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Executive summary

The significant fall in oil and gas prices has led most oil and gas operating companies to
cut investments in exploration and production (E&P) and fund research and development
(R&D) to improve cost structure. Although drilling fluids count a small fraction of total

drilling cost, it contributes to a significant reduction in total drilling cost.

Maintaining drilling fluids is crucial to the success of drilling operations. When drilling
fluid carry drill cuttings, the solid content raises. Solid control equipment, a mechanical
processing facility, separates solids and maintain the properties of drilling fluid. If solid
equipment does not succeed to keep the solid content less than the maximum allowable
volume, diluting an extra volume of drilling fluid is a must to avoid many costly drilling
problems. One of the main problems with dilution, especially for lengthy sections is
storage space. Storage Space is a luxury offshore and must be managed carefully. In

addition, building excess fluids will cause extra logistic and material costs.

This thesis aims to answer the question how much will increase the efficiency of the
solid control system is going to influence total drilling fluid cost? By influence, we
mean the capacity of the centrifuge to have an effect on total drilling fluid cost. To
approach the research question we used data from four wells at the Edvard Grieg Field,

two were drilled by using the centrifuge and two before installing the centrifuge.

Several methods were applied to answer the research question. Firstly, an event tree
analysis was conducted to understand the role of the centrifuge in reducing dilution
volume and thereby, total drilling fluid cost. Secondly, a qualitative research was
conducted to demonstrate both drilling fluids and logistics activities. Finally, Algebraic
Mathematical Modeling Programing Language (AMPL) was used to optimize the drilling
fluid circulation system in the Edvard Grieg field.

The objective function of this study is to minimize the total system cost. The system cost
analysis equation proposed by Warren and Baltoiu, (2001) was used as starting point to
identify the drilling fluid system components. In order to precisely measure the cost of

offshore logistics, it was necessary to include logistics cost. In addition, the trouble time



cost and ROP impact were excluded as calculating these two elements require advance

technical details.

Two computational experiments for the 17 % inch section were conducted, with two
different solid build-up rates of 155 and 1055 liters per minute. The findings represent the
optimal operating parameters of the drilling circulation system in order to minimize total
cost. The results show that using the centrifuge is a must when the solid build up rate
exceeds 1000 liters. The use of the centrifuge, in this case, is going to reduce about 1000

liters of drilling fluid.
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1.0 Introduction

The history of the petroleum industry in Norway is rather short. In 1969, Ekofisk was the first
significant discovery in the North Sea. Since then, oil and gas have been the most significant
industry in Norway and plays a vital role in the economy of the country. There are more than
50 oil and gas companies involved in the exploration, production and infrastructure
development at the Norwegian Continental Shelf (NCS). The Barents Sea, the Norwegian
Sea, and the North Sea are the main oil and gas production areas of Norwegian Continental
Shelf (NCS). The Barents is the less explored area, it considered to have wide oil and gas
reserves and companies are operating in the area and exploring more reserves (Facts, 2017).
As all operating activities are offshore. Offshore exploration and production is more
expensive than onshore and requires more efficient and effective logistics system (Aas, et al.,
20084a).

The Norwegian petroleum industry plays a vital role in financing the Norwegian welfare and
economy. Figure 1-1 shows the contribution of the petroleum industry in Norwegian economy
in 2016. This percentage is around 40% less than in 2015 because of the lower oil and gas

prices (Norwegianpetroleum.no).

060660

Share of GDP Share of the State's revenues Share of total investments Share of total exports

Figure 1-1 Macro-economic indicators for the petroleum sector, 2016. Source: Norwegian
Petroleum, 2016 (Norwegianpetroleum.no) refers to statistics Norway, Ministry of
Finance

The fall of oil prices affected the Norwegian economy as well as economies of many other
countries around the world in several aspects. This price decline is harmful to the Norwegian
and other oil and gas exporting economies as it results in lower revenues and higher
unemployment rate. On the other hand, it positively effects importing countries and some

industries where it led to lower operating costs.



1.1 Offshore cost structure

As a rule of thumb, drilling offshore wells is more costly than drilling onshore. Efficient and
cost effective offshore logistic planning contributes a lot in reducing total offshore operation
cost (Aas, et al., 2008a).

Between 2000 and 2010, the average cost of an offshore well has increased with about 200%
to 250%. It includes higher rig rates (100%-150%), higher well and completion costs (25%-
50%) and process inefficiencies (50%-75%) (Brun, et al., 2015). This has motivated many
researchers to work in reducing total drilling operating costs. In this paper (Brun, et al., 2015)
refers to an operator in the Gulf of Mexico achieved a 19% reduction in average offshore well

cost by improving procurement and supply chain management.

During the recent crisis in the oil and gas industry in 2014, crude oil prices suddenly fell to
more than half, forcing many oil and gas companies to cut down their investments. Effective
logistics is predicted to contribute to reducing drilling cost. In average, drilling and
completion account for 40% to 50% of the total offshore capital expenditures, however,
drilling and completion cost about 65% of the total onshore well cost (Brun, et al., 2015).
Figure 1-2 illustrates the average cost structure for offshore installation. Rig hire, services,

and logistics are the major contributors to drilling cost structure (Osmundsen, et al., 2010).

Offshore Drilling Cost Structure

7%
14 %
34 %

35%

Administration = Rig hire = Services = Logistics m Equipment & Materials

Figure 1-2 Composition of offshore drilling cost structure



1.2 Drilling fluids

Drilling fluid accounts a small fraction of total system cost. Although drilling fluid represents
an as small portion of the total well cost, the right selection of drilling fluid and properties can
still contribute to minimizing the total well cost by reducing drilling problems (Caenn, et al.,
2011).

There are basically three types of drilling fluids; water based mud, oil based mud and
synthetic based mud (Bloys, et al., 1994). The cost of drilling fluid depends on many factors
including the drilling fluid design and the price of the base fluid. The price of base fluids such
as diesel and water and the accessibility to them varies across geographical location around

the world.

One of the main functions of drilling fluids is to carry drill cutting during drilling to the
surface. To control the solid content of the fluids, a solid control system (SCS) is used. This
system is a set of mechanical separators, separates the solids from the fluid and allows us to
reuse the drilling fluid (Caenn & Chillingar, 1995). The main component of the solid control
system is the shale shaker. In addition to shale shakers, the system can be upgraded by adding
a centrifuge. The centrifuge is used to separate the fine solids, something which extends the

working life of drilling fluid and reduce the probability of solids related problems.

1.3 Offshore upstream logistics

Logistics is a process of planning, implementing and controlling all the processes involved in
logistical activities (Choi, et al., 2016). Several actors are involved in the logistics system

including logistics planners, supply bases and supply vessels (Wiig, 2001).

A typical drilling supply chain include different transportation modes and inventory systems,
as illustrated in Figure 1-3. All contributors shown in the below figure are dependent on each
other; improving a part of this supply chain will usually impact other parts and could reduce

the total system cost unless the improvement is not suboptimal (Engh, 2015).
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Figure 1-3 Supply chain of drilling fluids

The Barents Sea, the Norwegian Sea, and the North Sea are the main oil and gas production
areas of the Norwegian Continental Shelf (NCS), with 78 oil and gas fields (Facts, 2017).
These offshore fields are served from several supply bases as illustrated in Figure 1-4. The
high activities on the supply base makes supply and services the second largest industry in
Norway with more than 1100 companies involved (Facts, 2017). The Barents Sea area is
served by Kirkenesbase, Vardg, Norbase and Polarbase supply bases. The Norwegian Sea is
served by Norbase, Helgelandsbase and Vestbase supply bases. Finally, the North Sea is

served by Tananger, NorSea Dusavik, Stordbase and Fjord Base (Norskolje museum, u.d.).



Figure 1-4 Supply bases in Norway. Source (offshore Norway)

The Main activities at these supply bases include logistics planning, storing of spare parts and
in and outgoing cargo and loading and unloading activities. When a vessel arrives at a supply
base, loading and unloading start immediately. Loading and unloading time is defined as the
time between arrival and departure of a vessel (Aneichyk, 2009). Loading and unloading
process is a time-consuming process. The process of loading and unloading offshore is
usually more time consuming than onshore, the reason is that one vessel serves several
installations in one trip. However, the time of the loading and unloading depends on a number

of factors including the capability of the vessel and installation. (Aas, et al., 2009).

The schedule of the supply vessels is mainly done on weekly basis (Maisiuk & Gribkovskaia,
2014). The daily rent of supply vessels is the main cost element in the offshore logistics. A

good vessel management should aim to reach a high utilization factor and minimum loading



and unloading times. The important of quick and efficient loading and unloading process

increases as the trip includes more installation. (Drift & Weeke, 2015).

1.4 Lundin petroleum

Lundin Petroleum is an independent Swedish company, working in oil and gas exploration
and production industry with a prime focus on operations in Norway. In addition to Norway,
Lundin operates internationally in Russia, Malaysia, France, and Netherlands. Lundin Norway
AS was established in 2004 and predominantly managed by Norwegians to carry out oil and
gas operating activities in the Norwegian Continental Shelf (NCS). The head quarter of
Lundin Norway AS is located in Lysaker, Oslo while the Northern Norway office is in
Harstad. There are approximately 300 full-time employees working in Lundin Norway.
(Lundin, 2017). Lundin Norway AS is operating in the following areas of the Norwegian
Continental Shelf (NSC):

e Barents Sea: In 2013/2014 significant oil discoveries were announced in this area.
This area is the less explored on the NCS and yet expected to hold vast quantities of
oil and gas resources.

e Central North Sea: Most of the company's production is from this area consisting of
the fields such as Edvard Grieg, Luno South and Luno Il in this area. Furthermore,
Lundin holds the owner interests of other fields, Alvheim, Volund, and Bayla.

e Northern North Sea: Lundin Norway AS is the owner for four licenses in this area.
In addition, the company holds owner interest in four other licenses.

e Norwegian Sea: Lundin Norway is the operator of two exploration licenses in this
area and license partner in the five additional licenses.

e Southern North Sea: Lundin Norway is operating several exploration and production

licenses in this area.

The focus of the company is to explore the hydrocarbons in the three core areas of Norwegian
Continental Shelf, the North Sea, the Norwegian Sea and the Barents Sea and prioritize the

exploration in areas with shallow depths less than 500 meters.



1.4.1 Edvard Grieg field

Lundin Norway has drilled more than 80 exploration and appraisal wells during the last
decade including the Edvard Grieg field, see Figure 1-5 (Lundin, 2017)

Figure 1-5 Edvard Grieg field. Source: Norwegian Petroleum Directorate

Edvard Grieg is a giant oil field, discovered in 2007 by Lundin Norway AS. The field is
located in block 16/1 of the North Sea area. The owners of the field's license are Lundin
Norway AS 50%, OMV Norge 20%, Wintershall 15% and Statoil 15%. The field includes 11

production wells and 4 water injection wells. (Lundin, 2017)

1.5 Research structure

Chapter 2.0 of this study pursues the research problem and research methodology. The main
purpose of this chapter is to describe the research problem, the research tasks and the

objective of the study.

The methodology of this study is described in chapter 3.0. This chapter also includes the

techniques of data collection and research study progress.

Chapter 4.0 is devoted to the literature review. This chapter includes several theories; supply

chain management, system cost analysis, mathematical modeling and event tree analysis.
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Chapter 5.0 of this study include a qualitative study about drilling rig components, drilling
fluid circulating system, solid control equipment, drilling fluid types and functions. It also
includes information, data, and pictures from our case study: Edvard Grieg Field, Norway.
Lundin petroleum, the operator of Edvard Grieg is the provider of all the information related
to the Edvard Grieg field.

Chapter 6.0 of this study include a qualitative study about offshore upstream logistics
activities. It discusses logistics management, transportation, loading unloading and drill
cutting disposal activities. It also includes information, data, and pictures from our case study:
Edvard Grieg Field, Lundin Norway AS. The collected information allowed us to identify the
cost elements of transporting drilling fluids and describe the loading and unloading activities
in Edvard Grieg.

Chapter 7.0 and 8.0 of this study are the preliminary and empirical analysis, these chapters are
carried out to answer the main research question of this study. These chapters include an

illustrative case-study, Event tree analysis, data screening and the empirical experiments.
Finally, chapter 9.0 concludes the research, the first part of this chapter summarizes our

findings. The second part is dedicated to the limitations and recommendations for further

studies.
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2.0 Research problem and research methodology

A four steps method is applied to write a problem definition. The first step is a brief
background about the problem. Next, a scope of the relevance where we identified the
different factors addressed by the study. Then, a problem statement and finally, the objective

of conducting this study.

Problem
Statment

Background
and Context

Scope and
Relevance

Objective

Figure 2-1 Research problem

In order to avoid drilling problems, the right selection of drilling fluid and its properties is a
key factor. Due to a limited space at offshore installation, drilling fluids are stored at the
supply base and transported from the base to installation while needed. Drilling fluids can be
reused by using the solid control system to separate solids. The solid control system can be
upgraded by adding a centrifuge to improve the capacity of separating solids and reduce the

total system cost.
In this study, we will focus on the advantages of upgrading the solid control system by

extending the use of centrifuges and explore how it can contribute to reducing the total system
cost. We have been provided data of four drilling wells from Lundin Norway. Two of them
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were drilled with an upgraded solid control system and the other two wells drilled with a

system consists of shale-shakers only. This will provide the data basis for our analysis.

2.1 Problem statement

How is this upgrade in the solid control system going to influence total drilling fluid
cost? The Centrifuge is a mechanical separation device use to separate fine solids from
drilling fluids. Reducing the solid content produces high-quality drilling fluid with good
physical and chemical properties. Changes in these properties can be harmful as it can cause
well stability related problems such as a stuck pipe. The centrifuge has been used recently in
the Edvard Grieg field to process high solid build up rates caused by the caving problem.
Caving problem is a partial collapse of the well-hole walls and it generates a high volume of
solids. In addition to solving this problem, the centrifuge is expected to contribute in
eliminating high solids build up related problems and reduce the total drilling system cost by

reducing both purchasing and logistic costs.

