

Table 21 - Key performance indicators for Scenario 1 – PSV 1500 class. 

Number of vessels [-] 1 2 3 4 5 6 7 8 

Total number of voyages in a year [-] 177.45 353.65 530.35 706.1 880.9 944.95 944.95 944.95 

Percentage of not 

delivered/returned cargo 
[%] 81% 62% 44% 26% 7.3% 0.5% 0.5% 0.5% 

PSV queue time at port  [hours] 0.00 0.07 0.12 0.19 0.30 6.17 15.42 24.66 

Number of PSV in queue at port [-] 0.00 0.00 0.01 0.02 0.03 0.67 1.67 2.67 

Request queue time to be delivered [days] 123.48 85.81 55.79 30.28 7.76 0.09 0.01 0.00 

Number of requests in queue  [-] 186.84 158.24 117.56 70.67 19.64 0.23 0.03 0.00 

Cargo delay time at port (not first 

weekly requested voyage) 
[days] 164.45 131.41 95.58 57.27 17.45 2.56 2.41 2.39 

Total voyage time [days] 2.05 2.06 2.05 2.05 2.05 2.05 2.05 2.05 

Cycle time [days] 2.06 2.06 2.06 2.07 2.07 2.32 2.69 3.10 

Request time in offshore units [days] 12.61 6.39 4.39 3.35 2.75 2.58 2.58 2.58 

Leaving port travel leg time [days] 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 

Arriving port travel leg time [days] 0.72 0.73 0.73 0.73 0.73 0.73 0.73 0.73 

PSV delay time - weather conditions [hours] 0.30 0.29 0.29 0.29 0.29 0.29 0.29 0.29 

Weekly trips to clusters [-] 1.52 1.84 2.09 2.33 2.52 2.60 2.59 2.59 

Percentage of route was changed [%] 1.9% 1.9% 1.7% 1.6% 1.6% 1.6% 1.6% 1.6% 

Percentage of requests divided [%] 99.7% 99.7% 99.8% 99.8% 99.8% 99.8% 99.8% 99.8% 

Initial occupation of deck area 
[m²] 141.75 141.05 140.28 139.78 139.55 139.58 139.58 139.58 

[%] 40.5% 40.3% 40.1% 39.9% 39.9% 39.9% 39.9% 39.9% 

Final occupation of deck area 
m²] 164.29 164.94 164.82 164.94 164.67 164.54 164.52 164.52 

[%] 46.9% 47.1% 47.1% 47.1% 47.0% 47.0% 47.0% 47.0% 

Initial occupation of water tanks 
[m²] 164.18 164.06 163.91 163.02 162.60 162.67 162.67 162.67 

[%] 23.5% 23.4% 23.4% 23.3% 23.2% 23.2% 23.2% 23.2% 

 

It is possible to observe that a 6-unit’s fleet is the number required to avoid requests in queue to 

deliver, which corroborates with the previously analysed KPI. From the table, the KPI “number of 

requests in queue to be delivered” decreases from an average of 19.64 requests when using a 5-unit’s 

fleet (equivalent to a queue of 7.76 days) to 0.23 requests in queue to deliver with a 6-unit’s fleet 

(equivalent time in queue is 0.09 days). The average number of PSV in queue waiting for a cargo 

request is 0.67, with an “anchored time” of 6.16 hours. The PSV queue time in hours, requests queue 

in days and cargo delay at port in days are presented in Figure 34. As can be observed, the begin of 

an adequate number of vessels and, later, an idled fleet, is related to the regulation of the queue of 

requests and cargoes in delay at port. The cargo delay to deliver the remaining cargo waiting at port 
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for a 6-unit’s fleet has a mean value of around 2.56 days, while when using a 5-unit’s fleet it is 

observed longer delays, that take more than 2 weeks to deliver cargo (17.45 days). The delay of this 

remaining cargo is partially consequence of the intentionally included delay in the simulation model, 

which is inside the week of the request. This delay, as mentioned in previous sections, is added as a 

manner to avoid 2 vessels to leave port at the same time, which could imply in a queue to discharge at 

the offshore units.   

 

Figure 34 – Request and PSV waiting queue times and Cargo delay at port – PSV 1500 class. 

To deliver the total weekly cargo requested of the clusters, as the PSV 1500 class has a useful deck 

area limited to 65% of 350 m² to leave the port and 75% in the other leg travels, the simulation model 

divides the cargo requests. From the total weekly sent requests, 99.8% are divided, while 1.6% 

requires a change in the proposed initial route as consequence of the 75% deck area limitation 

between offshore unit travel legs. For this class of PSV, it is observed that requests are divided up to 5 

times. As consequence, the number of weekly visits to clusters has a mean value of 2.60 and a 

standard deviation of 0.63. The individual voyage travel times and number of visits for each cluster 

considering 6-unit’s fleet in the system are presented in Table 22, which are essential parameters to 

the define a schedule for the clusters’ system modelled. The mean accumulated total voyage time for 

the seven clusters is equivalent to 2.05 days. 

Table 22 - Schedule related characteristics KPIs – PSV 1500 class.  

