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Abstract: Timely delivery of the required spare parts plays an important role in meeting the
availability target and reducing the downtime of production facilities. Spare parts logistics is
affected in complex ways while operating in the Arctic, since the area is sparsely populated and
has insufficient infrastructure. It is also greatly affected by the distinctive operational
environment of the region, such as cold temperature, varying forms of sea ice, blizzards, heavy
fog, etc. Therefore, in order to have an effective logistic plan, the effect of all influencing
factors, called covariates, on the transportation of the spare parts need to be identified, modelled
and quantified by the use of an appropriate dynamic model. The traditional models, however,
lack the comprehensive integration of the effect of covariates on the spare parts transportation.
The purpose of this paper is to introduce the concept of a dynamic model for spare parts
transportation in Arctic conditions by considering the time-independent and time-dependent
covariates. The model continuously updates the prior probabilities according to the most recent
time-dependent covariates to provide posterior probabilities. The application of the model is
illustrated using a case study.
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1. Introduction

Spare parts and logistic support have a great impact on the availability of production facilities
and on all types of maintenance activities (Hassan et al. 2012). The importance of having spare
parts on demand can be more significant for production facilities and systems installed in the
environmentally sensitive and remote Arctic region (Ghodrati and Kumar 2005). This is
particularly important in the Arctic because of its potentially fragile ecosystem (i.e. potentially
irreversible ecological and physical process) (Neff et al. 1987; Schaanning et al. 2008).
Therefore, to reduce the health, safety, and environmental (HSE) impact of the industrial
activities such as oil and gas industry in the region, the need for high performance production
facilities and systems is becoming imperative (Barabadi and Markeset 2011; Barabadi et al.
2014). As a result, production facilities are being designed incorporating non-traditional
arrangements and unconventional technologies (Hassan et al. 2012). That means the systems
have become more and more specialised or tailor-made. However, with the increased
mechanisation and complexity in the production facilities, there is a rise in the number of
component failure scenarios (Hassan et al. 2012). Failure of components incurred downtime
and unavailability of the system, which can cause substantial production losses and affect
business performance (Gao et al. 2010; Barabadi et al. 2014).

To reduce the consequences from component failure and assure effective logistic support,
precise estimation of the spare parts transportation time and its associated probability plays a
crucial role (Ghodrati et al. 2007; Ayele et al. 2013). It helps to establish a plan that can ensure
that the right spare parts and resources are in the right place, at the right time, in the hands of
the right person (Ayele et al. 2013). Consequently, it increases the performance and
effectiveness of the production facilities. However, the lack of infrastructure, long distance to
supply bases and harsh operational conditions in the Arctic make spare parts transportation
(delivery) a challenging task.

In the Arctic region, certain storm conditions occur, during which humans cannot venture
outside, ice or snow cannot be cleared at the rate at which it is accumulating, ice management
cannot operate, ice detection systems do not function to their full capacity, vehicles cannot be
operated, etc. (Jacobsen and Gudmestad 2012; Markeset 2008). For those one to three days, no
transportation of spare parts can take place. For instance, snow and ice conditions require
departing air-cargo planes to undergo de-icing, and if they remain in the take-off line too long
they have to return for another treatment, causing lengthy delays and sometimes cancellation.
Foggy conditions halt spare parts transportation via helicopter, and sea icing conditions cause
a prolonged delay when using ship-cargo. Hence, the Arctic region provides a dynamic
operational condition with respect to the transportation time of spare parts.

Over the years, a number of models and approaches have been developed to consider the
effect of the dynamic operating environment and estimate the mean transportation time. For
instance, Guo and Liu (2011) proposed a day-to-day dynamic model for the application of
discrete/continuum representation of transport networks and, consequently, to estimate
transportation time. Yerra and Levinson (2005) considered the dynamics of the orientation of
major roads in a network and proposed models to understand the basic properties of transport
networks during the estimation of transportation time. Li et al. (2012) suggested a model that
combines a supply model, which simulates the time-dependent attributes of roads and their
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variations, with a demand model that simultaneously considers heterogeneous users’ choices
on departure time and route and the effect on transportation time.