However, there are several limitations to using the centrifuge such as limited fluid processing
capacity, high operation cost and ability to operate in clay formation. Centrifuges have limited
processing capacity of about 25% of total active drilling fluid system, the practical parameters
in the Edvard Grieg show that the centrifuge can process up to 400 liters per minute which
account for less than 8% of total active drilling fluid system. The cost of installing and
operating the centrifuge at the Edvard Grieg is about NOK 8 million, this high cost and the

limited processing efficiency in clay formation are also among the limitations. (Bouse, 2005)

2.2 Background and context

The volume of drilling fluid consumption contributes significantly to the total well cost.
Optimizing the consumption of fluids will minimize fluid purchasing cost, generated drill
cuttings from a solid control system, disposal and waste volume and the associated logistics

activities.
In the last few years, the environment awareness increases as the total volume of hazardous

waste generated on the Norwegian continental shelf jumped to 465 000 tons. Wastes from

Drilling accounts for more than 80% of total waste, “this is largely due to the difficulties the
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industry has experienced in injecting drill cuttings into the underground on several fields on

the Norwegian continental shelf”. (EnvironmentalNorwegianAgency, 2017)

"In fact, the research design is the conceptual structure within which research is conducted; it
constitutes the blueprint for the collection, measurement, and analysis of data." (Kothari,
2004, p. 31). In this research, different tasks are conducted to reach the concluding part. The
first task aims to identify all logistic activities associated with drilling fluids in the Edvard
Grieg Field. In this task, a qualitative discussion of the logistics activities and the cost
elements of planning, transporting and loading unloading of drilling fluids in Edvard Grieg
was determined. The second task aims to introduce the upgrade of the solid control system in
Edvard Grieg field. In this part, a qualitative study about “drilling fluid circulating system”
was conducted. It includes the components of the drilling fluid circulating system, the solid
control systems, types and functions of drilling fluids. Finally, how much of drilling fluid
consumption can be reduced by using the centrifuge? The third task is to build a mathematical
optimization model, coded by Algebraic Mathematical Programing Language (AMPL) to
predict the performance of the drilling fluid circulating system in different solid build up

rates. This task aims to calculate the total drilling fluid system cost.

2.3 Scope and relevance

The study focuses on comparing drilling fluid consumption while drilling with and without
using a centrifuge in the Edvard Grieg field, Norway. The study also describes different types
of drilling fluids and functions in drilling operations. Furthermore, it includes all logistic
activities associated with transporting the drilling fluid. Although this study focuses on the
Edvard Grieg offshore oil field, this study including the optimization model is considered
valid in other geographical locations both on and offshore. Drilling operations and are quite
similar in and offshore, however, logistics activities are slightly different, as the onshore

transportation mode is a vessel and the onshore transportation mode is truck or train.

There are several motivators to write this master thesis and answer the main research question
“how upgrading the solid control system can reduce the total system cost and reduce logistical
challenges. The significant fall in oil and gas prices in the second half of 2014 has led many
oil and gas operators to decommission most of their rigs and cut the investment in exploration

and production. Drilling fluid is a key cost element in drilling operations, this study proposes
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a quantitative tool to contribute to better understand the role of a centrifuge in reducing total
drilling system cost. The increasing environmental awareness of hazardous drill cutting waste
generated in drilling fluid is another motivators, as this study aims to reduce total discharge

volume of drilling fluid.

2.4 Objective

The data used in this research study, obtained from a single company for a specific area of
study. Most parts of the data used in this study were derived by analyzing and interpreting the

information collected during the meetings and interviews.

The main objective of this study is to build a quantitative tool that allows us to simulate and
optimize the drilling fluid system. This tool considers all the system elements; 1) solids
generated while drilling, 2) solid control equipment shale shakers and centrifuge, 3) drilling

fluid dilution volume and 4) drill cutting waste volume.
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3.0 Methodology

There are four primary objectives of conducting a research; exploration, explanation,
description and prediction. In this study, both qualitative and quantitative methods are used

for description and prediction. (Ellram, 1996)

This chapter describes the process and participants of this study. It illustrates the method of
case selection and data collection. In addition, it describes the progress of selecting a topic,
writing the thesis and building a mathematical model. Finally, a brief discussion on the

research trustworthiness and limitations is conducted.

3.1 Case selection and data collection

It was important to select an offshore oil and gas operator where all necessary information and
data of logistics, drilling operation, and disposal management was available for analysis

purposes.

Logistic data includes the storage of drilling fluids both on the supply base and the platform,
loading and unloading operations data both from the supply base and the platform and finally,
transportation of drilling fluids from the supply base to the platform and backward.

Drilling fluids and associated logistics activities 1

M

Drilling operation data include information about the solid control system components and

wdl

Figure 3-1 Supply chain of drilling fluids

drilling fluid related problems. Finally, drilling disposal data was needed. Lundin Norway AS
provided us with all the necessary data. Data of four drilling wells from Edvard Grieg field
were provided to conduct the study. The wells studied are 16/A-1, 16/A-6, 16/A-10 and 16/A-
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12. The following section will provide information about Lundin Norway AS and the process

of data collection.

3.1.1 Data collection

The task of data collection began after defining and designing the research problem. To
conduct the tasks of this study both qualitative and quantitative data collection technique are
conducted. “The three primary qualitative techniques that may be used as a part of the case
study method are direct observation, recordings and interviews” (Ellram, 1996, p. 100),
According to Ellram (1996), these techniques are described for qualitative data collection, it

can also be applied to collect quantitative data.

\
* Body language
) * Unstructured observation
Dlrect. * Structured observation (example: checklists)
observation /
* Audio Recordings N\
* Video tapes
Indirect * Content analysis
observation BRECCIAE Lelailyr |
™\

* Unstructured (example: convesational)
* Semi-structured (example: historical analysis and critical incidents)
NGRS @ Structured (example: questionnare, rating scale and tests)

Figure 3-2 Data collection techniques

Primary data are the data collected for the first time in interviews, questionnaires or
observation methods while secondary data are the data which have already been collected and
analyzed. Secondary data can be found in states and government publications, magazines,
books and scientific reports and articles. (Kothari, 2004)
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Interviewing have been used several times to collect data, furthermore, several techniques
have been applied to collect primary data including content analysis, conversational
interviews, historical analysis interviews and questionnaire interviews. Four meetings and
interviews with drilling engineers, drilling fluid specialists and logistics coordinators were
conducted during the study period. The collected data include daily drilling reports, daily

drilling fluids reports, environmental reports, and all necessary logistic data.

Primary data collected

The below Table 3-1 illustrates the interviews conducted to collect primary data, see

Appendix 1 for more details about interviews.

Date Employees Topic Technique
16 Drilling engineer and mud Analyzing the drilling Indirect
February engineer reports observation
2017
23 Logistics Coordinator and Solid control system and Semi-structured
February mud engineer common drilling problems interview
2017
9 March Drilling engineer, logistics Supply chain, storing and Unstructured
2017 coordinator, and mud transportation of drilling interview
engineer fluids
20 April Drilling engineer, logistics Presentation of results Conversational
2017 coordinator, and mud interview

engineer

Table 3-1 List of interviews

Secondary data collected

The collected secondary data include:
e Daily drilling report (DDR) is a daily basis report shows drilling activities and results

of the past 24 hours of drilling operations.
18



e Daily drilling fluids (Mud) report (DMR) is a daily basis report shows drilling fluid
parameters, consumption and discharge volumes of drilling operations.
e Environmental report (EOW) is a daily basis report shows drilling fluid parameters,

consumption and discharge volumes of drilling operations.

3.2 Research study progress

A combination of a qualitative and quantitative approach was used to conclude this study.
This part of the methodology is a roadmap plan for the case selection, data collection, and

analysis. Table 3-2 describes the summary of study progress.

Period Task
August 2016 Topic selection
July - October 2016 Preliminary analysis
November — December Case selection
January Data collection
February Technical background: drilling fluids and associated logistics activities.
March Build an optimization model for drilling fluid circulating system.
April Analysis presentation to Lundin AS
May Review and Modification

Table 3-2 Study progress

e August 2016: “Topic selection phase”

During the two years of our master studies in Molde specialized university of logistics,
several excursions have been conducted. The excursions mostly targeted supply bases and
logistics departments in oil and gas companies. It includes visits to Vest base supply base in
Kristiansund, Nyhamna gas field in Aukra, Statoil logistics department in Kristiansund,
Bergen and Stavanger and finally, the International Research Institute of Stavanger (IRIS).

During our visit to the International Research Institute of Stavanger (IRIS), latest
developments and most recent improvements of drilling operations in the Norwegian
Continental Shelf (NCS) were discussed. This visit allowed us to learn about rig components,

drilling fluids and the recent use of centrifuges in the Norwegian Continental Shelf (NCS). In
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addition, it motivated us to search for possible improvements and research studies in this field

of study.

e July - October 2016: Preliminary analysis
For a period of three months, a wide online search about drilling fluids was conducted, several
drilling and drilling fluid professionals were interviewed. Furthermore, two proposed topic
were discussed with several potential supervisors. Two of the most common questions we
have received at that point are, how is this relevant to logistics? Are you considering a

qualitative or quantitative approach?

A preliminary analysis was conducted to measure the influence of drilling fluid consumption
on logistics activities in Saudi Arabia. The Results were discussed with our supervisor and
several specialized engineers. It was then necessary to contact companies to understand more

about real life situations and discuss applicability.

« November — December 2016 : Case selection
It was necessary to select a horizontally integrated company, where both logistic and drilling
fluid operation data is available. Several oil and gas companies in the Middle East, Sudan and
Norway were contacted. At the end, Lundin Norway was selected. The recent upgrade of the
drilling fluid circulating system in Lundin by adding a centrifuge to their solid control system

was a key advantage for selecting Lundin Norway AS.

In December 2016, a meeting was held at Lysaker with drilling and production department,
Lundin Norway AS. An introductory presentation included a personal background, problem
definition, objectives and a preliminary analysis was presented at this meeting. In this meeting
Lundin agreed to work with us on this case and provide us with all necessary data. In addition,

a confidential agreement and contracts were signed.

e January 2017: Data collection
Lundin AS provided us data of four drilling wells from Edvard Grieg field. Data includes
daily drilling reports, drilling fluid data and drill cuttings environmental reports. In addition,

logistics data and drilling system costs were provided.
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In January, data screening analysis was conducted to understand offshore drilling operations,

the use of drilling fluid and total drilling system cost in Edvard Grieg.

e February 2017: Technical background
For better understanding, different books, articles, magazines and websites were visited. In
several interviews with Lundin AS were conducted. In these meeting drilling engineers,
drilling fluid coordinators and logistics coordinators were interviewed. Each of the meetings
lasted for around two hours, a PowerPoint presentation was made by us followed by a

discussion.

In the first meeting, we discussed upgrading the solid control system and the most common
drilling problems related to it in Edvard Grieg field. Furthermore, a detailed information about
the contribution of the centrifuge in reducing solid contents and total drilling fluid

consumption.

In the second meeting, we interviewed the logistics coordinator on logistics activities in
Edvard Grieg and the cost elements of transporting drilling fluids. Furthermore, we asked him

whether the upgrade of solid control system influences any of logistics activities.

e March 2017: Optimization model
Lundin has approved to build a mathematical model to optimize the operating parameters of
their solid control system in Edvard Grieg field. We have built this model under supervision
of Yury Redutskiy, Ph.D. student at Molde University College. A meeting with Lundin was

held in March 2017 to present a draft model and collect necessary data.

e April 2017:
Presented findings to Lundin AS for discussion and suggestions. Meanwhile, a draft of the

thesis was sent to the supervisor to review and suggest modifications.
e May 2017: Final review

Sent out findings to our supervisor for comments and continue on carrying out the conclusion

part.
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3.3 Evaluating the quality of the research methodology

To conduct any qualitative, research a quality of research methodology has a great
importance, the research method has both advantages and disadvantages. The methodology
for any qualitative or quantitative cannot be right or wrong, but it may be less or more useful.
(Silverman, 2006; Silverman, 2001)

3.3.1 Research trustworthiness

It is very important for a researcher to generate a confidence about the research findings.
There are four basic elements of trustworthiness to examine the quality of the research, these
elements are credibility, transferability, dependability and conformability. (Guba, 1981;
Shenton, 2004).
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4.0 Theory

This chapter describes concepts and theoretical approaches which have been used to complete

this research.

4.1 Supply Chain Management (SCM)

In the recent decade, supply chain management has been an effective tool to minimize the
order time, cost of supply chain and increase quality of customer services (Saad, et al., 2014).
The Council of Supply Chain Management Professionals (CSCMP) defines supply chain
management as “The planning and management of all activities involved in sourcing and
procurement, conversion, and all logistics management activities. Importantly, it also
includes coordination and collaboration with channel partners, which can be suppliers,
intermediaries, third party service providers, and customers. In essence, supply chain
management integrates supply and demand management within and across
companies". (CSCMP, 2017)

4.2 Supply chain in petroleum industry

The supply chain of petroleum industry, is divided into two supply chains; upstream and
downstream. Upstream supply chain process includes exploration, production and
transportation of crude oil from remote installation to onshore refineries. On the other hand,
downstream supply chain includes the distribution of petroleum products to the final
customers. (Hussain, et al., 2006)

In petroleum industry, the trend of offshore drilling operations makes the supply chain more
challenging and complex. A continuous supply of material is a key element to continue
operations (Aas & Wallace, 2008b). In order to describe supply chain in the petroleum
industry, it is essential to identify all the actors involved in this supply chain. The actors
involved in the upstream supply chain are manufacturers (origin), intermediates (supply

bases) and offshore installations (customers).

4.3 System Cost Analysis (SCA)

“System cost analysis is a methodology used to quantify the actual cost of the drilling fluids”.
(Warren & Baltoiu, 2001)
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4.3.1 Drilling fluid system cost analysis

"The system cost analysis is a measuring stick on how well an operator and service company
perform.” (Warren & Baltoiu, 2001). In order to explain and predict the performance

improvement, it is necessary to identify all system elements.

To apply the system cost analysis on a drilling fluid system, it is necessary to generate an

equation where all the related cost elements are included.

[ Material and Logistics 1 [Operations] Disposal

LW i W A

Figure 4-1 Supply chain of drilling fluids

The first step is to identify all elements of the system. Warren and Baltoiu (2001) proposed a

simple and expanded version of a system cost analysis for drilling fluids.

System cost = Material Costs + unproductive time @

Material cost is the cost of purchasing drilling fluid materials. The cost of the material varies
depending on the type of drilling fluid, for instance, oil based drilling fluid is more costly than
water and synthetic based fluids. This cost also includes trucking and other associated

logistics services.

Unproductive time is the time consumed to solve drilling problems related to drilling fluid.
This depends on the governed rig cost which usually determined on an hourly basis. The
expanded form of equation (1), include three additional elements as they are also impacted by
drilling fluid. These elements are Rate of Penetration (ROP), volume of solid waste and

finally the production of hydrocarbons, given in equation (2).
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System Cost = Material Cost + (Trouble time * Rig cost/h) + ROP impact @

+ Solid Control/disposal + Production
This equation is used as a starting point to conduct the analysis part of this study. However,
several changes have been made to apply it on our case study. Logistics cost is one of the cost
element we added to the equation. Vessels is the offshore transportation mode, the higher cost

of vessel transportation comparing to trucks is the main reason for adding this element.

This system can give good results for any drilling project, but to get the best results, there are
some conditions set to implement this system. Warren and Batoiu, (2001) described two
conditions; Well which is included in the study should not be older than the two years because
improvements in the technology and should be with the same deviated design and possibly
drill through the same formation/lithology. Both conditions are satisfied in our case study. All
the wells in our case study have the same design and were drilled between 2014 and 2016.