KPI - Schedule 
Characteristics 

Cluster 
Green 

Cluster 
Yellow 

Cluster 
Pink 

Cluster 
Blue 

Cluster 
Grey 

Cluster 
Purple 

Cluster 
Orange 

μ σ μ Σ μ σ μ σ Μ σ μ σ μ σ 

Individual Voyage 
Travel Time [days] 

2.17 0.12 2.24 0.12 1.86 0.13 2.03 0.12 1.96 0.12 2.00 0.13 2.09 0.13 

Number of Visits [-] 2.97 0.72 2.93 0.58 2.40 0.50 2.68 0.50 2.62 0.53 2.06 0.31 2.06 0.29 

 

The time related KPI are presented in Figure 35. From these indicators, the weather related KPI are all 

variables related to travel legs and offshore operations that do not vary with the number of PSV in the 

model. Examples are the interruptions as consequence of weather conditions in offshore load/unload 

operations, which adds around 0.29 hours (equivalent to 0.012 days) in the total voyage time. It is also 
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observed some constancy in the leg travels departing and arriving at port and the total voyage time. 

Cycle time (the time between one and another arrival of the vessel at the port) and request time (the 

period between two departures to the same offshore unit plus the leg travel time of the second 

departure to this offshore unit) include the time anchored, which is influenced by the PSV’s queue in 

opposite ways – increase in time for the cycle time and decrease in time for the request time. 

 

Figure 35 – Time related KPI – PSV 1500 class. 

The cost related values for each sub scenario are presented in Table 23. It is observed that while the 

affreightment cost increases constantly with the number of PSV, the fuel and port costs have a 

boundary difference when the required number of PSV is achieved. When the fuel costs reach 6 PSV, 

it begins to be influence only by the fuel consumption for generators while the PSV is anchored.  

Table 23 - Cost related figures – PSV 1500 class. 

Number of vessels [-] 1 2 3 4 5 6 7 8 

Fuel Costs (MGO) US$ 3,966,632 7,921,959 11,874,233 15,818,235 19,733,153 21,695,378 22,539,080 23,385,789 

Per ton moved in 

CDRJ installations 
US$ 41,952 83,198 124,082 164,616 205,027 219,987 219,987 219,987 

Per vessel US$ 126,732 252,571 378,768 504,286 629,125 674,868 674,868 674,868 

Anchored: First 10-

days period 
US$ 0 0 0 0 1,750 340,559 562,349 646,194 

At berth - 6 hours or 

fraction 
US$ 82,169 163,745 245,531 326,910 407,849 437,861 437,942 437,942 

Per ton or fraction 

moved in OSV  
US$ 29,289 58,084 86,627 114,926 143,138 153,582 153,582 153,582 

Gantry crane - hour 

or fraction  
US$ 7,848 15,635 23,433 31,048 38,661 41,481 41,481 41,481 

Total Port Taxes US$ 287,990 573,233 858,440 1,141,786 1,425,549 1,868,339 2,090,210 2,174,055 

Affreightment 

Costs 
US$ 6,241,500 12,483,000 18,724,500 24,966,000 31,207,500 37,449,000 43,690,500 49,932,000 

Total Offshore 

Logistics Costs 
US$ 10,496,122 20,978,192 31,457,174 41,926,021 52,366,202 61,012,717 68,319,790 75,491,845 

Total Cost per m² 

of Deck Cargo 

𝑈𝑆$

𝑚2
 36.34 72.63 108.92 145.16 181.31 211.25 236.55 261.38 
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Regarding the individual port costs, almost all remain constant for 6 or more units in the fleet, as they 

are related to delivery of cargo. When all cargo is served, there is no need to compute more berth 

operations, use of gantry and tons of cargo moved on PSV or the CDRJ installations. In this manner, 

the increase in the number of PSV will mean an idled fleet, which will reflect in port costs related to 

anchored time. The table also presents the total offshore logistics costs as function of the number of 

PSV. Less than 6 units reflects in a lower total cost, although this value does not account with the 

costs related to delays and non-deliveries/returns of cargo during the simulated year. In this way, if 

choosing a 5-unit’s fleet will be less expensive according to the table, although the cargo requests are 

not fully delivered/returned (in this case, around 10% of the year-requested cargo).  

 

Figure 36 – Affreightment costs, total port taxes, fuel costs and total logistics costs – PSV 1500 class. 

The costs growth as function of the increment of PSV in the system is presented in Figure 36. From 

the figure, it is noticed that the fixed costs (related to the affreightment of the fleet) for the required fleet 

are the ones that influence the most the total offshore logistics costs, in contrast to the variable costs 

(port taxes and fuel expenses). 

5.3.2 Scenario 2 

The KPI for Scenario 2 are presented in Table 24. The values are equivalent to the accumulate 

average of 20 replications for each sub scenario.  

In this scenario it is observed that for 5 units in the fleet or more the not delivered/not returned cargoes 

stabilize. However, the differences from the 5-unit’s fleet to the 4-unit’s fleet in relatively small (0.1%) 

and may be assumed as cargo not served because of the 365 calendar days of simulation. 

Considering that the average number of PSV in queue is smaller for the 4-unit’s fleet, at the last days 

in simulation there were no available vessels to transport the cargo as promptly as in the 5-unit’s fleet 

– difference that can be observed in the total number of voyages in a year. When other relevant 

parameters are observed, such as the request time, the number and time of requests in queue and 

cargo delay at port, it is noticed that the 4-unit’s fleet is providing an adequate service response.  
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Table 24 - Key performance indicators for Scenario 2 – PSV 3000 class. 