However, most of the available models are broad, all-inclusive practical techniques that are
developed for off-the-shelf facilities for non-Arctic spare parts transportation operation. To
overcome these drawbacks and include the negative adverse effect of the Arctic operational
conditions during spare parts transportation, Ayele et al. (2013) proposed the spare parts
transportation block diagram approach for estimating the mean spare parts transportation time.
However, their approach suffers from limitations as they fail to consider and comprehensively
integrate the effect of both time-independent and time-dependent covariates on the spare parts
transportation. Further, several models have been studied in the literature to analyse the
dynamic behaviour of the transportation network and study the effect of the time-dependent
covariates; see e.g. Haghani and Jung (2005), Lo and Szeto (2009), Kaufman and Smith (1993)
and Huiskonen (2001). However, the missing point in all of the spare parts logistic literature is
to capture and model the time variant operating environment of the Arctic. Given the fast-
changing nature of the arduous Arctic environment, this is considered as a big drawback.
Further, not fully considering these effects can result in imprecise estimation of transportation
time and probabilities (Gao et al. 2010; Barabadi et al. 2012; Kayrbekova et al. 2011). Hence,
the model that is used for prediction of the spare parts transportation time must be able to
quantify the effect of the dynamic operating environment on transportation time.

The purpose of this paper is thus to introduce a dynamic model for spare parts transportation
called Dynamic Spare Parts Transportation Block Diagram (DSTBD), to model the effect of
the time-independent and time-dependent covariates on the spare parts transportation operation.
The model is based on the consideration of possible transport routes and modes of transport.
The first part of the paper describes and introduces the DSTBD model by categorising the
operating environment of the Arctic region into two: time-dependent and time-independent
covariates. The second part of the paper presents a case study to demonstrate the application of
the proposed dynamic model and mathematical formulation. The rest of the paper is organised
as follows: Section 2 presents a problem description. Section 3 introduces the DSTBD model.
Section 4 presents a description of the case study and the application of the DSTBD model.
Section 5 provides the concluding remarks.

2. Problem description

The problem considered here is a dynamic spare parts transportation problem with time-
dependent and time-independent operating environments. Suppose we have a finite number of
mode-of-transportation options, each with a different transport time. The idea is to use the most
suitable mode of transport and shortest transportation route. However, considering the dynamic
effect of the Arctic operational condition on the time to deliver and cost of delivery, a decision
maker will face a time-variant decision making process. In other words, the decision maker is
faced with an optimisation problem, since the operating environments can be considered as
covariates.



To optimise the spare parts availability and determine what mode of transport will be used, the
proposed DSTBD model constantly assesses the operating environment in the general
framework of probability models. The proposed model attempts to capture the effect of the
dynamic behaviour of the Arctic operating environment on the spare parts transportation. To
do this, the model combines operating environment information with actual observed data from
weather forecasting: i) to predict the probability of choosing one transport mode from available
choices, ii) to estimate the mean time to delivery of the spare parts, and iii) to predict the
probability of having the requested spare parts on-site within the planned delivery time. The
approach continuously updates the prior probabilities and deliverability according to the most
recent time-dependent covariates to provide posterior probabilities and deliverability.

3. Dynamic spare parts transportation model

The dynamic spare parts transportation model/block diagram (DSTBD) is a specialised type of
flowchart, which presents the function of dynamic transport network systems, as well as the
relationships and interface involved between different modes of transport. The initial idea for
the model comes from the dynamic reliability block diagram (DRBD), which is used in
reliability engineering to calculate the reliability of the dynamic system (Distefano and Puliafito
2009).

The DSTBD consists of an input/starting point, e.g. manufacturer or supplier warehouse, an
output/ending point, e.g. production facility or local inventory, and a set of blocks. Each block
represents a transport mode, such as air-cargo, that operates adequately. The block diagram
shows how blocks (transport modes) are connected together and is used to help foster
understanding of the complete series of transportation models by breaking them down into the
three transport modes (air, land and water) (Ayele et al. 2013).