4.4 Mathematical modelling

Mathematical modeling is a mathematical representation of large-scale optimization problems
in order to find the behavior of system. Mathematical modelling can be used to developing
scientific understanding, test the effect of changes in a system and predict the result of

decision making. (Lawson & Marion, 2008)

4.4.1 Algebraic Mathematical Programming Language (AMPL)

Algebraic Mathematical Programing Language (AMPL) is a tool designed specifically for
mathematical programming. The AMPL supports building, testing and analyzing optimization
models. To solve any problem, a number of steps are to be followed;

I.  Formulate a model, to represent the general form of the problem, a set of variables,
objectives and constraints are required to represent the general form of the problem.
[l.  Specify the objective function and constraints.
I1l.  Collect the data.
IV.  Solve the problem, the solver will apply an algorithm to find the optimal solution of
the problem.
V.  Analyze the results.
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AMPL is used to code and formulate the drilling fluid circulation system in the Edvard Grieg
field. This model allows us to understand the current behaviour of the drilling fluid circulation
system, test the effect of the centrifuge to the system and predict the outputs in different

operating parameters.
4.5 Event Tree Analysis (ETA)

“This is an inductive logic and diagrammatic method, used to identify the possible risks
associated of initiating any event.” The main purpose to do this analysis is to find the most
important cause of the system failure or high cost and focus on the problem. (Huang, et al.,
2001)

Event tree analysis is a tool to find and deal with the problems, starts with an event, provide
inductive logical relationship and the information about the risks/outcomes associated with
the hazard (You & Tonon, 2012). Event tree analysis is an approach to find undesired and

desired results from the occurrence of initiating event (Ramzali, et al., 2015).
e Event tree construction

Usually, event tree analysis has two outcomes “Yes (True)” or “No (False)”, but there are
possibilities to have more than two outcomes (You & Tonon, 2012). The methodology of
constructing an event and identifying the possible consequences are given below; (Rausand,
2013; Ramzali, et al., 2015)

i.  Identification of the initial event that may lead to unwanted consequences.
ii.  Identify the barriers that can mitigate or eliminate the resulted consequences.
iii.  Construct an event tree.
iv.  Describe the potential sequences.
v.  Determine the frequency and the probabilities of each event tree.
vi. Calculate the probabilities/frequencies for the identified consequences
(outcomes).

vii. At the end, compile and present the results from the analysis.
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Event tree analysis is conducted to understand the role of the centrifuge in the drilling fluid
circulation system. A three stages tree describes the main possible scenarios to overcome high
solids build up rates during drilling, more details are provided in section 7.4. Data to conduct

this analysis is collected from interviewing drilling and drilling fluids specialized engineers.
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5.0 Industrial background: Drilling fluids

5.1 Introduction to drilling fluids

The cost of drilling fluids itself have a small contribution in the total well cost, but the right
selection of drilling fluid and properties can reduce the total well cost and potential drilling

problems (Caenn, et al., 2011).

Drilling operations are the processes of extracting subsurface hydrocarbons using a drilling
bit. To drill a well, it's necessary to use a drilling fluid, also named drilling mud. Water based
and oil based muds are the most popular drilling fluid types. Both water and oil based muds
are built by mixing/dissolving a group of raw materials in water or oil. Materials are such as
weighting materials and lost circulation materials. Each of these materials has its own
function. After preparing the drilling fluids, they are pumped into the bore hole through the bit
to perform its functions. The process of pumping drilling mud into the well and receiving
back at the surface is known as mud circulation. (Growcock & Harvey, 2005)

Drilling mud has several functions in drilling operations. They are formulated to control the
formation pressure, maintain well bore stability, lubricate and cool the drill-string and to
remove cuttings from the borehole. Drill cuttings contaminate the drilling fluid, as a result the
functionality and lifetime of drilling fluids decrease. To reuse the drilling fluid it is necessary

to remove the cuttings continuously and efficiently.

There are two basic methods to control the content of the cuttings in the mud. The first is to
dump some of the contaminated drilling fluid and replace it with a new diluted volume. The
second is to use the solid control system (SCS). The SCS allows us to mechanically control
the solid content, keeping the properties of drilling fluids within the required level. Today, to
keep the drilling fluids functioning properly, usually a combined method is used. (Growcock
& Harvey, 2005)

Finally, it very important to mention that drill cuttings management is governed by strict
regulations. Drilling fluids contain hazardous contaminants such as petroleum hydrocarbons

and heavy metal. Oil-based and synthetic drilling muds are more harmful to the environment
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because of diesel and mineral oil content, however, there are strict regulations even for water-

based drill cutting disposal. (Leonard & Stegemann, 2010)

5.2 Drilling rigs

A typical drilling rig consists of five principle components. The Power system provides the
electrical power. Both hoisting and rotary systems are to handle, connect run-in and out the
drilling pipes and equipment. The well control system is the main safety system. It works as a
barrier to control well kicks and blow out. Finally, our main focus in this chapter is the
circulating system where drilling fluids are prepared, pumped through the drill-string into the
well, through the annulus to surface. When it reaches the surface it passes through the solid
control equipment. Typically, this system consists of shale Shakers, a Desander, a Degasser, a
Desilter and a Centrifuge (Growcock & Harvey, 2005). However, in recent applications,

modern solid control system consists of shakers and centrifuges only.

Rig components
—

| Rotary system || Powersystem L Circulating system —| Well control system hoising system
| | |

. . . Solid control . .
Mixing Equipment | Mud Pits equipment | Mud Pumps | Drillstring
—L 1 ——

I I I I I 1
| ;Shale Sand Traps| Degasser Desander Desilter Mud Centrifuges Cutting
1 L | | | | 1

Figure 5-1 Drilling rig components

5.3 Drilling fluid circulation system

The circulation system is the complete path that the drilling fluid travels, this journey starts at
the mud pumps through the well. In a complete cycle, drilling mud travels from the suction

tank to the mud pump, mud is then pumped through a high-pressure surface connections
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(standpipe) to the drill-string and then downhole through bit jets, the mud returns up the
annuals to the surface, at surface it passes through the solid control equipment for treatment
before it flows back to mud pits (Williamson, 2013). The complete circulation system is

shown in the figure below.
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Figure 5-2 Drilling fluid circulation system. Source: (Williamson, 2013)

A major function of the circulation system is to carry the drilled cuttings to surface, remove

solids and pump it back to the well. The principal components of this system include mud

pumps, mud pits, mud mixing equipment, and solid control equipment, also known as

contaminant-removal equipment. (Bourgoyne Jr, et al., 1986)

30



5.4 Drilling fluid types

Drilling fluid is a suspension of clay and other materials in a base fluid. Traditionally, there
are two types of drilling fluids used in the industry, water, and oil based muds. In the recent
times, a synthetic based mud also used. This classification is based on the type of the base
fluid. The selection of the mud type depends on several factors such as well depth and

formation type (Caenn & Chillingar, 1995).

In the planning phase, drilling fluid experts design a mud system for each drilling section.
“The system is designed to meet several specifications including density requirements,
borehole stability, thermal gradient, logistics and environmental concern.” (Bloys, et al.,

1994)

Driting Fiud
Uquids
Water Based Ol Based
Mud Mud
Freshwater Sal Sat Inhsbaed Full Ol Invert Emulsion Pseudo
Mud Mud Mua Mud Mud Mud
KCL-PHPA Polyol Sdicate
Muod Muds Mud

Figure 5-3 Drilling fluid types

5.4.1 Water-based mud

Water-based mud is widely used in the upper sections, where formation pressure and the
cutting rate is the lowest. The accessibility to water resources makes the cost of the water
based mud less than other mud types. The proprieties of water-based mud varies from one

well to another. (Yunita, et al., 2016).
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In many complex drilling structures, water based mud has unstable performance and
application limitations. Several properties of the oil-based mud make it a better option,
especially when drilling through a pay zone, the hydrocarbon producing formations.

5.4.2 Oil-based mud

The use of oil-based mud in such application is an advantage as we get less damage to the pay
zone, better lubrication and higher temperature resistance (Zhou, et al., 2016). Oil based
drilling fluids are more expensive than water based. However, the building cost of oil based
mud varies from one country to another depending on the diesel prices. The major

disadvantage of using oil based muds is the environmental concern. (Shah, et al., 2010)

5.4.3 Mud design at Edvard Grieg field

Drilling in the Edvard Grieg is divided into five sections. Each of the section has different
formation type, therefore, the design of the drilling is different. Firstly, the conductor 36" hole
is drilled with water based mud then, the KCI-polymer mud is used to drill the surface hole of
24" as in this hole the formation is clay. In the intermediate section, 17 %" section, the drilling
fluid is water-based mud. Next, oil-based mud is used to drill the production section and
finally, water-based mud is used to drill the 8 %2 " section.

[ 36 >’ section spud mud ]

[ 24 “section Water based ]

[ 17 % *” section Water based ]

[ 12 ¥ * 13’ section Oil based ]

[ 8 2”7 section Water based ]

Figure 5-4 Drilling fluids per section in the Edvard Grieg 32



5.5 Solid control equipment

“Circulation of drilling fluid can be considered a chemical process with the wellbore acting as
a reactor vessel. In this reactor, the composition of the drilling fluid will be changed
dynamically” (Bloys, et al., 1994, p. 39). The solid control equipment strips solids out of
drilling fluids allowing the reuse of this fluid. The solid control system minimizes the risk of
several drilling problems related to solid content in the mud, it also contributes to reduce the
consumption of the drilling fluid and minimize the drill cuttings waste amount. (Bloys, et al.,
1994)

The solid control system is a set of mechanical-separation devices. Selecting and designing a
solid control system depends on several factors including well depth, drilling penetration
rates, formation type and size of solids. The right design of the solid control equipment is a
key factor in minimizing total system cost. In a recent application, including the Edvard Grieg
field, solid control equipment has downsized to include only two devices; shale-shakers and

centrifuges, Figure 5-5 shows the layout of the solid control equipment in Edvard Grieg.
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o
e
$ooy
N

A set of shale-shakers

into the well

Figure 5-5 Solid control system consisting of shale-shakers and a centrifuge
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The system process solids allowing to reuse drilling fluids. The process of separating solids
out of drilling fluid results in separating some of the active drilling fluid this called slippage
volume. Slippage waste is approximately 10% for all case wells in the Edvard Grieg field.

5.5.1 Shale-shakers

Screens

Cuttings pit
(Discard)

Flow between

shakers to

active system

Figure 5-6 Four sets of shale shaker in the Edvard Grieg field. Source: Lundin Norway AS

Shale shakers have the advantage of a simple design, a wide range of solid size processing
and high flow rate processing capabilities. This device is used to screen a wide range of solid
sizes from the circulating drilling fluid. Shale shaking is the easiest way to remove the solids
but the improper design and use of this device may affect the other devices in the solid control

system.

In Edvard Grieg operations, a set of five Shale-shakers is used to process circulation drilling
fluids. The reason for using more than one shale shaker is to assure high processing efficiency
different flow rates and solid contents. The total solid separation efficiency of the five shakers
is slightly higher than 75% of the total solid content (interview, 2017). In 17 %** section
shakers handle 5000 liters per minute. In Figure 5-6, the blue part is where shale shaker
screens are. Contaminated drilling fluid passes through these screens down to the bottom part
then to underground pits.
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5.5.2 Centrifuges

Centrifuges are used to separate the small sized particles from the circulating drilling fluid. By

accelerating the sediments, it permits to separate high density from low-density solids (Bouse,
2005).

J W =0 i

Figure 5-7 The centrifuge device in the Edvard Grieg field. Source: Lundin Norway AS

Centrifuges were first adapted to drilling operations in the early 1950s. They were used first
to reduce the drilling fluid weight by separating lower gravity contents. In recent years,
centrifuges have been used to remove fine size solids to assure good quality and minimize
dilution rate. The centrifugal pump discards the heavy slurry containing drilled solids down to
around 7 to 10 microns and the light slurry with solids and chemicals (less than 7 to 10
microns) is returned to the drilling fluid. This process reduces the contamination in drilling
fluid and thereby, total drilling fluid cost, however, these machines are quite expensive and

require a great amount of maintenance. (Bouse, 2005)
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5.6 Advantages of upgrading the solid control system in the Edvard
Grieg field

In the Edvard Grieg field, Lundin has invested in upgrading their solid control system by
adding a centrifuge. Therefore their current system now consists of five sets of shakers and a
centrifuge. The centrifuge adds a permanent cost to the solid control system, and the total
estimated yearly fixed cost of the centrifuge is approximately NOK 8, 200 million. This cost
includes the daily rent of the centrifuge, a digraph pump, mobilization/demobilization cost

and the cost of two offshore supervisors to operate the centrifuge.

The main reason for upgrading the solid control system in Edvard Grieg is the high volume of
drilling cuttings generated in the Hordaland and the Grid formation. This upgrade is expected
to pay off by mitigating and eliminating several costly drilling problems related to solid

content build up. It’s also expected to reduce dilution rates thereby, reducing total mud costs.

5.6.1 Drilling problems related to solid content

“Mud may represent 5% to 15% of drilling costs but may cause 100% of drilling problems”
(Bloys, et al., 1994, p. 33). Drilling fluids contribute to virtually any drilling problem.
Inadequate drilling Muds may lead to stuck pipes, poor completion, inadequate logs and pay
zone damage.

Solids are classified as high gravity solids and low gravity solids. Barite and other weighting
materials are classified as high gravity solids, however, drilled solids, clays, polymers and

bridging materials are classified as low gravity solids.

The type and the content drilled solids in the drilling fluid affect a number of chemical and
physical properties. The increase in the content of low gravity solids will increase plastic
viscosity and gel strength. In addition, it will result in thicker filter cakes and slower drilling
rates, it could also cause abrasion on pump parts, and downhole equipment (Bloys, et al.,
1994)
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5.6.2 Maintaining drilling fluids

"Selecting a reliable chemical formulation for the drilling fluid so that it exhibits the required
properties is one part of the job, maintaining these properties during drilling is another
(Bloys, et al., 1994).

As we mentioned earlier in this chapter, “to reuse drilling fluids, it is necessary to remove the
cuttings continuously and efficiently”. There are two possible methods used to treat the
content of cuttings in drilling fluids. The first is a mechanical separation, a solid control
system is a group of mechanical devices in which the solids are stripped out of the drilling
fluid.

The second treatment is to replace some or of contaminated fluid with a new diluted volume.
In drilling industry, dilution is the process of building and adding an extra volume of mud to
the existing volume in order to control mud proprieties. Dilution can be made by adding base
fluid or/and chemical additives such as weighting material, lost circulation materials or

bridging materials. (Bouse, 2005)

5.6.3 Environment concern and mud disposal

In 2015, about 465 000 tons of hazardous waste was generated on the Norwegian shelf. Most
of the waste are drilling waste, chemicals, and oil waste. Drilling wastes are 402895 tons,

accounts more than 80% of total waste.
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Figure 5-8 Hazardous waste from offshore activities on the Norwegian shelf. Source:
Norwegian Environmental Agency and Norwegian oil and gas Association License: NLOD.