Number of vessels [-] 1 2 3 4 5 6 7 8 

Total number of voyages in a year [-] 157.25 315.55 472.85 591.4 591.7 591.7 591.7 591.7 

Percentage of not 

delivered/returned cargo 
[%] 73% 46% 20% 0.3% 0.2% 0.2% 0.2% 0.2% 

PSV queue time at port  [hours] 0.00 0.08 0.18 4.01 18.72 33.45 48.17 62.88 

Number of PSV in queue at port [-] 0.00 0.00 0.01 0.27 1.27 2.27 3.27 4.27 

Request queue time to be delivered [days] 117.60 68.40 27.45 0.30 0.02 0.00 0.00 0.00 

Number of requests in queue  [-] 144.02 95.27 42.13 0.49 0.04 0.00 0.00 0.00 

Cargo delay time at port (not first 

weekly requested voyage) 
[days] 158.55 112.27 53.26 3.60 3.03 2.99 2.99 2.99 

Total voyage time [days] 2.32 2.30 2.30 2.29 2.29 2.29 2.29 2.29 

Cycle time [days] 2.33 2.31 2.32 2.47 3.09 3.71 4.33 4.93 

Request time in offshore units [days] 14.74 7.30 4.87 3.93 3.93 3.93 3.93 3.93 

Leaving port travel leg time [days] 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 

Arriving port travel leg time [days] 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 

PSV delay time - weather conditions [hours] 0.46 0.45 0.46 0.46 0.46 0.46 0.46 0.46 

Weekly trips to clusters  [-] 1.22 1.39 1.53 1.62 1.62 1.62 1.62 1.62 

Percentage of route was changed [%] 1.2% 1.2% 1.0% 1.1% 1.1% 1.1% 1.1% 1.1% 

Percentage of requests divided [%] 69.5% 72.8% 75.4% 76.6% 76.6% 76.6% 76.6% 76.6% 

Initial occupation of deck area 
[m²] 230.60 227.00 224.47 223.53 223.55 223.55 223.55 223.55 

[%] 37.2% 36.6% 36.2% 36.1% 36.1% 36.1% 36.1% 36.1% 

Final occupation of deck area 
m²] 267.48 265.67 264.65 263.60 263.58 263.58 263.58 263.58 

[%] 43.1% 42.9% 42.7% 42.5% 42.5% 42.5% 42.5% 42.5% 

Initial occupation of water tanks 
[m²] 557.39 550.43 541.93 539.71 539.72 539.72 539.72 539.72 

[%] 38.4% 38.0% 37.4% 37.2% 37.2% 37.2% 37.2% 37.2% 

 

The decision to go with the 4 or 5-unit’s fleets is related to the confidence in the logistics delivery 

system, since for the 4-unit’s fleet, the fleet usage is almost constant (average number of units in 

queue 0.27, time anchored 4.01 hours), in contrast with the 5-unit’s fleet (1.27 units in queue, 18.72 

hours anchored). Figure 37 presents the PSV queue time in hours, requests queue in days and cargo 

delay at port in days.  

 

Figure 37 - Request and PSV waiting queue times and Cargo delay at port – PSV 3000 class. 
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The consideration of a slack in schedule, which is idle time at a voyage’s end and before the start of 

preparation for the next (here called the PSV queue time) gives the vessels the possibility of catching 

up when they are delayed. According to Halvorsen-Weare and Fagerholt (2017), this slack can be 

used as a robustness approach. Choosing the adequate number of PSV in this scenario is also related 

to the possibility of creation of a schedule, which would be more difficult to elaborate with a fleet of 4 

PSV. 

To deliver the total weekly cargo requested of the clusters, as the PSV 3000 class has a useful deck 

area limited to 65% of 620 m² (port’s departure) and 75% (other leg travels), the simulation model 

divided the cargo requests 76.6% of the times, while 1.1% required a change in the proposed initial 

route. For this class of PSV, it is observed that requests are divided up to 3 times with a mean value of 

1.62 and a standard deviation of 0.49 for the weekly visits to clusters. The individual voyage travel 

times and number of visits for each cluster considering 4 and 5 PSV are nearly all the same, presented 

in Table 25. The only difference in the results are for Cluster Green, in which for a 5-unit’s fleet the 

mean for the individual voyage travel time is 2.57 days and the mean number of visits is 1.56. 

Table 25 - Schedule related characteristics KPIs (4-unit’s fleet) – PSV 3000 class.  

KPI - Schedule 
Characteristics 

Cluster 
Green 

Cluster 
Yellow 

Cluster 
Pink 

Cluster 
Blue 

Cluster 
Grey 

Cluster 
Purple 

Cluster 
Orange 

μ σ μ σ μ σ μ σ Μ σ μ σ μ Σ 

Individual Voyage 
Travel Time [days] 

2.56  0.31  2.71  0.35  2.37  0.26  2.59  0.29  2.52  0.29  2.33  0.21  2.42  0.21  

Number of Visits [-] 1.57  0.50  1.38  0.49  1.02  0.15  1.09  0.29  1.08  0.28  1.00     -    1.00     -    

 

The time related KPI are presented in Figure 38. The mean accumulated total voyage time for the 

seven clusters is equivalent to 2.29 days. The interruptions as consequence of weather conditions in 

offshore load/unload operations for this simulation model adds around 0.49 hours (equivalent to 0.019 

days) in the total voyage time. The constant service usage of the 4-unit’s fleet is observed in the 

similarity of the values for cycle time and total voyage time. Furthermore, the stabilization of the 

attendance is detected for the 4-unit’s fleet or more in the request time curve. 