Figure 1 shows an example of a DSTBD with three different possible modes of transport

from the starting point and two transport modes from transit to the end point. In Figure 1, P, is
the probability of mode i being used from N available alternatives. D, is the spare parts
deliverability for a specific transport mode. Spare parts deliverability, for a given network and
specific transport mode, is defined as (Ayele et al. 2013): “‘a probability that the spare parts
will be delivered, under a given condition, within a scheduled delivery (transporting) time’’.
MTTD, is the mean time to delivery, which is a measure of the speed of a given mode of
transportation, and dynamic indicator (pointer) [G®] is an indicator that can help the user to
decide with high probability on the route. In other words, at this point the system will pause
and estimate the P,, and consequently the route will be designated based on the high value of
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Figure 1. Combined DSTBD

To establish the dynamic spare parts transportation model, firstly all possible time-dependent
and time-independent covariates need to be identified. These covariates, in the context of this
paper, are factors which arise due to the operating conditions of the Arctic region and can have
an influence on the spare parts transportation time. After identification of the covariates, the
probabilities of each transport mode, P,, and spare parts deliverability, D,, need to be

calculated.

3.1. The probability of mode i being selected from N available alternatives, P,

The generic probability model, which tends to represent the choice behaviour of the decision
maker when provided with a discrete set of transport mode alternatives, is commonly known as
the discrete choice model (Khan 2007). There are several modal split models, which are
applicable to determine what mode of transport will be used from available alternatives, such
as logistic regression, probit model, multinomial logit (Bekhor et al. 2002), multinomial probit,
mixed logit (Vovsha 1997), etc. Logit models are one of the most commonly used modal split
models, since they possess the ability to model complex network behaviours with simple
mathematical techniques (Khan 2007). The mathematical framework of logit models is based
on the theory of utility maximisation. The utility is the net benefit that the decision maker
t obtains from choosing the mode, i; i.e., the decision maker t will choose the alternative that
provides the highest utility. Thus, the probability of a decision maker t selecting a transport
mode i from N number of available alternatives can be expressed as a multinomial logit (MNL)
and is given by Ben-Akiva and Lerman (1985):
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= P, is the probability of the decision maker t choosing transport mode i
= U, is utility of mode i to decision maker t
= U, is utility of mode j to decision maker t

Further, the choice of the decision-maker t can be designated by dummy variables, Y, for each
transport mode i:

)

1, if U,>U, Vj=i
Yo = 0, otherwise
In general, the probability that a decision-maker t chooses a particular mode of transport i is
determined by comparing the utility of choosing that mode (e.g. air-cargo) to the utility of
choosing other alternatives (e.g. truck-cargo or ship-cargo). This can be expressed as:

Pit = Pr(yit :1) (3)
—PrU, >U, Vj=i) (4)
=Pr(U, -U, >0 Vj #i) (5)

To include the dynamic behaviour of the Arctic operating environment and estimate the
probabilities of the different mode choices, there are several assumptions embedded in the
estimation of MNL models. One such assumption is linear in parameters restriction, which is
made for convenience of estimation and enables simple and efficient estimation parameters.
For instance, when the functional form of the systematic component of the utility function is
linear in parameters, the MNL model proposed by Ben-Akiva and Lerman (1985) can be
extended as:

e(ﬂixn+5ixn)
P = N - (6)
Ze(ﬂij“H)jXﬁ)
j=1
where:

= X, and X, are vectors describing the attributes of modes i and j.
= 3,6 are column vectors consisting of the regression parameters associated with time-
independent and time-dependent covariates, respectively.

In our case, the main attribute of transport modes is the time to delivery (TTD), which is the
spare parts transportation time (travel time). As mentioned above, the Arctic region possesses
significant variations in operating environment within a short period of time. These variations
thus significantly affect the attributes of the specific mode of transport. For instance, the
occurrence of blizzards is one of the major causes for the operation of air-cargo and helicopters
to be halted in the region. In such cases, the utility from making each of the choices will be
dependent on the time-varying covariates.



3.2. Spare parts deliverability considering time-dependent and time-independent
covariates for a single transport mode i

After estimating the probability, P,, the next step is to estimate the spare parts deliverability.

Typically, for each transport mode i, the spare parts deliverability can be quantified using a
covariate model, such as the proportional hazard model (PHM) (Gao et al. 2010; Cox 1972).
To quantify the spare parts deliverability using the PHM, firstly the delivery-rate function
should be defined. This function shows how delivery time will be changed (increased or
decreased) based on the effect of covariates. Mathematically, delivery-rate function, as a
function of baseline delivery-rate and a covariate function, for a given transport mode can be
described as follows:

At z,z(t)) = A, (D (z,2(1), 5. 6)) (7)

where:
= A, (t) is the baseline delivery-rate function, when the effects of all time-dependent and

time-independent covariates are summed to zero.
= w(z,z(t),5,06,) is afunctional term to describe the function of both covariates.