Drilling waste skyrocketed from around 140 000 to 402 895 tons in the last few years, this
results in more greenhouse emissions while transporting the cuttings, higher risk of pollution

to soils, rivers, and lakes, and coastal waters. (EnvironmentalNorwegianAgency, 2017)
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6.0 Offshore upstream logistics

“Supply chain is a process of transformation of all the activities and goods from the origin of
the raw material to the final customers” (Arne Wiig, 2001). Logistics management is a part of
supply chain management and can be defined as “the process of planning, implementing and
controlling the procedures for efficient and effective transportation and storing the material
including services and related information from the origin to the final customers” (Choli, et al.,

2016).

Logistics activities are challenging for planners either onshore or offshore. In this chapter, we
will mainly focus on the offshore logistics activities. More specifically, the settings of

offshore upstream logistics in the Norwegian Continental shelf (NCS).

6.1 Offshore upstream logistics system

Logistics system can be divided into two groups, onshore logistics (transportation is usually
done by train and trucks) and offshore logistics (vessels are the main source of

transportation). The Figure 6-1 shows a simplified model of the logistics system.

- Warehouse —
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Figure 6-1 The flow of cargo to the offshore units
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In the petroleum industry, transportation of oil and gas from installation to land is called
“downstream logistics” and supply of the demanded material from supply base to offshore
installations is known as “upstream logistics” (Aas, et al., 2009).

6.2 Logistics management

This is a key part of supply chain and mostly cover the routing of the vessels, inventory
control at the supply base and installations. A complete, correct and in time information to all
the actors involved in the logistics activities is a key factor. Supply vessels and logistics
planning play a vital role in the offshore exploration and production (E&P) activities (Aas, et
al., 2008a; Maisiuk & Gribkovskaia, 2014).

Supply vessels are designed for multi-purposes. Supply vessels are used for transportation of
materials from the supply base to the installations and bring back waste and empty containers
to the supply base. The selection of vessels depends on the geographic location of targeted
installation and type of material to be transported because some materials require special
needs while transporting e.g. food and drinking water. (Aas, et al., 2009; Maisiuk &
Gribkovskaia, 2014). The offshore logistics planning is challenging due to the large variety of
items, different container size and distance from base to the installation, weather conditions
and storage availability (Aas, et al., 2009). Many actors are involved in offshore logistics
activities including planners, vessels, warehouse, ports, helicopters (usually for personnel
transportation) etc. All are dependent on each other and minor delay in any part of logistics
system will lead to high cost. This will become more challenging during the exploration
activities and an era of low oil and gas prices (Engh, 2015; Wiig, 2001).

6.3 Transportation

Vessels are used to providing the services to the offshore installations and transporting the
demanding material to the installations. There are two types of materials, bulk or deck cargo.
These vessels can transport deck like pipes and casing at the top and below the deck, there are
tanks used to transport drilling fluids, chemicals, fuel etc. The drilling fluids (mud) are
transported in tanks in a liquid form. (Drift & Weeke, 2015; Aas, et al., 2009)

The most common material, which is transported through supply vessels are fluids, diesel, dry

bulk, industrial water, food and drinking water, chemicals, pipes and risers, equipment, and
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general goods, salt and other supplies for fluids, barite and bentonite, cement and waste

material.

6.3.1 Transportation cost elements

Several cost elements are associated with offshore upstream logistics but supply vessels are an
expensive (Norlund, et al., 2015). There are several cost elements associated with operating a
supply vessel. Some of these costs are fixed while others are variable. There are three
principle cost elements, the daily vessel rent, planning cost and operating cost. The daily rent
is the fixed cost that an operator pays to the vessel owner. Planning includes determining the
optimal routes, optimal fleet size, and the corresponding weekly voyages and schedules. The
operating cost is a variable and it includes the fuel consumption, (speed and weather and load)

crew and emission cost.

6.3.1.1 Vessel rent

Vessels are designed for multi-purposes and categories on the basis of their fleet size,
functions (transport or service) and usage. The rent of the vessel is a major cost element in
offshore upstream logistics. The cost depends on the capabilities and features of the vessel
and availability. Features are mainly operational capability, load carrying capacity for both
deck and bulk cargo, sailing capabilities and finally loading and unloading capabilities. (Aas,
et al., 2009)

The operation capability is the actual operation time a vessel is capable to operating within
rent period. An ideal vessel will have minimum routine maintenance and service time. A
bigger carrying capacity is usually an advantage for a supply vessel. Supplies transported are
classified into deck and bulk cargo. Deck cargo includes pipes, offshore containers and other
supplies transported on the deck of the vessel. Bulk cargo includes drill-fluids, brine, water
and oil. Most of the offshore cargo are loaded in offshore containers, skips or baskets. Sailing
capability is the capability of a vessel to operate in different weather conditions. “Unlike
carrying capacity, which is more of a fixed cost, sailing capability varies in accordance to the
weather and it influenced by the cargo transported” (Aas, et al., 2009; Aas, et al., 2007).
Minimizing the time of loading and unloading activities at the installation and supply base

increases the sailing time thereby, save money for the company. Lifting capability and
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vessel’s capability are the key factors affecting the loading and unloading operations (Aas, et
al., 2009).

6.3.1.2 Planning

In Norway, the production of oil and gas in the remote areas e.g. the Barents Sea. The
planning of vessels is much difficult especially in the winter season the sailing and service
time increase (Norlund, et al., 2015). The Planning phase includes determining the optimal
routes, optimal fleet size, and the corresponding weekly voyages and schedules. An ideal
plan should include a minimum number of vessels to serve all installation, a maximum deck
utilization and a zero cargo delay time (Maisiuk & Gribkovskaia, 2014; Sopot &
Gribkovskaia, 2014).

Each installation has a demand of a different kind of material. Routing is to find the optimal
path, for each vessel, in which the maximum number of installations are served. The main
purpose of routing is to minimize the number of vessels, the operating times and thus the total
cost (Maisiuk & Gribkovskaia, 2014; Sopot & Gribkovskaia, 2014). As vessels are the main
cost element in the offshore upstream logistics, deck utilization is another factor through
which a significant cost saving can be produced. There are two basic ways to increase deck
utilization, effective supply chain management, and good demand management. Daily rent
cost of the offshore drilling activities is high. So, delay in deliveries will result in a high cost.
The cost is mainly associated with personnel or operations are waiting for equipment or
equipment is waiting for personnel. Different reasons have been reported for a delay in
offshore deliveries, weather conditions, poor material scheduling and unscheduled technical
maintenance of vessel (Aas, et al., 2009; Sopot & Gribkovskaia, 2014; Maisiuk &
Gribkovskaia, 2014).

6.3.1.3 Operating cost

The operating cost of vessels in offshore upstream logistics consist of cost of fuel
consumption, harbor fees, operating crew cost and the cost of greenhouse gasses. The

operating cost depends on sailing speed, load and weather condition.

Fuel consumption depends on the sailing time, speed and load. Especially in winter times, bad
weather conditions increases fuel consumption. High wind speed and waves result in longer
sailing times and lower the speed (Norlund, et al., 2015). The harbor fee is marginal in

Norwegian ports as compared to the other places. The operating crew on the supply vessel
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depend on the size of vessel and weather conditions. Usually, there are up to 30 people on the
vessel. The job of the crew includes to operating the vessel, maintenance, and cargo handling.
Supply vessels are the main source of emission of greenhouse gasses in the upstream logistics.
Bad weather conditions lead to high fuel consumption or emissions (Norlund, et al., 2015). By
increasing the offshore oil and gas production, the vessel traffic also increased and air
pollution is a barrier for the supply vessels operations and planners. There are many
regulations have been proposed and design of vessel are given to overcome this problem.
(Diaz-de-Baldasano, et al., 2014)

6.4 Loading and unloading

The arrival and departure time of the supply vessels at the installations and supply base is
specified in a weekly plan (Maisiuk & Gribkovskaia, 2014). However, the time difference
between arrival and departure of the vessels from the supply base or installation is considered

as the time of loading and unloading process (Aneichyk, 2009).

The high daily rent of the vessel increases the importance of the loading and unloading times.
The efficient and effective process of loading and unloading at the installation and supply
base allows us to increase the sailing time thereby, cost saving as well.

Several factors make this process complicated especially at offshore installations. Before
talking about these factors, it’s necessary to mention that one vessel may visit more than one
installation and go through this process of loading and unloading many times in one trip
(Rowe, et al., 1995).

6.4.1 Key factors

Many incidents are reported in the past decades, many of them are due to the poor positioning
of the crew during the operations. We can sort the factors affects the offshore loading and
unloading activities into two main categories, controllable and uncontrollable. The
controllable factors include the lifting capability of the offshore installation and capability of
supply vessels. On the other hand, wind speed and weather conditions are the most common
uncontrollable factors. (Drift & Weeke, 2015)

The loading and unloading of a deck and bulk cargo can be done simultaneously if the

weather is suitable. However, in a case of high speed wind or waves, this process can be very
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complex. The chief of the platform, crane operator, and the captain of the supply vessel are
the key personnel involved in the decision making to either pursue this process or not. This
decision may depend on the geographical location of the platform, the capability of the crane
and vessel capability in keeping its position in a high degree of accuracy during the operation
(Drift & Weeke, 2015; Aas, et al., 2009).

6.5 Logistic activities in the Edvard Grieg field

Edvard Grieg, the case study of this thesis, is an oil field located in the Utsira High area in the
central North Sea, about 180 Km west of Stavanger. This field contains more than 20 wells.

The main supply base of the logistics activities is Tananger (Lundin, 2017)

Figure 6-2 The Edvard Grieg field. Source: Lundin Norway AS

6.5.1 Loading and unloading of drilling fluids

On the base, Drilling fluids are prepared in tanks. Each type of drilling fluids (water based, oil
and Synthetic based) has a different onshore storing tank. Similarly, there are several tanks on

the vessel. A hose is used to Load/unload drilling fluids from the onshore tanks, or the
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offshore installations to/from the vessels. The Figure 6-3 shows the loading and unloading of

— . '

Figure 6-3 The loading and unloading of drilling fluids.
Source: Lundin Norway AS

drilling fluids by hose (an orange color pipe is a hose).

Drilling fluid loading and unloading activities are done twice each trip. First drilling fluids are
loaded in Tananger base and then unloaded as the Edvard Grieg installation. Two employees
are involved in the communication part of this operation, one at the base and the other is on
the vessel. The process starts when both parties confirm the settings of the process. When
drilling fluid flows, both inlet and outlet meters are used to measure the flow amount. The

amount to send depends on the storing capacity of the installation and the demand.

6.5.2 Storing drilling fluids in the Edvard Grieg field

Total drilling fluid storage capacity on Edvard Grieg is 1024 m®. Total brine (water) capacity
is 790m3. The Figure 6-4 below shows pit layout on Edvard Grieg. Total storage capacity
includes Pit 1, 2,3,4,5,6,7,8. Here are 2 brine tanks with 395m3 capacity each. In situations
where the drilling fluid need exceeds available capacity, a temporary vessel is used to as

storing facility to store drilling fluids
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Figure 6-4 Pit Layout at the Edvard Grieg field. Source: Lundin Norway AS

6.6 Transportation cost elements

Lundin is renting two supply vessels to transport cargo from Tanager to the Edvard Grieg
field. The vessels are Viking prince and Island Commander. These vessels are multipurpose
vessels, meaning that they are used to transport both deck and bulk cargo. The daily rent of
the vessels is 80,000 and 189,000 NOK respectively. Each vessel is capable of transporting up
to 800 m? of drilling fluids per trip.

6.6.1 Operating cost

A trip from Tananger to Edvard Grieg is about 180 kilometers. The fuel consumption is a
function of vessel load and sailing speed. In good weather conditions, the average fuel
consumption is 2 to 4 meter cubes. One meter cube of fuel costs 5,500 NOK. In case of an
urgent cargo, the consumption will jump to about 4 to 8 meter cubes. The average total cost of
fuel consumption in good weather is about NOK 18,000 per trip, however, the cost jumps to
NOK 35,000 in a case of urgent cargo. The cost is expected to be higher in a case of bad

weather condition. Loading and unloading of drilling fluids are done through hoses. There is
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no additional cost associated with loading and unloading other than the time used to load and

unload.

6.6.2 Planning cost

There are two full-time employees responsible for planning and coordinating logistics
activities for Edvard Grieg. One full-time employee located at the headquarter in Lysaker is
responsible for the logistics planning and logistics coordinator in Tananger. The planning of
the cargo and the volumes is done in Lysaker while the coordinating of loading and unloading
activities is done in Tanager. Lundin pays its supply base provider 3,000 NOK per day for
coordinating the loading and unloading activities at the supply base.

6.6.3 Additional cost

There are other marginal costs for instance harbor fees, administrative cost and temporary
drilling fluid storing cost. These costs are marginal and will be excluded in this study.

6.6.4 Summary
Transportation element Value NOK
Daily rent of Viking prince including vessel crew 80,000 NOK per day.
Daily rent of commander including vessel crew 189, 000 NOK per day.
Fuel consumption in good weather conditions 18,000 to 35,000 NOK per trip.
Fuel consumption in bad weather conditions Up to 70,000 NOK per trip.
Logistics planning in Lysaker Full time employment
Coordinating logistics activities in Tanager 3000 NOK per day.
Harbor fees and other administrative cost Marginal

Table 6-1 Transportation cost elements in Edvard Grieg field
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7.0 Preliminary analysis:

Before data collection, a preliminary analysis was conducted to understand and predict the
potential benefit of upgrading/adding a centrifuge to the solid control system. The preliminary
analysis consisted of an illustrative case study, data screening, and event tree analysis. The
aim of this preliminary analysis was to in general define the role of the centrifuge and

measure its contribution in reducing drilling fluid consumption.

7.1 lllustrative case study:

A preliminary illustrative case study was conducted on a drilling well in Saudi Arabia. The

availability of data was the main reason for selecting this case.

The case study showed that using a centrifuge reduce 1.2 m® per meter, this results in saving
around 5000 USD dollars in total for the drilled section, the section length is 500 meter. In
addition to drilling fluids cost saving, each m?® of drilling fluid has an associated logistics cost.

This cost includes transportation, storing and drilling fluid disposal cost. See Appendix 2

From this study, we have learned that the use of the centrifuge contributes in reducing drilling
fluid consumption volume. It also has a positive effect on onshore logistics activities as it
provides more storage area, less transportation, and fewer disposal volumes and it’s expected
to have better results if applied offshore where logistics activities are more challenging and

expensive.