  

Figure 38 - Time related KPI – PSV 3000 class.  
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The individual fuel costs for 4 and 5 units in the fleet are presented in Table 26. The objective of 

presenting these values is to understand the major influence of the anchored time when comparing 

fuel costs for these two sub scenarios. As can be noticed, the other individual costs (in travel and 

loading/unloading) have minor effects in the total fuel costs, which are influenced by the difference in 

the total number of voyages in a year.  

Table 26 – Individual fuel costs – PSV 3000 class.  

Individual fuel costs 
4-unit's fleet 5-unit's fleet 

[US$] [US$] 

Travel 10,773,569.62 10,780,422.17 

Load/Unload at sea 3,772,423.01 3,773,552.33 

Load/Unload at port 772,151.64 772,570.81 

Anchored 227,108.31 1,117,780.58 

 

The cost related figures for each sub scenario are presented in Table 27. The same aspect of 

anchored time impact may be observed in the total port taxes.  

Table 27 - Cost related figures – PSV 3000 class. 

Number of vessels [-] 1 2 3 4 5 6 7 8 

Fuel Costs (MGO) US$ 4,102,424 8,199,550 12,287,042 15,545,253 16,444,326 17,338,105 18,230,426 19,122,651 

Per ton moved in 

CDRJ installations 
US$ 60,479 119,466 177,023 220,483 220,606 220,606 220,606 220,606 

Per vessel US$ 112,305 225,361 337,702 422,369 422,583 422,583 422,583 422,583 

Anchored: First 10-

days period 
US$ -    -    71 147,193 364,948 413,870 414,513 414,513 

At berth - 6 hours 

or fraction 
US$ 84,130 167,413 249,639 311,359 311,544 311,544 311,544 311,544 

Per ton or fraction 

moved in OSV  
US$ 42,223 83,404 123,587 153,929 154,015 154,015 154,015 154,015 

Gantry crane - 

hour or fraction  
US$ 7,916 15,722 23,294 29,042 29,058 29,058 29,058 29,058 

Total Port Taxes US$ 307,054 611,365 911,317 1,284,374 1,502,755 1,551,677 1,552,319 1,552,319 

Affreightment 

Costs 
US$ 6,241,500 12,483,000 18,724,500 24,966,000 31,207,500 37,449,000 43,690,500 49,932,000 

Total Offshore 

Logistics Costs 
US$ 10,650,978 21,293,915 31,922,858 41,795,627 49,154,581 56,338,781 63,473,245 70,606,970 

Total Cost per m² 

of Deck Cargo 

𝑈𝑆$

𝑚2
 36.88 73.73 110.53 144.71 170.19 195.06 219.77 244.47 

 

From the table, it is observed that the increase in costs for having a more responsive fleet in relation to 

speed of attendance of cargo requests is significative, going from 144.71 to 170.19 US$/m² (an 

increase of 17.6% in the expenses per square meter of deck and backload cargo). The behaviour of 

individual costs as function of the number of units in the PSV fleet are represented in Figure 39. 
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Figure 39 - Affreightment costs, total port taxes, fuel costs and total logistics costs. – PSV 3000 class. 

5.3.3 Scenario 3 

The KPIs for scenario 3 are presented in the following Table 28. 

Table 28 - Key performance indicators for Scenario 3 – PSV 4500 class. 

Number of vessels [-] 1 2 3 4 5 6 7 8 

Total number of voyages in a year [-] 144.35 289.7 424.45 424.9 424.9 424.9 424.9 424.9 

Percentage of not 

delivered/returned cargo 
[%] 65% 31% 0.2% 0.1% 0.1% 0.1% 0.1% 0.1% 

PSV queue time at port  [hours] 0.00 0.08 1.73 22.14 42.64 63.11 83.53 103.92 

Number of PSV in queue at port [-] 0.00 0.00 0.08 1.08 2.08 3.08 4.08 5.08 

Request queue time to be delivered [days] 114.01 52.55 0.88 0.03 0.00 0.00 0.00 0.00 

Number of requests in queue  [-] 121.73 58.94 1.03 0.03 0.00 0.00 0.00 0.00 

Cargo delay time at port (not first 

weekly requested voyage) 
[days] 151.21 89.88 4.86 3.05 3.00 3.00 3.00 3.00 

Total voyage time [days] 2.52 2.51 2.50 2.50 2.50 2.50 2.50 2.50 

Cycle time [days] 2.53 2.52 2.58 3.44 4.30 5.14 6.02 6.87 

Request time in offshore units [days] 15.83 7.45 4.88 4.87 4.87 4.87 4.87 4.87 

Leaving port travel leg time [days] 0.63 0.64 0.64 0.64 0.64 0.64 0.64 0.64 

Arriving port travel leg time [days] 0.66 0.66 0.66 0.66 0.66 0.66 0.66 0.66 

PSV delay time - weather conditions [hours] 0.66 0.66 0.64 0.64 0.64 0.64 0.64 0.64 