= zand z(t) are time-dependent and time-independent covariates, respectively.

The basic assumption embedded in the estimation of delivery-rate function is that there is a
series of K estimated datasets. Each dataset k (ranging from 1 to K) consists of a set of K times
to delivery (TTD), R time-independent covariates and M time-dependent covariates. Table 1
shows a sample of a dataset, which is collected from the major spare parts shipping agents,
suppliers, and manufacturers in northern Norway. The covariates were assigned the value zero
for absence and one for presence during the spare parts transportation.

Table 1. A sample of a dataset

Time-dependent and time-independent covariates

TTD (hr.)

Blizzards (z1) Fogginess (z2) Atmospheric icing (z3) Sea spray icing (z4) Heavy rain (zs)

103.00
107.00
101.00
100.00
103.00
108.00
107.00
105.00
110.00
100.00
99.00

101.00
100.00
101.00
104.00
100.00
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There are various parameterisation forms for expressing the functional term, v (z, z(t), 3., 5,) ,

such as log-linear form, exponential form, etc. If, for instance, the exponential form is
considered, the delivery-rate function can be described as follows, by categorising the
covariates that satisfy the proportionality assumption and the covariates that do not:

A(t,Z,Z(t))=Ao(t)eXp{Z ile Z m m.(t)} (8)

r=0

Then, the spare parts deliverability for a given transport mode can be expressed as:
t

D, (t,z, z(t)) :l—exp{— j Al(r,z, Z(r))dr} 9)
0

By substituting the value of A (t, z, z(t)) , the spare parts deliverability can be written as:

Di (t,Z,Z(t)):l—eXp{ J.|:A10(T)exp|:2ﬂr| r|+25m| m|(7)}:|dr:| (10)

When the covariates are only time-independent (z(t)=0) , then Equation (10) can be re-written
as:

[% fri }
D,(t,z) =1- (1— D, (1)) - (11)
where:
= D, (t) isthe base-line spare parts deliverability for a given transport mode as a function
of TTD.

Simply, D, (t) is a deliverability value, for ‘normal’ operating conditions, i.e. when covariates
are absent or equal to zero (z = 0 and z(t) = 0). Mathematically, it can be expressed as follows:

Dio(t)zl_eXp|:_ino (T)df} (12)

3.3. Network spare parts deliverability

A transportation network is made up of different modes of transport. The main objective of
analysing network deliverability is to estimate the overall deliverability of the network, by
predicting the deliverability for each transport mode within the intended/planned time. Network
spare parts deliverability is calculated by simplifying or breaking the network down into a series
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and parallel network. Then, to calculate the deliverability of the overall network, in the first
stage, the deliverability of the spare parts from starting point to the transit, from transit to
transits, and from transit to the destination point needs to be estimated.

If considering a series configuration (series transportation network), the spare parts
deliverability of the network, D, (t,z, z(t)), is calculated as:

Deny (4,2, 2(1) = [ ], D (¢, 2, 2(1) (13)

For a parallel transportation network, D, (t, z, z(t)) is given as:

Doy (t,2,2() =1~ |, L~ (P, x D, (t, 2, 2(t)))] (14)

3.4. Mean time to delivery (MTTD)

The mean time to delivery (MTTD), which is a measure of the speed of a given mode of
transportation, is calculated as:

MTTD(t, z, (t)) = th (t,z, 2(t))dt (15)

where:
« 1 is the random time to delivery (TTD), for Vvt e (0,+).

« f(t,z,z(t)) is the probability density function of the time to delivery.

4. An illustrative case study

The concept of DSTBD will be illustrated for transporting spare parts from the south-western
part of Norway to the Johan Castberg Field, Barents Sea, northern Norway. The Johan Castberg
Field (formerly Skrugard and Havis) is an oil field development project in the Barents Sea, 200
kilometres from the nearest Inggya Island, Finnmark, northern Norway. The scenarios of this
case study are intended to be used for illustrative purposes only and are hypothetical. The
featured scenarios are intended to highlight some of the fundamental usage of the developed
concept and its application. The case study emphasised measuring the relative effect of the
Arctic operating environment when the decision maker tries to:

- identify suitable transport modes,
estimate the probability of using one transport mode i from N alternatives,
predict the spare parts deliverability for each transport mode, and
estimate the total network spare parts deliverability.