The main goal of our study is to investigate the influence of upgraded solid control system on
dilution rate and total system cost. In this onshore illustrative case, results show savings both
in drilling fluid cost and logistics. The higher offshore cost structure encouraged us to
investigate the influence of upgrading the solid control system offshore. Furthermore, in
Norway, the vast majority of drilling activities are offshore and the offshore penetrating
pattern is further expanding, thus, it was essential to select a Norwegian offshore operator.
The high offshore drilling activities in the Edvard Grieg, drilling more than 15 wells, and the
recent upgrade of the solid control system by adding the centrifuge were the main reasons for
selecting the Edvard Grief field for this study.
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7.2 Data screening

The initial data screening is conducted to monitor the operating times and technical
parameters of the centrifuge. In addition, it was also important to study the total drilling fluid
consumption, solid control system and discharge disposal volume. These are the main
variables of the drilling circulation system, the four variables are dependent on each other.
That’s why it was important to study these variables in all case wells both when the centrifuge
was used and when it was not. Monitoring the use of centrifuge is conducted on the wells Al
and A12, where the centrifuge was used, however, drilling fluid consumption, solid control
system and waste volume study is conducted on all the wells in the case Al, A6, A10, and
Al2.

7.2.1 Well A1

In Al, the centrifuge was only used in the last two drilling sections 12 % * 13" and 8 4"
sections. However, the running hours of the centrifuge in section 36", 24 /2" and 17 '4" is zero

hours.
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Figure 7-1 The operating times of centrifuge in well A-01

One of the main reasons for not taking the advantage of using the centrifuge in these sections
was the good drilling conditions as no carvings or other wellbore stability problems were
noticed. This also led to lower mud consumption per meter compared to other wells. The

operating mode in section 12 ¥4 " * 13" was “continuous”, see Table 7-1.
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Date
06/08
07/08
10/08
12/08
13/08
15/08
16/08
17/08
18/08

On/ Off
15:00 - 00:30
14:30 — 24:00
21:00 - 09:30
00.30 - 11:30
01:15-16:00
09.30 - 20.15
10:30 — 22:30

14:30 — 16:30, 19:30 — 24.00

14.00 —

17:20, 20:20 — 23:15

Table 7-1 Running hours of centrifuge in well A-01

7.2.2 Well A12

In well A12, the centrifuge was used in three sections; 17 %" 12 ¥," *13" and 8 %" sections.

The reason for operating a centrifuge in these sections was to process the high solid build up

rates reported in day 23 and 27". However, unlike A6, the running hours of a centrifuge in

section 12 ¥ *13" is discontinuous. This means that the solid build up rate in average is

processable without using the centrifuge but there are few cases where the centrifuge is

required to process the high solid build up rates. The main reason for this high solid build is

caving problem, caving is a partial collapse of a well-hole wall which generates a high

amount of solids. More information is provided in Appendix 4
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Figure 7-2 The operating times of centrifuge in well A-12
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7.3 Drilling fluid consumption.

Total drilling fluid consumption varies depending on several factors including the efficiency
of the solid control system and drilling problems that occur during the drilling operations.

The comparison below shows that total drilling fluid consumption in each section for all case
wells Al, A6, A10 and A12, two of these wells were drilled after installing the centrifuge, we

referred to these wells as an upgraded system.

Drilling fluid consumption per meter is between 1.30 to 2.64 m3/meter in section 24" section
for all case wells, one of the main reasons for this high consumption is that the formation type
is clay, separating solids in clay is very difficult and results in high discharge volumes,
discharge require to dilute fresh fluid to recover fluid loss and thereby, increases total

consumption.

The consumption per meter per hole-sections is quite similar for all case wells however, it
varies as drilling operations are not identical. Wells are always exposed to drilling problems
which requires extra fluid volume. After all, it’s quite difficult to measure the influence of the
centrifuge on drilling fluid consumption per meter. Consumption per meter is a function of a

number of factors such as formation type and well-bore stability. See Appendix 3
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Figure 7-3 Comparison of drilling fluid consumption
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This encouraged us to carry out an event tree analysis and ask specialists about the role of the
centrifuge in reducing drilling fluid consumption in high solid build up rates. In addition, a
quantitative model was built to precisely estimate the influence of upgrading the solid control

system on total drilling fluid consumption and associated logistic cost.

7.4 Event tree analysis

To understand how the centrifuge contributes in reducing dilution rate, it was necessary to
conduct a decision/Event tree analysis. Event tree analysis is conducted to understand the role
of centrifuges in processing drilling fluids. In Figure 7-4, initial event is the high solid build
up. The figure represents the sequence of decisions to be taken and events to occur in order to
process high solid build up rates. A three stages event tree is suggested to overcome high

solids build up rates after interviewing drilling engineers and drilling fluids specialized

engineers.
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Figure 7-4 The event tree analysis for high solid build up

In the first stage, the decision is to monitor the shakers closely and screen up with finer
screens when possible. The success of this approach depends on several factors, such as the
actual performance of the shakers, the dexterity of the shaker hands, and more importantly
drilling rate of penetration ROP and the temperature of the mud. Cold mud will plug fine
screens and just overflow, likewise with high ROP. Screening up is thus the preferred

approach but may result in losing more mud.
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In the second stage, the decision is to run the centrifuge to process more solids. The success of
this approach depends on the processing capacity of the centrifuge. Usually, centrifuges have

a limited processing capacity of less than 25% of total active drilling fluid system.

In the third stage, the decision is to circulate the mud system whenever possible when not
drilling. This allows to clean the hole as circulating the drilling fluid system runs the mud
over the fine shaker screens and removes more solids. So, again it depends on the actual

performance of the shakers.

In the fourth stage, the decision is to dilute fresh fluid, which is often used in addition to the
other two methods. One of the main problems with dilution, especially for lengthy sections is
pit space. Space is a luxury offshore and must be managed carefully. In addition, building

excess mud that must be disposed of causes logistic cost in addition to material costs.

As a conclusion, the analysis explains the role of the centrifuge in processing high solid build
up rates. The analysis shows that the use of centrifuge is going to mitigate the sequences of
the solid build up. If the centrifuge is not used, the next two events are going to occur;
circulating the drilling fluid system and diluting extra drilling fluid volume. These two steps
are time consuming and costly, the time consumed in circulating the mud system is
unproductive time, as no drilling penetration occurs at this time. In addition, diluting extra
drilling fluid is an extra cost and will result in additional logistics cost of drill cutting waste.
The next chapter includes more precise analysis on determining the size of the benefit of

using the centrifuge.
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8.0 Empirical analysis

This chapter begins by describing the circulation drilling fluid system and the algorithm to
model this system. Next, the objective function, variables, and constraints are formulated in

mathematical notations. Finally, the computational experiment section presents the findings.

The aim of this exercise is to determine the influence of using the centrifuge on the fresh fluid
dilution rate and thereby, the total drilling fluid consumption volume. The objective function
of the algorithm is to minimize total drilling fluid cost. The algorithm is designed to operate

the system, including the centrifuge, in the best way in order to minimize total dilution rate.

8.1 System description

The operating parameters of drilling fluid circulating system varies from one drilling section
to another. It depends on several factors, for instance, well scheme, formation type, drilling
speed and solids build up rate. In this section, as an illustrative example, we will represent the
operational parameters of the fluid circulation system in drilling the 17 %" sections in the

Edvard Grieg Field, Norway, see Table 8-1.

dilute fresh fluid Jeoen
- i
fresh
a shakers
centrifuge
1}
qm. well 4
qOUf. well Shale shakers
\
solid waste
\YJ

Figure 8-1 Drilling fluid circulating system
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The drilling fluid is pumped into the well (g in.well) while the well is drilled using a mud
pump. The solid content of the mud raises as it reaches the hole (Sc out.well). The increase in
the solid content depends on several factors, such as the Rate of Penetration (ROP), well
schematic and formation type. Drilling mud flows through the mud return line upon its return
from the hole to the surface (q out.well). In order to control the solid content, drilling mud
flows to the shale shakers, then some of the outflow of shale shakers (q shakers) flows to the
centrifuge, this depends on the maximum processing capacity of the centrifuge. “Centrifuges
can typically handle only about 15% of the active system”. The summation of the outflow

from shakers and centrifuge (q regenerated) returns back to the tank.

Notation Description value
qgin-wel The flow rate of the drilling fluid delivered to the well. >4500, < 5000
Scin-well Solids content in the fluid delivered to the well. <6%

goutwel ' The flow rate of the used drilling fluid delivered from the

24500, £ 5000
well to the Solid control system. ’

Scoutwell - Average solids content in the fluid coming from the well. 155 Liters/minute
Scoutwell Solids content in the fluid coming from the well in case . .
. 1055 liters/minute
of caving problem.
gshakers The flow rate of the drilling fluid out of the shakers. Variable
Cshakers Maximum fluid processing capacity of shakers <5000 liters/minute
Scshakers Solids content in the drilling fluid out of the shakers. 75%
qgcentrifuge The flow rate of the drilling fluid out of the centrifuge. 25%
Ccentrifuge Maximum fluid processing capacity of centrifuge <400 liters/minute
Sceentrifuge  Solids content in the drilling fluid out of the centrifuge. Variable
gfresh Dilution rate of “fresh” drilling fluid to the tank. Variable
qregenerated Mud outflow from the solid control equipment. Variable

Table 8-1 Operating parameters of section 17 %" in the Edvard Grieg field

In order to recover the volume lost in the well and solid control equipment (solid waste), an
extra volume of drilling mud must build and pumped to the tank. (( regenerated + q fresh).
The process of adding a fresh mud to the system is known as a dilution in the drilling
industry. Dilution is also used when the efficiency of the solid control system is not sufficient
to keep the solid content as required. In this case, some of the existing fluid is dumped and
replaced with a fresh mud with a lower solid content. The notations used in this circulation

system are given in the table below with the description.
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8.2 Algorithm description

The considered problem is a simple continuous flow problem. The idea of our algorithm is
based on the assumption that the system consists of four main components, the components

are; well, shale-shakers, centrifuge, and the fresh drilling fluid tank.

For modeling purposes, two variables were made to model drilling fluid flow. This flow is a
mixture of two components drilling fluid and solid content, both components are changing in
each cycle over the system. The model assumes that these are two separate flows and the
summation of these two variables represent the actual fluid flow. Also, in order to model the
initial solid content, a constraint is made with an index of (t -1) when t = 2... T, this allows us
to define the solid content value in the first cycle. Another constraint was made to define the

total initial fluid flow.

In Edvard Grieg Field, the maximum allowed drilling rate of penetration (ROP) is 35 meters
per minute (hour?), this rate generates a fixed rate of 155 liters of solids per minute. It means
that each minute, the solid content of drilling fluid outflow increases by 155 liters. This model
considers a constant parameter to represent solids generation, however, in the real life, ROP is
a variable rate, and the generated solids vary widely on this variable.

Four balance flow constraints are built for the four system components to assure that inflow
equals to outflow at each point. However, this is not the case for shale-shaker and centrifuge,
as they were modeled with a specific separation efficiency and operating capacity. In each
cycle, both the shale-shaker and centrifuge processes a specific amount of solid flow and a
small fraction of fluid flow, the separation of fluid flow is undesirable in real life situations

but it exists and known as slippage volume.

The model suggests two conditions to dilute fresh drilling fluid, either to recover the fluid loss
in solid control equipment (shale-shaker and centrifuge) or to keep total solid content rate
below 6 percent. A specific cost was used for each liter of dilution volume, this cost includes
purchasing drilling fluid cost and the cost of associated logistic activities.
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8.2.1 Objective function

In order to define the objective function, the equation described in 4.3.1. Drilling fluid system
cost analysis, was used as a starting point, however, it was necessary to identify all the
system’s elements to fit the system we are considering in this study. Several changes have

been made to apply it in this case study.

Logistics cost is one of the cost element we added to the equation. Vessels is the offshore
transportation mode in this case study, the higher cost of vessel transportation comparing to
trucks is the main reason for adding this element. The previous equation merged the cost of
transportation (trucks) to the cost of materials. In order to precisely measure the cost of

offshore logistics, it was necessary to add logistics cost to the equation.

On the other hand, the trouble time cost and ROP impact were excluded, see equation (3).
Although, the event tree analysis showed that the centrifuge is expected to have some effect
on both elements. Warren and Baltoiu (2001) described the unproductive time as the cost of
any drilling problems related to the function of drilling fluids. It can also call the trouble time,
which represent the time a company spend to solve drilling problems related to drilling fluids.
These elements require advance technical details and knowledge about offshore drilling,

however, we encourage drilling engineers to include these elements in further studies.

System cost = Material cost + Associated logistics cost + Solid control

system Waste / Disposal cost.
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8.3 Mathematical formulation

Nomenclature

Notations Description
Indices
t Time periods
Parameters
sper Percentage of fluid waste flow from shakers
srem Efficiency of shakers to remove solids
crer Percentage of fluid waste flow from centrifuge
crem Efficiency of centrifuge to remove solids
spro Production of solids
clresh Cost of fresh fluid (dilution)
ceent Cost of centrifuge operations per liter of fluids
crv Cost of fluids waste handling per liter of the fluid
csv Cost of solids waste handling per liter of the solids
At Duration of every time period
T Number of tie periods
Variables (fluid flow)
I; Amount of fluid injected into the well, t = 1,..,T
0; Amount of fluid come out from the well, t = 1,..,T
a; Fluid inflow to shakers fromwell, t = 1,..,T
B Outflow from shaker to tank, t = 1,..,T
Vi Outflow from shakers to centrifuge, t = 1,..,T
Ut Waste generated by shakers, t = 1,..,T
N Inflow to centrifuge from shakers, t = 1,..,T
U, Outflow from centrifuge to tank, t = 1,..,T
Wy Waste generated by centrifuge, t = 1,..,T
k¢ Inflow to tank from centrifuge and shakers, t = 1,..,T
ft Amount of fresh fluid added, t = 1,..,T
X¢ Outflow from tank to well (injection again), t = 1,..,T
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Variables (solids flow)

Vi Solids in fluid injected to well, t = 1,..,T

Z Solids come out from the well, t = 1,..,T

l; Solids comes to shakers, t = 1,..,T

m; Solids outflow from shakers to tank, t = 1,..,T

ng Solids outflow from shakers to centrifuge, t = 1,..,T
Dt Solids waste from shakers, t = 1,..,T

q: Solids inflow to centrifuge, t = 1,..,T

T Solids outflow from centrifuge to tank, t = 1,..,T
W, Solids waste generated by centrifuge, t = 1,..,T

St Solids into the tank from shakers and centrifuge, t = 1,..,T
Ve Solids injected into the well, t = 1,..,T

Objective function: minimization of total cost by reducing the amount of diluting fresh

drilling fluid. The first term corresponds to the cost of fresh fluid and amount of fresh fluid

added to the system. The second term corresponds to the cost of handling the fluid waste from

centrifuge and shakers. Similarly, the third term corresponds to the handling cost solids waste

generated from centrifuge and shakers.

T

minimizez crresh f, At + CTV (we .pe) AT+ C(pp.w,) AT (4)
t=1

Constraints:

1.

Constraints for fluid flow:
Subject to

The amount fluid injected into the well must be equal to the amount of fluid comes out

from the well.

It+ yt=0t+Zt, t:].,..,T (5)

The amount of fluid comes out from the well must be equal to the inflow to shakers.

0t=at, t=1,..,T (6)

The amount fluid comes to shakers must be equal to the outflow from shakers (e.g.

tank, centrifuge and removal efficiency).
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Bt'{' yt: at(l_sper), t:1,..,T (7)

Constraint about fluid waste shakers, the outflow of fluid waste is equal to the inflow

to the shakers and percentage of shakers fluid waste.