Weekly trips to clusters  [-] 1.06 1.11 1.16 1.16 1.16 1.16 1.16 1.16 

Percentage of route was changed [%] 0.8% 1.0% 0.9% 0.9% 0.9% 0.9% 0.9% 0.9% 

Percentage of requests divided [%] 21.6% 25.3% 28.3% 28.3% 28.3% 28.3% 28.3% 28.3% 

Initial occupation of deck area 
[m²] 320.55 315.22 311.61 311.68 311.68 311.68 311.68 311.68 

[%] 36.2% 35.6% 35.2% 35.2% 35.2% 35.2% 35.2% 35.2% 

Final occupation of deck area 
m²] 372.38 370.54 367.52 367.48 367.48 367.48 367.48 367.48 

[%] 42.1% 41.9% 41.5% 41.5% 41.5% 41.5% 41.5% 41.5% 

Initial occupation of water tanks 
[m²] 1125.15 1104.87 1089.81 1089.73 1089.73 1089.73 1089.73 1089.73 

[%] 53.6% 52.6% 51.9% 51.9% 51.9% 51.9% 51.9% 51.9% 
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In the same way as in Scenario 2, the PSV 4500 class sub scenarios present a 3-unit’s fleet with an 

adequate service response in relation to request time, the number and time of requests in queue and 

cargo delay at port, although with a tight average time of PSV in queue (1.73 hours). In this manner, in 

the last days in the 365-day-simulation for the 3-unit’s fleet there were no available vessels to transport 

the cargo as promptly as in the 4-unit’s fleet, leaving a larger portion of cargo not delivered (0.2%) in 

comparison to the 0.1% from the 4-unit’s fleet. 

The decision to go with the 3 or 4-unit’s fleets is once more related to the confidence in the logistics 

delivery system and the possibility of creation of a schedule. Considering the 3-unit’s fleet, it would be 

more difficult to elaborate a robust schedule, as the slacks between voyages are small (anchored 

times). Figure 40 presents the PSV queue time in hours, requests queue in days and cargo delay at 

port in days.  

 

Figure 40 - Request and PSV waiting queue times and Cargo delay at port – PSV 4500 class. 
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divided the cargo requests 28.3% of the times, while 0.9% required a change in the proposed initial 

route. For this class, it is observed that requests are divided up to 2 times with a mean value of 1.16 

and a standard deviation of 0.37 for the weekly visits to clusters. The individual voyage travel times 

and number of visits for each cluster considering 3 and 4 PSV are practically all the same, presented 

in Table 29. The only difference in the results are for Cluster Green, in which for a 4-unit’s fleet the 

mean for the individual voyage travel time is 2.57 days and the mean number of visits is 1.56. 

Table 29 - Schedule related characteristics KPIs (3-unit’s fleet) – PSV 4500 class.  

KPI - Schedule 
Characteristics 

Cluster 
Green 

Cluster 
Yellow 

Cluster 
Pink 

Cluster 
Blue 

Cluster 
Grey 

Cluster 
Purple 

Cluster 
Orange 

μ σ μ σ μ σ μ σ Μ σ μ σ μ σ 

Individual Voyage 
Travel Time [days] 

2.56 0.31 2.71 0.35 2.37 0.26 2.59 0.29 2.52 0.29 2.33 0.21 2.42 0.21 

Number of Visits [-] 1.57 0.50 1.38 0.49 1.02 0.15 1.09 0.29 1.08 0.28 1.00 0.00 1.00 0.00 
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The time related KPI are presented in Figure 41. The mean accumulated total voyage time for the 

seven clusters is equivalent to 2.50 days. The interruptions as consequence of weather conditions in 

offshore load/unload operations for this simulation model adds around 0.64 hours (equivalent to 0.027 

days) in the total voyage time. The similar values of cycle time and total voyage time for the 3-unit’s 

fleet is also observed in the figure, consequence of the low anchored time. Furthermore, the 

stabilization of the attendance is detected for the 3-unit’s fleet or more in the request time curve. 

 

Figure 41 – Time related KPI – PSV 4500 class. 

The individual fuel costs for 3 and 4 units in the fleet are presented in Table 30. In the same way as for 

the Scenario 2, when presenting these values, it is given a better understanding of the major influence 

in the fuel costs, which is related to the anchored time using a 4-unit’s fleet. As can be noticed, the 

other individual costs (in travel and loading/unloading) have minor effects in the total fuel costs, which 

are once more influenced by the slight difference in the total number of voyages in a year.  

Table 30 – Individual fuel costs – PSV 4500 class. 

Individual fuel costs 
3-unit's fleet 4-unit's fleet 

[US$] [US$] 

Travel 11,273,792.24 11,294,529.04 

Load/Unload at sea 6,017,326.04 6,024,732.49 

Load/Unload at port 1,231,810.09 1,233,424.51 

Anchored 106,692.90 1,526,310.31 

 

The cost related figures for each sub scenario are presented in Table 31. Again, the same impact of 

anchored time may be observed in the total port taxes when comparing the 3 and 4-unit’s fleets. From 

the table, it is observed that the increase in costs for having a more responsive fleet in relation to 

speed of attendance of cargo requests is significative, going from 129.19 to 155.32 US$/m² (an 

increase of 12.5% in the expenses per square meter of deck and backload cargo). 
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Table 31 - Cost related figures – PSV 4500 class. 