4.1. Case description



For the Johan Castberg development project, the operator examines and evaluates various
logistic support alternatives. One of the main alternatives is to get the required spare parts
support from an onshore operator warehouse located at Veidnes, Finnmark, northern Norway
and also from a manufacturer and supplier’s warehouse located at Dusavika, Stavanger, in
south-western Norway. Figure 2 illustrates the location of the field, the location of the operator
and supplier’s warehouses as well as the planned transportation routes.

& Johan Castberg Field Colour Designation
s Ship-cargo route from
Honningsvag, Norway ‘l Veidnes, outside Honningsvag Dusavika to Veidnes

Truck-cargo route from
Dusavika to Veidnes

mssmmm  Ship-cargo route from
Veidnes to  Johan
Castberg Field

‘/Dhsavuka, Stavanger. Norway

Figure 2. lllustration of the location of the Johan Castberg field © Google Earth

The presumed transport modes are air-cargo, ship-cargo, truck-cargo and helicopter. Figure 3
illustrates the DSTBD for the Johan Castberg development project. Note that the nearest air-
port from Veidnes is located at Honningsvag, Finnmark, northern Norway, and once the spare
parts are transported using air-cargo to Honningsvag then they need to be transported to Veidnes
using helicopter, ship-cargo or truck-cargo.

10



Veidnes
P7

H D,
L = T mTmo,

P D, (o)
2 Helicopter 4NM'I:‘TD4 o
P, "
8 Ship-cargo Ds
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, MTTDs

Honningsvag

Po Helicopter Do
MTTDg

P,
Lﬂ?% Truck-cargo J%_{'
MTTD, @/ MTTDs Pio Dio

Ship-cargo MTTD

Air-cargo

P
2 Helicopter M‘II'D‘F]D
11
L Ps Ship-cargo %ﬂ
3

®
r/—bp‘z Ship-cargo MEI"[Z)
12

=0
o
2
8=
o2
p=: (T
3
£
=]
=

<
=
=z
g
3
a

P &
Hell te
elicopter MTTD”

P; D.
2 Truck-cargo 2 {_®)
MTTD, Pt - Dy
Ship-cargo

MTTD1s

P MTTD1s

P. D; /
: Ship-cargo |1 SR | ®)
MTTD; P Dis

Figure 3. DSTBD for Johan Castberg Field
4.2. Data collection

Data on the time to delivery (TTD) for the summer and winter seasons was collected via
interviews and meetings with the major shipping agents, suppliers, and manufacturers located
in south-western and northern Norway. The TTD data is based on the company’s previous and
current activities in the region. In addition, Statens vegvesen route planner (a route planner
developed by the Norwegian Public Roads Administration) has been used to estimate the
transportation time between transits. Table 2 presents a sample of the collected TTD data for
different transport modes. Experience shows that there is a difference between TTD during the
winter and summer periods; thus, for computational convenience, the calendar time is here
considered as a covariate.

Table 2. Sample of TTDac, TTDrc, TTDsc, and TTDx

Dusavika to

Honningsvag Dusavika to Veidnes Veidnes to Johan Castberg Field
TTDac (hr.) TTDrc(hr.) TTDsc (hr.) TTDx(hr.) TTDsc (hr.)
Summer Winter Summer Winter Summer Winter Summer Winter Summer Winter
11.50 15.00 40.00 47.00 95.50 103.00 1.25 2.50 10.50 14.00
11.50 15.00 45.00 76.00 96.00 107.00 1.25 4.00 11.00 13.00
12.00 14.50 43.00 56.00 96.00 101.00 1.25 2.50 10.50 15.00
11.00 16.00 44.00 49.00 95.00 100.00 2.00 3.50 11.00 13.50
12.00 16.00 44.00 50.00 100.00 103.00 1.25 3.50 11.00 14.00
14.00 16.00 48.00 53.00 95.00 108.00 1.25 3.00 10.50 15.00
13.00 18.50 43.00 71.00 96.00 107.00 3.00 5.00 12.00 11.50
12.00 17.00 45.00 66.00 97.00 105.00 3.00 4.50 11.00 12.00
13.50 17.00 44.00 54.00 96.00 110.00 1.50 3.00 10.00 13.00
11.00 16.00 46.00 58.00 96.00 100.00 2.50 3.00 11.50 12.00
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12.00 17.00 45.00 50.00 96.00 99.00 4.00 6.00 12.00 15.00