He = O¢ (Sper), t = 1,..,T (8)

The amount of fluid send to centrifuge from shakers must be equal.

ytth, t=1,..,T (9)

The amount of fluid send to tank from centrifuge must be equal to the inflow to

centrifuge and percentage of centrifuge fluid waste.

U =N, (1-cCP), t=1,..,T (10)

Fluid waste generated by centrifuge must be equal to the inflow to the centrifuge and
percentage of centrifuge fluid removal.

wt:Nt.Cper, t:].,..,T (11)

Outflow from shakers and centrifuge must be equal to the tank inflow.

Ut+ ﬁt:kt' t:].,..,T (12)

Outflow from the tank is equal to the inflow to tank and addition of fresh fluid
(dilution).

Ut+ft=xt, t=1,..,T (13)

Outflow from the tank is equal to the amount of fluid injected into the well.

xt:It, t:1,..,T (14)

. Constraints for Solids:

Quantity of solids coming out from the well is equal to the solids generated during the

drilling operation and quantity of solids fluid contain while injecting into the well.
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2, = 0+ SPer (15)

Connectivity constraint to previous cycle of fluid.

Zt .ATL- = yt—l -ATt—l + SpTO 'ATt—ll t= 2,. .,T (16)

Inflow of solids into the shakers is equal to the quantity of solids coming out from the

well.

Zt = lt, t=1,..,T (17)

Solids waste generated by shakers and solids send to the centrifuge is equal to the
solids inflow to shakers from well and solids removed by shakers from total quantity

of solids.

mt+ Tlt = lt (1_ Srem), t = 1,..,T (18)

Solids generated by the shakers, shakers solid removal efficiency.

pt: lt.STem; t:]-i--!T (19)
Solids outflow from shakers and inflow to the centrifuge.
nt: qt' t:].,..,T (20)

Solids waste generated by centrifuge and efficiency of solid removal from total

quantity of solids fluid.

Tt= qt (1_Crem), t=1,..,T (21)
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Solid waste generated by the centrifuge and efficiency of centrifuge to remove solids

from fluid.

Wy = qt_Crem’ t=1,..,T (22)

Solids outflow from shakers and centrifuge must be equal to the solids inflow to tank.

T‘t+ meg = S, t=1,..,T (23)

Solids balance constraint for tanks: inflow of solids to tanks equal to the outflow from
tanks.

St = Vg, t:].,..,T (24)

Solids balance constraints for well: solids injected to the well equal to the outflow

from tanks.

Ve = Vi, t=1,..,T (25)

The maximum quantity of solids in the fluid can be injected into the well.

V¢

< 006, t=1,..,T (26)
Ut+ Xt

Minimum amount of fluid injected into the well.

I+ y, 4500, t=1,..,T (27)
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8.4 Computational experiment

The optimization model is coded in AMPL and solved with a student version of MINOS 5.51.
The solver MINOS is used for both linear and nonlinear optimization problems. MINOS is
developed by Stanford Systems Optimization Laboratory and “It incorporates proven methods
for large-scale sparse nonlinear constraints, and its methods are especially effective for
nonlinear objectives subject to linear and near-linear constraints”. (ampl.com)

Two experiments with two different data sets were performed, the purpose of these
experiments is to predict the system performance in two different solid content build up rates.
The first experiment considers a solid build rate of 155 liters per minute, this number is valid
in 17 % inch section when the rate of drilling penetration is 35 meters per minute. The second
experiment considers a high solid build up rate of about 1055 liters of solids per minute, this

solid build rate is valid for all sections when a caving problem occurs.

e Computational experiment 1
This experiment estimates the system performance in ten cycles when each cycle is 1000
minutes long. The optimal solution for this experiment was found in 66 iterations. The below

Figure 8-2 represents the average parameters of drilling circulating system.
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Figure 8-2 Results of computational experiment 1

The figure shows that when the solid build rate is 155 liters per minute, the solid content in
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the well outflow is going to be 4.9%. Shale shakers will then reduce this percent to 1.1 %,
producing 196 liters per minutes. As shale-shakers handles solids to below the maximum
allowable content 6%, the system suggests to not flow through the centrifuge.

Findings show that total volume of solids generated in 10 cycles is 1998 liters. Processing this
amount of solids the solid control system generates total waste of 1929 liters. To recover this

volume, the system dilution cost is 5884 NOK including logistics cost.

e Computational experiment 2
This experiment estimates the system performance in ten cycles when each cycle lasts for
1000 minutes. The optimal solution for this experiment was found in 40 iterations. The below

Figure 8-3 represents the average parameters of drilling circulation system.
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Figure 8-3 Results of computational experiment 2

The figure shows that if the solid build rate increased to 1055 liters per minutes, the solid
content in well outflow is going to raise to 29.4%. Shale shakers will then reduce the solid
content to 10.5%, producing 1024 liters of waste per cycle. As this percent is above the
allowable percent of 6%, the system suggests to use the centrifuge, the centrifuge is going to

separate 61 liters of waste per cycle, reducing total solid content to 5.9%.
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Findings show that total solids generated in 10 cycles are 12974 liters. Processing this amount
of solids in the solid control system will result in generating total waste of 10575 liters. To
recover this volume, the system dilution cost is NOK 35956 including logistics cost, which is
NOK 7785.

e Sensitivity Analysis
In order to estimate the influence of using a centrifuge on the other variables of the drilling
fluid circulation system, dilution rate, and disposal volume, we ran the model without a
centrifuge and added one more variable ‘tank fluids waste (,)’. This variable was added to
the constraints (24) and (25) to allow the model to dump a specific volume of the drilling
fluids and dilute the same volume of fresh drilling fluid in order to keep the solid content less
than 6%. The results show that, when centrifuge was not working, the disposal volume

increased from 10860 to 11730 liters and dilution rate increased by 1,000 liters in ten cycles.

e In order to define the objective function, several changes were made on the
equation proposed by Warren and Baltoiu (2001). To precisely measure the
cost of offshore logistics, it was necessary to add logistics cost to the equation.
In addition, two elements, trouble time cost, and ROP were excluded,
although, the centrifuge is expected to have some effect on both elements.
These elements require advance technical details, knowledge about offshore

drilling and more time to be estimated.

e The results show that in the current operating parameters of the section 17 %",
the shale shakers can handle the 155 liters of solids generated per minute when
drilling fluid flow rate is between 4500 and 5000 liters per minute. For these
system parameters, the use of the centrifuge is not required and will result in
increasing total operating cost. However, for the many cases when the solid
build up rate increases dramatically, using the centrifuge is going to reduce
total disposal by 15.3% and 8% of dilution rate.

e The processing capacity of the centrifuge is going to increase total separation
efficiency of the solid control equipment. The upgraded solid control system is

going to produce 10860 liters of solids. The dilution rate is going to be 10860
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in total. This means that the system dilutes only to recover the lost volume of
fluids in the solid control system, no extra dilution is required to balance the
total solid content in the tank. In this experiment, for 10 cycles, running the
centrifuge, saved 1,000 liters of fluid. In addition, it reduced the disposal
volume from 11730 to 10860 liters.

There are two purposes of dilution, either to recover separated amount in the solid control
system or to keep total solid content less than 6 percent. When the centrifuge is working, the
separation efficiency is sufficient to handle the generated volume of solids, therefore dilution
rate equals total separated solid volume, however, if the solid control efficiency is not enough,
the centrifuge is not working, and a specific volume of fluid must be dumped and replaced

with fresh dilution to keep total solids content less than 6%.

To recover fluid
loss

Centrifuge/ off

To keep solid
content less than

Dilution 6%

To recover fluid

Centrifuge/ on loss

Figure 8-4 Dilution rate
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9.0 Summary and conclusion

The oil and gas price fall in 2014 has led operating companies to cut further investment in
exploration and production. According to Norwegian Petroleum Directorate 2017, only 36
wells were drilled in 2016 which 47% less than the maximum number of drilled wells in
previous years. This also motivates us among other researchers and research institutes to

study and develop methods to reduce drilling cost structures.

The design of solid control equipment depends on several technical parameters including well
scheme, geological structure, drilling fluid design and solid content rate. Caving problem is
the main cause of high solid build up rate in the Edvard Grieg field, especially during drilling
Hordaland formation. Caving is a partial collapse of borehole walls, it generates a high
amount of cuttings, increasing solid content rate from 155 liters per minute to more than 1000
liters per minutes in average. In the Edvard Grieg, a set of five shale shakers processes high
rate of solids with solid processing efficiency of about 75%. In addition, a centrifuge installed
to process fine solids, practical parameters in the Edvard Grieg proves that the actual

processing capacity of centrifuges is about 400 liters per minute.

Logistics is a key element when it comes to effective and efficient operations and revenue
optimization. Logistics accounts 14% of total offshore drilling cost structure (Osmundsen, et
al., 2010). Core activities of offshore upstream logistics are storage, transportation and
loading and unloading process. Transportation is the most expensive element and it consists
of three major cost elements: daily vessel rent, planning and routing cost and operating cost.
In addition, there are other marginal costs such as harbor fees. In the Edvard Grieg field, the
high daily rent of two vessels is about NOK 269,000. This makes offshore transportation
more expensive than other logistics activities, reducing this cost is a difficult task especially if
the vessel has only one installation to serve. However, if the vessel is serving several
installations, routing, planning and vessel utilization management can contribute to reducing
this cost significantly. Operating cost can widely vary depending on sailing conditions. In the
Edvard Grieg field, fuel consumption is a major cost element in operating cost, it cost about
NOK 18,000 in good weather conditions, however, and this cost jumps to more than double

per trip in case of bad weather condition.

67



The purpose of formulating this research study is to answer the main research question: how
upgrading the solid control system influences total system cost and logistical activities. An
optimization model is built to describe and predict the behavior of drilling circulating system
by using a mathematical programing language. This model allows to understand the current
performance and predict the effects of each component in the system on total system
production and cost. A continuous flow model was built to simulate drilling fluid circulation
system and predict different operating parameters of solid content, disposal amount and
dilution volume in Edvard Grieg field. The model calculates values for the three mentioned
variables within strict constraints of the maximum allowed solid content into the well, a

specific fluid flow rate and operating capacity.

In order to define the objective function, several changes were made on the equation proposed
by Warren and Baltoiu (2001). To precisely measure the cost of offshore logistics, it was
necessary to add logistics cost to the equation. In addition, two elements, trouble time cost,
and ROP were excluded, although, the centrifuge is expected to have some effect on both
elements. These elements require advance technical details, knowledge about offshore drilling

and more time to be estimated.

The event tree analysis conducted in this study shows that the use of centrifuge contributes in
reducing total drilling fluid consumption in case of high solid content rate. The first step when
solid content raise is to check the performance of shale shakers and run the centrifuge. Then,
if the first step didn't work, the second step is to circulate drilling fluid allowing to carry out
more cuttings. The last option is to dilute fresh fluid. To conclude, running the centrifuge
reduces the need for diluting fresh drilling fluid when solid content increases and thereby,

total drilling fluid consumption.

The findings show that the centrifuge is not used in case of average solid built up rate. In
order to make a decision of installing the centrifuge, the preliminary study before drilling a
well can play a vital role. Having a complete information about the behavior and strength of

the formations to be drilled is a key factor in decision making.

Our findings show that there is no need to run the centrifuge when the solid build rate is 155

liters per minute. However, if the solid content exceeds 1000 liters per minute, the total
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volume of solids sent of solids to the centrifuge is 2450 liters, this results in a reduction in

dilution rate.

The model demonstrates that in 17 %" section when active circulating fluid is 5000 liters per
minutes, drilling operation generates 155 liters of solids per minute, the duration of fluid
circulation is 1000 minutes, will generate 155 of solids per minute. The current efficiency of
shakers separates 9700 of drill cutting, additionally, 420 liters of associated fluid is wasted as
slippage. Finally, the total dilution rate to recover drilling fluid and cutting waste is 1970

liters.

This study concludes the relationship between drilling circulating components, logistics
activities and waste volumes. In general, the design of solid control equipment influences total
dilution rate and thus total drilling fluid consumption. In Edvard Grieg, the upgrade of the
solid control system by adding centrifuge has a small influence on total drilling fluid
consumption in regular drilling conditions, however, when solids raise the use of the
centrifuge may significantly affect dilution rates. On the other hand, the study concludes that
the influence on logistic activities is marginal in Edvard Grieg however, the influence may be

greater when several installations are being served.
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9.1 Limitations and further research

One of the limitations related to this study is the lack of replications. A study including
multiple cases can be more valid and reliable. In this research, a single case study is used out

thousand offshore wells is used, this study as a basic tool for further studies.

The analysis is based on data collected from different resources and also uses estimated
numbers. Although, authors tried to use numbers as accurate as possible but still there will be
a chance of uncertainties. However, this does not have severe effects on the main conclusion

of the thesis.

Limitations related to the quantitative part of the study is mainly connected to the lack of
availability of secondary data. To the best of the author’s knowledge there is no previous
studies cover solid control system optimization modeling. Most of the Information used to
conduct this research work was mainly based on primary data provided by the Lundin AS in

the form of daily drilling reports, daily mud reports, and interviews.

In this case study, 17 % inch section was selected to be modeled, however a more integrated
model which includes all the five drilling sections is expected to produce more practical and

accurate results than smaller per section models.

A fixed rate of 155 liters of solids per meter is applied, this amount of solids is valid in the
maximum drilling penetration rate of 35 meters per minutes in the Edvard Grieg field,
however, and if the rate changed the volume of solids generated would also change. A further
study considering a variable ROP rate of penetration can be more realistic. In addition, an
approximate figure was used for waste and discharge cost. The importance of this figure
increases when considering an integrated model that includes all drilling sections, as the cost

varies from drilling fluid type to another and one hole section to another.

Drilling fluid consumption is a function of several factors. Although this model considers
real-life situations and uses real data, several additional practical measures can improve this
study e.g. drilling problems. Drilling problems have a significant impact on dilution rates and

total drilling fluid consumption.
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This study investigates and identifies transportation cost elements in the offshore upstream
industry, however, further studies in different geographical locations and company structures
can be interesting.
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Appendix

Appendix 1

This interview guide was used in the group interview related to the research study ‘Influence
of upgraded solid control system on the dilution rate and associated logistical activities’.

The interviews were conducted as semi structured and questions were asked related to the
specific field of study to answer the main tasks in the research study. The summary of the
questions, asked during the interviews, is given below.

Introduction: Presented ourselves and research topic.