Number of vessels [-] 1 2 3 4 5 6 7 8 

Fuel Costs (MGO) US$ 6,338,629 12,673,682 18,629,621 20,078,996 21,503,886 22,927,181 24,350,394 25,776,646 

Per ton moved in 
CDRJ installations 

US$ 77,172 152,306 220,591 220,873 220,873 220,873 220,873 220,873 

Per vessel US$ 103,093 206,899 303,136 303,457 303,457 303,457 303,457 303,457 

Anchored: First 
10-days period 

US$ 
                              
-    

                              
-    

48,279 268,248 297,279 297,493 297,493 297,493 

At berth - 6 hours 
or fraction 

US$ 103,024 205,073 298,279 298,697 298,697 298,697 298,697 298,697 

Per ton or fraction 
moved in OSV  

US$ 53,877 106,331 154,004 154,201 154,201 154,201 154,201 154,201 

Gantry crane - 
hour or fraction  

US$ 9,853 19,473 28,237 28,268 28,268 28,268 28,268 28,268 

Total Port Taxes US$ 347,018 690,082 1,052,525 1,273,744 1,302,775 1,302,990 1,302,990 1,302,990 

Affreightment 
Costs 

US$ 5,876,500 11,753,000 17,629,500 23,506,000 29,382,500 35,259,000 41,135,500 47,012,000 

Total Offshore 
Logistics Costs 

US$ 12,562,147 25,116,764 37,311,646 44,858,740 52,189,161 59,489,171 66,788,883 74,091,635 

Total Cost per m² 
of Deck Cargo 

𝑈𝑆$

𝑚2
 43.49 86.96 129.19 155.32 180.7 205.97 231.25 256.53 

 

The behaviour of individual costs as function of the number of units in the PSV fleet are represented in 

Figure 42. Notice that in this scenario, the fuel costs (related to variable costs) are quite significant for 

a small fleet, giving superior values than the affreightment cost (fixed cost) for a 3-unit’s fleet. The 

motives for the disparity in this PSV class costs’ results are related to main engines with a major fuel 

consumption (tons per hour) and a lower affreightment cost per day in relation to the other classes.  

 

Figure 42 - Affreightment costs, total port taxes, fuel costs and total logistics costs. – PSV 4500 class. 
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5.3.4 Comparison between Scenario Results 

The comparison of scenarios is performed to the best results observed for each PSV class. The idea is 

to compare the KPI and cost figure results. As the offshore industry is always looking for reduction of 

costs in their services, to maximize the profits, the most significative results to be observed are the 

total costs and cost per square meter of deck cargo. However, KPI information may not be 

disregarded, as it provides valuable characteristics of the fleet, such as the previously mentioned slack 

time between voyages in order to have a more robust schedule.  

With the schedule objective in mind, two sub scenarios were not considered as plausible results for 

their small slack time (PSV time in queue). These sub scenarios are Scenario 2 - PSV 3000 (4-unit’s 

fleet) and Scenario 3 - PSV 4500 (3-unit’s fleet). Although the results show that the offshore logistics 

attendance was adequate using these smaller fleets, when looking for a robust schedule result, these 

sub scenarios do not provide reasonable anchored time results (4.01 and 1.73 hours, respectively) to 

allow possible delays in the voyages. 

In this way, the Scenarios under comparison are Scenario 1 - PSV 1500 (6-unit’s fleet), Scenario 2 - 

PSV 3000 (5-unit’s fleet) and Scenario 3 - PSV 4500 (4-unit’s fleet). The cost figures for the scenarios 

are presented in Table 32.  

Table 32 – Comparison of cost figures for the best results in the three scenarios. 

PSV class PSV 1500 PSV 3000  PSV 4500 

Number of vessels [-]  6 unit's fleet 5 unit's fleet 4 unit's fleet 

Fuel Costs (MGO) US$ 21,695,378 16,444,326 20,078,996 

Per ton moved in CDRJ installations US$ 219,987 220,606 220,873 

Per vessel US$ 674,868 422,583 303,457 

Anchored: First 10-days period US$ 340,559 364,948 268,248 

At berth, per period of 6 hours or fraction US$ 437,861 311,544 298,697 

Per ton or fraction moved in OSV  US$ 153,582 154,015 154,201 

Gantry crane, per hour or fraction  US$ 41,481 29,058 28,268 

Total Port Taxes US$ 1,868,339 1,502,755 1,273,744 

Affreightment Costs US$ 37,449,000 31,207,500 23,506,000 

Total Offshore Logistics Costs US$ 61,012,717 49,154,581 44,858,740 

Total Cost per m² of Deck Cargo 
𝑈𝑆$

𝑚2
 211.25 170.19 155.32 

 

In the port taxes, as Scenario 1 demands a major number of units in the model to deliver smaller 

portions of the divided cargo requests, the total port costs are most influenced by the individual 

charging for every vessel’s entrance in the port. The larger number of voyage travels (see Table 33) in 

PSV 1500 class scenario also leads to a larger consumption of fuel to deliver the total annual cargo 

requested. 

After analysing the cost results for the different scenarios, it is detected that for the case study the PSV 

class from Scenario 3 brings the best economical results, with considerable differences from the other 
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two scenarios. The comparison between the KPI for the best results in each scenario are presented in 

Table 33: 

Table 33 - Key performance indicators for the best results in the three scenarios.  