Employees: following employees were usually interviewed during the meetings.

e Bard Fjellsa (Production Drilling Manager, Lundin AS)

e Trym Elseth (Lead Drilling Engineer, Lundin AS)

e Bengt Sola (Operation Manager Drilling and Completion Fluids, Baker Hughes)
e Olav Overskott (Head of Logistics, Lundin AS)

The description of each meeting is given below.
I.  Analyzing the drilling reports. (1%t meeting — 16/02/2017)

Mainly discuss the daily drilling reports, daily mud reports, drilling fluid types and drilling
problems related to drilling fluids. In addition, the consumption of drilling fluids for each
section. The questions were;

i.  What is the average rate of penetration (ROP) and what are the parameters to

change the ROP in different sections of the well?

ii.  What is the average length of each section and consumed volume of drilling

fluids in each section?
iii.  How many types of drilling fluids used in different sections?
iv.  What is the solid built up rate with normal ROP and in case caving problem?

v. What are the environmental regulations related to the offshore drilling

operations and disposal?
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Presentation

First meeting

16 february- lysaker

This is how we are doing it!

* 1st Meeting , which factorsin DDRs&DMRS should foucson
investigating the drilling problemsand how the useof
centrifuge reduced or could reduce therisk of these
potential problems. Does it contribute in keeping our mud
fresh and decrease mud losses.

What else should we consider?
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A/12

Totaldrilling time: 63 days.

productive drilling period: 28 days.

Maon productive drilling period: 35 days.
Waitingtime on solving drilling problems: 20 days (1
problem including cement plug)

AverageROP: around 25mhr

Highest ROP:52Zm,/hr

Waitingtimeon Weaher:

Total mud losses{m3):3695,2

Total muddischarge: 2346,3

A/10

Total drilling time : 132 days.

Productive drilling period: 2& days.

Neon preductive drilling period: 106 days.

o Waiting timeon soling drilling problems: 12 days (1
problem stuck pipe)

o Waiting timeon Weather (WOW): & days.
o Wireline & Logging job: &days

o Coring: 8 days.
o WOE: 25 days.

Highest ROP: 35m/hr.

Total mud losses(m3): 3238,64.

Total mud discharge: 1711,64.

First meetings agenda

Lok into drilling problems and how the use of the centrifuge
reduced ar could reducetherisk ofthese potential problems.

What are the common problems in Edvard
Grieg field

Caving, tigh hole and stuck pipe

How much would a problem cost us

The use of the centrifuge in eliminating these
problems/mitigating its sequences.
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II.  Solid control system, common drilling problems and logistics system. (2" meeting
—23/02/2017)

Mainly discuss about the recent upgradation in solid control system and role of drilling fluids

and solid control system to overcome the common drilling problems. The question were;

Logistics
Cost of the following:

e Drilling Fluids loading and unloading cost?
e Why do you have two vessels with the same capacity but different cost?

What’s your average deck utilization percent?

e s there any other associated cost related to the transportation of mud from supply base
to offshore platform? (Purchasing raw material, transportation, loading and unloading
and storage cost, any other cost?

e Operating cost (fuel and operating crew)
e Administrative cost planning and routing
e Fees of harbor

¢ Handling equipment’s in the base.

e What about maintenance cost?

e The logistics planning, if we need a specific amount of Mud, do you send an extra
volume as a back-up? If yes, how much more do you send (%)?

Back-up volume will be mixed and stored at Bakers base facility

e Some of the drilling fluids are sometimes stored on the laid up vessel beside the
platform. To calculate this, we need to know the following?

e How often do you send drilling fluids? EX. each section.

e If you send a specific volume for each section how much is loaded to the platform (%)
every day?

This depends on the situation, a boat load will normally be loaded to the rig at arrival.
Weather can be a challenge so mud can be stored on the boat for some days

Logistics costs

Lundin has 2 vessels one for shipping and the other works as storage facility.

Lundin’s logistics coordinator said that up to 800 m?® of drilling fluids can be shipped each
trip. According to this we did the calculations below, and we decided to take an average as

there are two prices.
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daily vessel rent deck space m2 cargo of mud m3 |1 m3 cost average cost
island commander 80,000 650 800 100 168.6875
Viking prince 189,800 650 800 237 375 )

We are requesting info about planning, how often they ship mud in order to calculate the

storage cost and we will assume that the storage rate for 1 m? is the same as transportation,

unless a better way is found.

What are your technical parameters for running the centrifuge?

Do you have a specific parameter?

Other questions in the meeting were:

Vi.

Vii.

viil.

Xi.

Xii.

What are the common drilling problems, mainly related to the drilling fluids?
What are the steps to overcome these problems?

The role of the drilling fluids and efficiency of solid control system to

overcome the problems?

How much a capacity of the solid control system increased by adding a

centrifuge? Capacity of the centrifuge?

What is the annual cost of using centrifuge?

How much the upgraded solid control system influence the ROP?
How much using a centrifuge minimize the dilution volume?

How many vessels are involved in logistics operations to serve the Edvard
Grieg field?

What are main challenges for the logistical activities?
The daily rent of vessels?
Average fuel consumption in one trip and other related costs?

Is there any HSE measures for using and not using the centrifuge? We would

like to consider this in our calculations.

Drilling Problems

The below event tree analysis will enable us to quantitatively describe and discuss the effect

of the centrifuge in mitigating the sequences of drilling problems. Please have a look on the
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two scenarios (before/after installing the centrifuge) below and answer the following

questions?

e Is it possible to describe the sequences of the solid build up in this way?

e What is the first technical action you do on the platform when the solid content raise?

e Does it always solve the logistics problem? Can you explain why it sometimes doesn’t
work?

e What are the next actions? Explain.

A scesario of selving 3 high sobid bulld sp prodlem Using the regular Solid Coatrol Svstem ( before (nstalling the centrifuge

F\'enl Iz fas proklem 1s the problem s the problem s the pecbien
X . sched? hed! chiod”
whved? ® - sorved Problets Sokved
Yes

Yes

what & the ool w3 Yes Yes
High Sobd Budd Up
) 42t ' 3 Y’ .
& B | a9 Yes

No Yes
’ ¢ u e o son B coment s
L — o track
No
A scesario of solviag a high solid build up problem Using the spgraded Solid Coatrel System ( gfter installing the ceatrifuge)
Event s the problem 11 the problem Iy the problem s the problem
wlved? wived? wbved! sobed? .
I Problem Solved
Yes
Yes
Yes Yes
High Sobd Bald Up
No Yes
—_— Yes
No Yes
5 fut & the vt Ex comeet md
| No #de back
|No
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I11.  Transportation of drilling fluids and storage. (3" meeting — 09/03/2017)

Mainly discuss the transportation activities of drilling fluids and inventory management at

supply base and offshore platforms. The questions were;

I.  How much volume of drilling fluids transported in one trip?

ii. What is the storage plan of drilling fluids at supply base and offshore

installation?

iii.  How would an upgraded solid control system influence the transportation and

storing the drilling fluids?
iv.  What are the activities in case of urgent demand of drilling fluids?

v.  How they conduct the process of loading and unloading of drilling fluids at the
supply base and installation?

e Cost of disposal (the average cost of disposing 1 m® of each type of drilling fluids)

Can you explain the disposal process, its types?

e WBM/Slop: 1850,- NOK/MT
e OBM will not be disposed, some slop will be generated ant the above cost will be
Used.

e 2400 NOK/MT for cuttings
e Inthe DMRs, what is the difference between mud losses per length and mud additives
per length?

Mud losses is the hole volume lost during drilling Additives will be reported to NEMS
(usage of each product- environmental product reporting software)
Note:

The drilling fluid in section 12 ¥2 " is oil based that’s why there is no discharge.
The drilling of A10 was extremely complicated and I wasn’t able to find the total discharge.

After approving these results from Lundin AS, we will calculate how much does 1 m® of
drilling fluid cost them. By adding the transportation, loading unloading storage and disposal
cost of 1 m3 of drilling fluid to the purchasing cost of raw materials.

Drilling fluids have different costs for 1 m*

24" section = NOK 2500
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17 %" = NOK 2800
12 ¥4" = NOK 6100
8% " = N/A as we were focusing on the upper sections.

IV.  Presentation of results and discussion. (4" meeting — 20/04/02/2017)

We presented the results of the case study and main purpose of this meeting to show the
progress so far and get recommendations to improve the results. The main points are;

i.  Presented the results of the study and detailed discussion of the results.
ii.  Make a comparison of our results with the real life situation.

iii.  Get the feedback of the professionals to make these results more realistic.
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Presentation for 4" meeting

Influences of Upgrading Solid
Control System on the Total
Sytem Cost and Logistical
Activities in Edvard Grieg field

Muarif Sana Dar
Mohamed lbrahim

Solid Control System at Edvard Grieg field
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Solid content and dilution decision

You can think of centrifuge as an additional set of shakers
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Mud consumption in 17 %"

well annqum mud conmumption cutting to sea Mud/m  cuttings/m

sottiduge AL2 et 410 0811892 a4l
fentrduge ADY mo 0 b 0,730139 Q.As16508
ADS 853 454 Y] 0567409 VAas3182
A0 L 651 7 0,975054 04435482

Average drilling length in 17" section is 927 m
Min- Mud consumption(m3/m) @ A06 = 0,56
Max- Mud consumption{m3/m) @ A10 =0,97
Min-max difference is 0,410 m3/m

Cost of mud 2800 + logistics cost

Potential savinas if we drilled in our min mud

consumption rate,
Savings = 0,410 * 927*2800 = 1,064,196 s«

Mud consumption and cuttings
generated for 171/2 "

1

oa

05

02

02 | I
0

AL2-cemrifuge AOL-cemiifuge

= Mud/m = cutongs/m

Cost of diluting 1 m3 mud in 17 %"

* 2800 NOK
 Diroct purchasing cost

oNCK
« Cost of time spent in loading/unloading

—

Daity ren of Viking pince | Max cagacsty
Daily rent of commander / Max capacity
Fuel consumpsion in good westher condiztions

oNOK
» Ervironment concern + discharge to sea + treatment [if
applicable)

fued n Dad weather
» 250 NOK Flanning logistic scvates ot Lsaker
« If the consumption exceeds 800m3, 1m3 costs about 500 NoK Conrdnstng logistxcs sctreetes m Tananger
veszel's orew
Hrbor fees and other administrative (ost
:maummmm.quwmmm b
i Mas: min M CONRMPLOn 177 secten

Cost
BO,0000 NOK per ooy / B0O0 =3
185, 000 NOK per day / 800 m3.
18,000 to 35,000 NOK per wip,
LUp 1o 70,000 NOK per trip.
Full time employment
SU00 NOK pes dey.

Full time emmployment
Margnel

Each section
W25 = 484 m3 ) walb AL = 900 ™3

87




Model of Drilling fluid Circulating System

Notaton Description
== Pow rate of the arfling fuid delivered 10 the wel.
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Assumptions / constraints

L LRI AR AT

Objective functions

* |s suggesting that we need the centrifuge but is there a better way to
operate it and reduce mud consumption.

* Minimize dilution rate

« Maximize geentrifuge
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Appendix 2

Illustrative case study

suface 270

mud losses breakdown
loss | ool | note
shakers 511
partial losses 397 formation

total losses 12873 formation
2 according to the initial
s |08 <
evaparation | 30 |

Inthis case, in 2016, from Saudi Aramco, there were no use of centerfuges in the system. there is no specific reason why cenerfuge is not used.

days, bbl

~ mudlosses breakdown in6

®sa=s

@ purtd
losses

® total losses

O cecaaed
domp)

@ svaorstion

@ sixce

the totai discharge. in 6 days of drlling wmh&.\'luﬂwuls, mbummmimummu However, we could avoid cumping this
amount by using the centerfuges costing (6 days 867 Lsd= 4002 usd ). some of the mud components are not ickuded in the calcs below they must be used in both cases.

1b/ bbd
028
s

10m=273usd
Vm= 46013”
‘m=38lm‘
| S0/ 133usd _
‘Ssgainm =25
$ mm $
VSONsadESBV
50 = 15 usd
SObésack=3
| SObisack=d
SObisack=8
28bisack=11

025
0.18
0.7
266
458
na

0.76
03

0.18
0.16
016
D44

o
9945
3502
2303

mA
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Appendix 3

24"
Total Mud consumption total consumption losses M3/m

652,6 Al upgraded system 1120 1,94
1120,9 A6 1412 2,164
920,1 A10 557 1,3

A12 upgraded system 1291 2,64

97
17 %"

Total Mud consumption

total consumption losses M3/m

853 A1l upgraded system 920 0,73
1412 A6 484 0,568
484 A10 651 0,628
492 A12 upgraded system 761 0,6
330
387
12 % *13"
total consumption losses M3/m

Total Mud consumption
478 A1l upgraded system 765 0,42
557 A6 492 0,982
651 A10 695 0,927
695 A12 upgraded system 312 0,32
150 A12 /T2 upgraded system 261 0,23

8 K"

Total Mud consumption Total consumption losses M3/m
681 Al upgraded system 413 0,26
1291 A6 330 0,409
761 A10 150 0,467
312 A12/T2 upgraded system 1014 0,39
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Graphs below show the total consumption and losses per meter in each section for the
four drilled wells, the upgraded system is the well with centrifuge. The mud losses per
meter is what we will consider as wells have different drilled length.

When we discussed the possibility of saving money by reducing discharge and thus
dilution, we were advised to study 24" and 17 %" sections as the savings could be
higher there however, the centrifuge were not runing in any of these section , as they
were allways starting it in 12 %2 " and 8 %2"sections, We then decided to study the two
lower sections, 12 %2" and 8 ¥2".

In 24" and 17 % ", the upgrade of the system has no effect as numbers are random.
However, in 12 % " and 8 % " sections, its clear that the consumption per meter is
lower where the upgraded system operates. The figures in red shows that the

consumption is always less (30 to 40%) in the case of the centrifuge.
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Discharge and Solid Equipment
Removal per meterin 24°" section

mdischarge/m  ®solid equipmentremoval/m

2.36

Al Upgraded AbR AlD

Al12 Upgraded
system

systam

Discharge and Solid Equipment
Removal per meterin 17:2" section

m discharge/m  m solid equipmentremaval/m

A1 Upgraded AB Al10 a1z

Upgraded

Discharge and Solid Equipment
Removal per meterin 1212 %13 ™
section

mdischarge/m  ®solid equipmentremoval/m

Al AR AlLD Al2 ALZT
Upgraded Upgraded Upgraded

Discharge and Solid Equipment
Removal per meterin 81/2"" section

mdischarge/m  msolid equipmentremoval/m

0.21
017 0.17

.05

Al Upgraded AR AL1D Al12 Upgraded
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Appendix 4

Percentage of raw material in drilling fluid used in all sections of well A-1.

23
30
3
3z
33
34
36
36
a7
38
33
40
4
4z
42
44
45
4E
47
4%
43
50

06.08. 2016
0F.0s.z0e
03.08.2016
03.08. 2016
11.02.2006
11.02.2006
12082016
13.08.2016
14.02.2006
15.08.2016
16.02.2016
17.02.2018
18.08.2016
19.05.201€
2008206
21.08.20106
22082016
23.08.2016
24022006
25.08. 2016
26082018
2v.0s.z2me
28.08.2016
25.08.2016

carbo-sea

inwert-emul

Loss Total Mixed
# Dlate Sustem Type Section Feciewe FeturnediBackloaded Start Wolume | Final Volume Total Mized Discharge m*3'm Total Loss Eiase Fluids Water | “Weight Material | Add. Chemicals
1| 10072006 e 5ag ooz
2| 1novzme £ 538 526 54,6 1266 146 1266 53 1E
3| 120720 Spud 36 526 526 .92 526
4 [ 13072016
5 | 14.07 2016
- e

E [ 15072016 24 E155 1585 155
¥ | 1607208 24 EI55 EI55
g | 17072006 24 5155 E15,5
4 | 1807206 24 E155 EI5.7 0.2 0.z
10| 18.07 2018 L E15,7 E10,3 4.8 4.8
1 | 2007 2016 24 430 E10,3 9301 173 28 0.1 E8.1 1 31 4.2
12| #ovzoe  AGUA-Drill b || 30,1 noz,z iTZ 2231 2,05 2761 40 20 .2
13 | 2207 2016 230 noz,2 2541 181 181
14 | 22072006 W ater 254.1 231 23,2 23,2
15 | 24.07 2016 a3 726 05 05
16 | 2507 2016 veh 340 386 386
17 | 28072006 240 240
12 | 27.07.2016
19 | 28.07 2016
20| 29.07 2016 195 155
21| 2007 2018 120 10,2
22| .0v.2me 28 k]
23| 0.02.z0e nz
24 [ 02.02.2016 ]
26 [ 0z.02.2018
26 | 04.02. 2006 (K]

06.02.2016

20E 20 5.5 5.5
130 1] jE:] 71
a1 2.1
200 1.7 222 1.7
8935 05 ¥ 05
2608 al 01e 518 4.5 4B
L] K] g 0,16 41 g
150 19,6 129 028 El ] 4.5
8925 13 33 13
o486 al 53 4.8 4.4
TE3 33 23 21 12
73a.7 217 &1 20,7 1
il Y 541 e 20 15 &3 21
274 il 046 139 26 134 0.8
Q00 121 1EE .9 0.z
ik} TE46 25
TN 168
rr oEe.7 1221
4 2455 -39
23,8 2263 -B2
2269
2269
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30.08.2018
H.08.2018
01.03.2016

0z2.09.2018

0:3.09.2018

04.09.2018

05.09.2018

06.09.2016

07.09.2018

05.09.2018

09.09.2018
10.03.2016

1.03.2016
12.03.2016
13.03.2016
14.03.2018
19.03.2016
16.03.2016
17.03.2016
18.09.2016
19.03.2016

20.09.2018
21.03.2018

PerfHlow-Ch

[=odium Chlorid

W ater

Erine

28E,1

95

a1z 463 4529 16,1
4624 444 44
445 456 12 4 0.5 12
b2 456 510,E FAl 0,03 45 FAl
5106 4834 LN [37] 022 714 40 15
4933 G034 39,3 0,149 13,3 35 4.3
Jill] a03,3 3824 10,9 10,49
3606 3825 214 214
BaT.4 fard 220 HE 13,49
a53 G245 B35
G245 2405 260 284
240,58 2452 0.7 3 j] 0y
2482 BO7.3 54,1 ny 23 ni
EO7.3 G048 25
E04.7 G762 544 a4 26 26 2.4
Famplitic G762 B9E,2 H 20 12 23
536.2 4232 00 262 273 19 [oia]
1232 HE2 T
4161 4051 g
4081 3955 12k 12E
3955 3861 26 35,4 35,4 25 1
3861 3861
FEE,1 2449




Percentage of raw material in drilling fluid used in all sections of well A-6.

Loss Total Mived
# Date System Type Section Start Wolume e Fiet diBackloaded Total Mized TotalLoss Final ¥olume Discharge m*3m Base Fluids ‘water | Weight Material | Add. Chemicals | Brine [Density sensity AR GSIHGES &
1 24.03.2015 36 351 24,16 E33.16 107 1.03-1.40 103
2 26.03.2015 36 E29.1E 164 4.8 14818 708 14818 146 1.03-1.40 107
3 2E.02.2015 36 708 a9z E12 az 2,14 1.02-1.40 14
4 27.03.2015 36 B13 B13 B13 542 1.03-1.40 14
5 | 2303 20m| e almen|  Water 3 Fun Cazing
E 28.02.2015 36 Cementing
T 30032015 36 Miscellane ous
9 H.03.2015 36 Mlizcellansous 1.03-1.40 1,08
k] 01.04.2015 24 767 10154 29,87 B386T 3 013 a0 a0 1.54 1.08-1.20 108 <175.00
10 02.04.2015 24 23867 204 203,59 366,21 990,04 1] 128 100 100 359 1.08-1.20 118 <175.00
n 02.04.2015 24 £90,05 g 193,12 1267 011,52 1,39 o0 an 312 1.02-1.20 117 <175.00
12 04.04.2015 24 101153 39 425 1062 27,03 G2 62 E.7E 45 i} 162 1.08-1.20 117 <175.00
13| 05.04.2015KCLIPalyme|  Water 24 4262 76 23458 10e-120] 1ig <175.00
1 0E.04.2015 24 834,95 135,05 693,31 12,72 1.02-1.20 118 <175.00
15 07.04.2015 24 693,92 "7 3763 308,92 3763 1.08-1.20 118 <175.00
1& 02.04.2015 24 208,92 308,92 1.08-1.20 118 <175.00
17 02.04.2015 24 202,92 28792 21 28raz 1.02-1.20 118 <175.00
[ [ [ [

12 10.04.2015 1712 21 E02 4,52 55,41 aran 73 02 4,52 1.35-145 135
13 1.04.2015 171z g7z 264 29,27 62,29 203,02 ] 015 28 427 1.36-145 144
20 12.04.2015 G03.05 0,43 134 TA016 25 046 04 1.35-1.45 145
al 12.04.2015 203,08 048 124 79016 Kl 048 n4g 1.35-145 145
2z | 1e0azs| MR DALY ater 750,35 5 .24 74351 5 135-145 | 145
23 15.04.2015 T43.62 222 100,36 426,26 1.35-1.45 145
24 16.04.2015 426,25 .08 42317 1.35-145 146
28 17.04.2015 423,18 212 0,05 2123 209 42,26 0,05 1.36-145 1456

[ [ [ [ [ [ [ [
26 12.04.2015 A3 3 1E, 7249 rrd) 017 12 2,86 1.64 L66-1.60 L63 <8.00
27 19.04.2015 A3 Fira| o 10, 124,22 735 183 10,48 032 L.55-1.60 55 <8.00
28 20.04.2015 2 7359 0 7.8 1434 7. 94 3.8 L66-1.60 A4 <8.00
29 21.04.2015 A3 27, 143 13 L65-1.60 565 <8.00
30 22.04.201% A3 29, 202 118 42,12 ;! 194 L.55-1.60 55 <8.00
H 23.04.2015 A a0, 44,47 T4E, L66-1.60 Rl <8.00
32 24.04.2015 A3 T4E, e 1394 51,54 L65-1.60 14 <8.00
33 25.04.2015| carbo-sea (invert-emul 12104713112 51, 213 5 L.55-1.60 1.4 <8.00
34 26.04.2015 A 29, FAl e} L66-1.60 <8.00
36 27.04.2015 A3 22, 16 5 L65-1.60 <8.00
36 28.04.201% A3 0, 05 3 L.55-1.60 5 <8.00
kg 29.04.2015 A 0, 24 R:L L66-1.60 <8.00
38 30.04.2015 A3 7, 7.5 L65-1.60 <8.00
39 30.04.201% A3 7, 04 7.5 L.55-1.60 5 <8.00
40 02.06.2015 A 7 300 | | 1Ti54 | | L66-1.60 <8.00
Ll 03.05.2015| A 553 12,48 35,38 8301 0,1 45 3 =1 A <6.00
42 04.06.2015 B30.1 13.83 e Kived A12.4 0, q 4.83 21 <E.00
43 05.05.2015 Biz42 787 364 666,82 0,1 . BT z1 <6.00
g5 | og0mzorg| OWEN]  Water ; BE5EE B5.12 175 TR, T2 0, E BE . ; <6.00
45 07.06.2015 473,16 2207 10167 399,66 Bl 20,33 2 207 21 <E.00
46 08.05.2015 399,56 220 1,36 1582 21,36 »1. <6.00

[ [ [ [ [ [ [
47 09.06.2015 Lower Comp 53,2 37 65 4 T 44 65 21
45 10.05.2015 Lower Compl X 3 548 [ g x1
43 N.05.201% SFCF Water  |Lower Comp| X 145 & A 18 =1 N
a0 12.05.2015 Liowwer Comp 2 X 12 x1
&1 13.05.2015 Lower Compl . 8.8 155

[ [ [ [ [
62 13.06.2015 Upper Comp 158 400,38 162 396,38 162 300 00 03 1] 115
83 14.05.2015 Upper Comp| 404,38 4 400,38 4 1] 115
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52 13.06.2015 Upper Comp| 158 400,38 162 398,38 182 300 100 0,38 1] 115

53 4.05.2015 Upper Comp| 404,38 4 400,38 4 1] 115

54 15.05.2015 Upper Comp) 400,47 1 39947 1 1] 115

55 16.08.2015 Other water | Lipper Comp| 39347 4,31 294,56 [1] 118

56 17.05.2015 Upper Comp| 39407 .03 38754 2343 1] 115

a7 12.05.2015 Upper Comp) 387,54 38754 266,31 1] 115

58 19.05.2015 Upper Comp| - - - - - - - - - -
59 05.09.20E 603,73 1 10,9 0,49 =1150 115 E.00-11.00
1] E.09.2016 3825 3606 219 2149 »1.150 115 £.00-11.00
] 07.09.201E podium Chlori Etrine Complition 58749 220 348 19,9 1] 116 0
B2 02.09.206 599 B35 1] 1,08 0
£3 | 09.09.2018 5245 284 ZE0 [1] 1,08 [1]
B4 10.09.208 2405 10,7 3 10 07 1] 1,08 0
ES 1.09.2018 2482 3891 17 23 1 1] 1,08 0
1] 12.09.2018 BT i 1] 1,08 [1]
EY 13.09.20E E04,7 54,4 a4 2B 26 24 1] 1,08 0
5] 4.09.2016 5752 LAl 20 12 23 1] 1,08 0
3] 15.09.2018 G362 100 273 262 15 35 1] 1,08 [1]
v 16.09.2018 4232 7 1] 1,08 0
T 17.09.2016 461 ] 1] 1,08 0
Tz 12.09.2018 40,1 18 128 1] 1,08 [1]
3 19.09.208 3955 2B 35,4 35,4 25 1 1] 1,07 0
4 2009206 3861 1] 107 0
rid 21.09.2018 I2E1 38E,1 2449 1] 1,07 0

173,1
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Percentage of raw material in drilling fluid used in all sections of well A-10.

Mud losses

section |Discharge |solid c sys [ceased off |downhole (left in hole |onshore disp. |Others
367" 478,67 0
247 357,47 199.64 0
17 1/2™ 136,5 184,17 63
13 1] 242,71 32,72 308,66 42
81/4 24,24
re\entry 4 63 32,1 141,9
sidetrack 32 31,2 24,3
g1\212 150 75 49 17
\u comp 553 14 87
total 171164 620,32 145,02 371,66 136,1 1839 70
total 3238,64

1711,64 620,32 145,02 371,66 136,1 183,9
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Percentage of raw material in drilling fluid used in all sections of well A-12.

[ interval problem: 1 3 well status

367 188 3.1 As drilled schematic
276 Hy r
329
casing
cementing
skidding o
Run BOP
Test BOP Not able to close diverter element. I i

247 347 Operations suspended due to labour conflict »
418 i
560 Unable to set slips - block retracted
689
601 Labour Conflict - Drill 24" on night shift only 11
818 Topdrive motor encoder problem
casing Franks casing equipment 20" 3hrs |5
cementing Plug leaking when bump 4:50 hrs SN )
BOP
Test BOP
Prepare nxt section 17 1/2 Figure 3-1 As drilled schematic
drill plugs

171/2" 1166

1614
1743
circulation+ casing
casing + BOP
cementing total 20 hrs problems in this interval

arm on cantilever skidding unit. .

17+13" 2186 high ROP, 50m/hr
2735 high rap, then lower, then caving and cir| high ROP, 50m/hr
hole cleaning

flow check + CCD
casing hard crushed cuttings
POOH casing ight hole and possible hale collapse

cementing / Sat a balanced cement plug from 1885 m to 1665 m.

WOC + circulate wash out from 1665 to 1683
WOC + floor maintinance
1574 Drilled cement from 1683 to 1755, Initiated kick off and confirmed sidetracked from original track at 1755 m. Contine drilling til 1974
2410
2754
Pump LCM Drag. Ran centrifuge. 40% increase in returns. Mechanical cavings.
back reaming
lubricating + casing
casing

cementing
wellhead / MLS
drill cemeny plug
handle BHA

only 4 hrs drilling.

2837 Lost connection through wired drill pipe

3129

3373

3584 Did not follow relog procedure, resulting|centrfiuge problem
3752

3878 Trip to change BHA due to faulty startrak |vip centrifuge
handle BHA

formation evaluation
4129 mud losses on surface and in the centrifuge
4405
4562

]




A few blocky/elongated
mechanical cavings.

cawings most likely coming

Worked through
Tight spots

2800,/2340
Ffrom Hordzland fm just
below =rid and 2350/3355
I
5000 L
s | 2a | s | /
4500
4000
500
2000
2500 -
l'.l\\ e Seriesl
2000 ROF
AN b~ d 1\
1500 — ),n'l /_~//';v ‘/-l —_ r— spud
1000 —._|-ar_'ﬁl;r \ —_—_— WENA
PP B side '} '\h el __1} ==
S00 > fr"{ (\h::-ﬂ/ | [==10]
o
1 3 5 7 % 11 12 15 17 13 21 23[’25 27 29 I1 33 I 27 F5 41 43 45 47 49 51 53 55 E5F 59 51 62
0 f( ]
Hard cruzhed cuttings.
Mechamical caving.
=mall cavings/cuttings was
being replaced by large blocky
rounded/freworked cavings
Soo0
2500
4000 36 | | 24 | | a7 || 12 | B
3500
2000 -+ lossas=581.6 losses= 1291,2 —+ losses= 553 I 415
"j-.—.—.—t LsG -
2500 oerrifuge &.0
r \ u;a riezl
2000 I
cmntrify W'
isoo 5;;' f"\ {:‘:mpuf.uge
1000 4 1,8 HsE-0
HEG-O (’;:umb - =pusd
Rl ptp ! ] - e = m WEM
5,0
O VT s T T T Fr T T 7T T 1 fF 7T+ —7 LENN B B B B e B S B S B m B B B e S B B s B S B S m e p m s e s m e |
Sy ’ HEG-5.9 =220
1 E] £ i 2| 11 1= 15 17 1% 21 22 21 23 35 3T 39 41 43 45 4F 45 £E) 53 EE 57 59 51 53
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