PSV class  PSV 1500 PSV 3000  PSV 4500 

Number of vessels  [-] 6 unit's fleet 5 unit's fleet 4 unit's fleet 

Total number of voyages in a year [-] 944.9 591.7 424.9 

PSV queue time at port (time anchored) [hours] 6.17 18.72 22.14 

Number of PSV in queue at port [-] 0.67 1.27 1.08 

Request queue time to be delivered [days] 0.09 0.02 0.03 

Number of requests in queue to be delivered [-] 0.23 0.04 0.03 

Cargo delay time at port (not first weekly 
requested voyage) 

[days] 2.56 3.03 3.05 

Total voyage time [days] 2.05 2.29 2.50 

Cycle time [days] 2.32 3.09 3.44 

Request time in offshore units [days] 2.58 3.93 4.87 

Leaving port travel leg time [days] 0.70 0.70 0.64 

Arriving port travel leg time [days] 0.73 0.72 0.66 

PSV delay time for better weather conditions [days] 0.012 0.019 0.027 

Mean Weekly trips to clusters (μ) [-] 2.59 1.62 1.16 

Weekly trips to clusters (σ) [-] 0.65 0.49 0.37 

Percentage of times the route was changed [%] 1.6% 1.1% 0.9% 

Percentage of requests divided [%] 99.8% 76.6% 28.3% 

Initial occupation of deck area [m²] 139.58 223.55 311.68 

Percentage: initial occupation of deck area [%] 39.9% 36.1% 35.2% 

Final occupation of deck area m²] 164.54 263.58 367.48 

Percentage: final occupation of deck area [%] 47.0% 42.5% 41.5% 

Initial occupation of water tanks [m²] 162.67 539.72 1089.73 

Percentage: initial occupation of water tanks [%] 23.2% 37.2% 51.9% 

Vessel average speed [knots] 9.11 9.17 10.06 

Average Significant Wave Height [m] 1.90 1.90 1.89 

 

Regarding the weather related KPI, it can be noticed that there is an increase in the weather 

interruptions during operations at sea as the PSV class increases. This time related KPI increase with 

PSV class is consequence of the longer stays of the vessels for the load and unload operations of 

cargo and water in the offshore units. The leaving and arriving legs from port also show some 

differences, as each PSV class has its specific speed curve, function of the significant wave height. 

However, Scenarios 1 and 2 present closer travel results, as consequence of similar speed curve 

characteristics for PSV 1500 and PSV 3000 classes, while PSV 4500 class has the lowest leg travel 

times (noticed by the differences in the vessel average speed for each scenario in Table 33).  

In the time related KPI, it is observed an increase in the total voyage time, request times and cycle 

time with the increase in the PSV class. That may be explained by the longer stays at port and 

offshore units to load and unload larger amounts of cargo. This increase in the total voyage time is 

observed regardless of the leg’s departure and arrival at port lowest time durations for larger vessels 

(PSV 4500 class).  
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From Table 33 it is observed that as the classes of PSV increases, it is recognized an expected 

reduction in the number of cargo requests divided, consequently reducing the total number of voyages 

and the weekly trips to clusters. There is also a reduction in the necessity of change in routes as the 

PSV class increases.  

Regarding the occupation of the deck and tanks for the leg’s departure and arrival at port, it is noticed 

that the usage rate of the deck space decreases with the increase of the PSV class, while the water 

tank’s usage rate presents an opposite behaviour. Besides the decrease in the usage rates for the 

deck space, the actual cargo amount carried increases with the increase of PSV class.  

From the KPI and cost figures, it is considered that Scenario 3 – PSV 4500 (4-unit’s fleet) present the 

most preferred economical and operational results for the offshore logistics operation for the Santos 

Basin case study. 

5.3.5 Proposed Schedule for Scenario 3 – PSV 4500 

The schedule composition for Scenario 3 – PSV 4500 (4-unit’s fleet) considers the average total 

voyage times and number of weekly visits (consequence of the number of divisions of the cargo 

request) for each individual cluster. Table 34 displays the schedule related KPI: 

Table 34 - Schedule related characteristics KPI (4-unit’s fleet) – PSV 4500 class. 

KPI - Schedule 
Characteristics 

Cluster 
Green 

Cluster 
Yellow 

Cluster 
Pink 

Cluster 
Blue 

Cluster 
Grey 

Cluster 
Purple 

Cluster 
Orange 

μ σ μ σ μ σ μ σ μ σ μ σ μ σ 

Individual Voyage 
Travel Time [days] 

2.57 0.31 2.71 0.35 2.37 0.26 2.59 0.29 2.52 0.29 2.33 0.21 2.42 0.21 

Number of Visits [-] 1.56 0.50 1.38 0.49 1.02 0.15 1.09 0.29 1.08 0.28 1.00 0.00 1.00 0.00 

 

From the table, it is observed that Cluster Green and Yellow requires more visits in a week than the 

other remaining five clusters. During the schedule definition, it is considered the ideal moment to begin 

a voyage travel, as previously mentioned in Section 5.2. All loading procedures, according the 

schedule, will start at 9:00 AM, allowing the vessel to travel during night. In this way, the operations at 

the first offshore unit visited will generally start at the next morning. The schedule proposed for 

Scenario 3 – PSV 4500 (4-unit’s fleet) is presented in Figure 43: 

 

Figure 43 – Proposed weekly schedule for Scenario 3 – PSV 4500 (4-unit’s fleet).  



  

77 

6 CONCLUSIONS  

6.1 Conclusions 

This thesis is focused in the simulation of logistics services to offshore production sites by using a 

stochastic approach. A simulation model has been created by using a Discrete Event Simulation 

methodology to evaluate the offshore logistics activities in Santos Basin, located in the Brazilian coast. 

The model is prepared to simulate systems composed of up to 150 offshore units (maximum number 

of 10 clusters, 15 units per cluster), in which the user is allowed to manipulate the PSV class 

specifications (cargo capacities, water pumping flow), PSV class type and number of vessels, port’s 

and offshore unit crane’s productivities (lifts per hour), size of load and backload lifts and the weather 

limits for the offshore operations (providing delays and interruptions). 

The verification process was performed during the construction of the simulation model with the 

assistance of ARENA’s animation. The validation of the simulation model was performed under limited 

conditions, as real data in Brazilian Coast are not easily available. The validation considered 13 

offshore units divided into 3 clusters in Santos Basin. The number of replications required was also 

investigated, in order to evaluate the accuracy of the simulation model results by averaging over all the 

replication estimates. The required number of replications was defined as 20 based in the moment it is 

observed some constancy in the percentage differences of the accumulated parameters’ averages.  

The case study is represented by a system composed of the currently operating production units in 

Santos Basin, two under construction production units for Lula’s Field (P-67 and P-69) and four under 

studies units with hypothetical coordinates designated for Júpiter’s Field. The offshore units were 

divided into 7 clusters, grouped according to their geographical locations and the Euclidian distances 

between offshore units. Cargo characteristics were defined based in Campos Basin offshore units’ 

requests from April 2001 to March 2012. A data base for the PSV under operation in the Brazilian 

coast was composed, in order to determine the average attributes for three classes of vessels, 

according to their DWT capacity. Nonetheless, the weather condition profile was evaluated in Santos 

Basin, based in collected data from Brazilian National Program of Buoys between March 2011 and 

April 2017. The data, which presented a time interval of one hour, was prepared and fitting techniques 

were applied to obtain the probability functions that represent the significant wave height 

characterization for the twelve months of the year.  

Three scenarios were defined, in order to observe the performance characteristics of the three classes 

of PSV. The evaluation of the scenarios’ behaviors was performed by the investigation of the KPI and 

cost figures, essential to comprehend the logistics responses according to the number of vessels in 

the simulation model. Comparing the sub scenarios for the three classes of PSV, the best sub 

scenario result was defined (Scenario 3 – PSV 4500, 4-unit’s fleet). This fleet composition returned the 

lowest cost figures (considering the required slack time for a more robust schedule resolution).  

It should be emphasized that, despite the results found in the simulation model, the references that 

describes the Brazilian offshore logistics services illustrate a different ratio of supply vessels per 
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offshore units found in this thesis. While the reference provides ratios of two to four OSV per unit, this 

thesis gives as result one vessel for each 4 units. Notwithstanding this discrepancy, it must be 

remembered that in this thesis it is studied only the transportation of deck cargo and water, not 

including in the logistics’ services the delivery/collect of diesel, dry bulk cargo, fluids, cements and 

other cargoes and also other services provided by OSV (mooring, recovery of oil spill and etc).  

From the work developed, it can be concluded the great possibilities provided by the Discrete Event 

Simulation tool, seen as a reliable device to investigate offshore logistics activities. However, a careful 

usage must be considered, as the results from the simulation model are preliminary.  

6.2 Future Recommendations 

Firstly, the use of an optimization tool working with the Discrete Event Simulation model would improve 

the utilization of the model results. Results from optimization tools such as to define the system initial 

characteristics – the offshore units division into clusters, the type and number of vessels in the model 

and the optimized routes – would be then tested in the simulation model. The consideration of a 

heterogeneous fleet would also require the use of optimization tools along with the simulation model, 

since Discrete Event Simulation does not deal well with this problem resolution by itself. 

Regarding the model, as the number of offshore units per cluster and distances are covered, the 

autonomy problem is not under evaluation. Of course, if another study is performed using the model 

and it is increased the number of offshore units and distances navigated, the model would require the 

evaluation of the inputted route and the autonomy required for the ship. As for now, the simulation 

model always allows the vessels to perform the route inputted.  

Emulation of closer to real models would require the consideration of more known variables and 

processes in the offshore logistics, such as the number of berths dedicated to offshore operations at 

the port terminal, pilotage waiting time, time to berth and unberth the vessel at port, approximation 

time when arriving at offshore units, time in stand by for further instructions and move to a safe 

distance in case of bad weather, pre-entry checks and set-up procedures. The difficulty to obtain such 

information did not support in the construction of a more developed and closer to real simulation. 

The method applied regarding the way the route is changed if the cargo cannot be delivered in the 

inputted route is also suggested to be reviewed in a future project. The method used was the best 

found as consequence of the difficulties in the coding for a better solution using the software ARENA.  

Regarding the validation, the ideal solution would include real data of a known set of offshore units, 

their real locations and the real cargo demand of each unit. In this way, it would be known the real 

capacities of the simulation model.  

It is suggested the Discrete Event Simulation as a powerful tool, which can be used to examine the 

efficiency of possible fleet and determine the effects of different operational and management 

strategies in the offshore logistics area.   
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APPENDIX 1 – MONTHLY SIGNIFICANT WAVE HEIGHT 
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