14.00 18.00 41.00 64.00 98.00 100.00 2.50 2.50 10.50 14.00
13.50 19.00 43.00 50.00 97.00 100.00 1.50 2.50 10.50 16.00
12.00 16.00 40.00 59.00 95.50 101.00 2.00 3.00 11.00 13.00
13.00 15.00 50.00 61.00 95.00 104.00 1.25 3.00 10.50 12.50
14.00 15.00 45.00 46.00 97.00 100.00 2.00 3.00 11.00 13.00

e TTDac is the TTD of an air-cargo; TTDtc is the TTD of a truck-cargo; TTDsc is the TTD of a ship-cargo; and TTDH
is the TTD of a helicopter. The distance from Dusavika to Veidnes equals approximately 2535.0 KM using truck-cargo
and 1050.0 NM (1945 KM) using ship-cargo. From Veidnes to Johan Castberg Field, the distance is approximately
113 NM (209 KM) using ship-cargo.

4.3. Data analysis

The analysis of the data is based on the following assumptions: i) the weight and size of the
spare parts are within an acceptable range. Hence, the presumed modes can be used to transport
the spare parts, and ii) the total scheduled delivery time [Tspr] for transporting the spare parts
from Dusavika to Veidnes via Honningsvag and then to the Johan Castberg Field equals 110
hours. The total scheduled time can be broken down into two parts: i) from Dusavika to
Veidnes, which is 95 hours, and ii) from Veidnes to Johan Castberg Field, which is 15 hours.

Figure 4 illustrates the scheduled delivery times. As part of scheduled delivery time 1 [T, ],

scheduled delivery time 3 [Ty, ] equals 10 hours for transporting the spare parts from
Honningsvag to Veidnes.

Dusavika, Honningsvag, Veidnes, Johan _
. . Castberg Field,
Stavanger | Finnmark, | Finnmark, |
> > » Barents Sea,
South-western northern northern
Norwa! Norwa Norwa northern
y y Y Norway

‘ Scheduled delivery time 3 [Tspra] = 10 hrs.
\

v

Scheduled delivery time 1 [Tspri] =95 hrs.

AA

‘ Scheduled delivery time 2 [Tspr,] = 15 hrs.
\

Y

Total scheduled delivery time [Tspr] = 110 hrs.

v

Figure 4. Illustration of the scheduled delivery times

4.3.1. Estimating the mean time to delivery (MTTD) for the defined transport modes

To estimate the MTTD for each transport mode, different distribution functions, such as normal,
log-normal or Weibull, were nominated. Thereafter, the best-fit distributions for the data were
identified. In this paper, Weibull ++7 distribution wizard is used as a tool to estimate the best-
fit distribution for the given data (ReliaSoft 2007). Figure 5 shows the probability density
function (pdf) of TTD for ship-cargo from Dusavika to Veidnes for the summer season.
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Figure 5. Probability density function (pdf) of TTD of ship-cargo
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Afterwards, the distribution parameters were calculated using available methods such as
maximum likelihood (MLE) methods, and then the MTTD were estimated. The results from the
TTD data analysis for different transportation modes are summarised in Table 3.

Table 3. Estimated MTTD

Dusavika to Honningsvag

Honningsvag to Veidnes

Veidnes to Johan Castberg Field

MTTD+
Transport Best- MTTD, Transport . MTTD; Transport i MTTD; (hrs.)
. Best-fit Best-f
Mode 0" gt (his) Mode eI s Mode S s
3P Helicopter - 2.00 16.10
Helicopter == 150 P Weibull ' :
— Ship-cargo Gamma 10.90 25.00
>
5 2 . 3P -
E %) 12,60 Tcraurclg WiFi)bLH 495 Helicopter Weibull 2.00 19.55
] a g Ship-cargo ~ Gamma 10.90 28.45
® 3P Helicopter - 2.00 19.30
Ship-cargo = 470 P Weibull ' '
Ship-cargo Gamma 10.90 28.20
= Helicopt - 3.50 22.90
8 . Log- CHCOPIEr \weibull ' '
a Helicopter Logistic 3.00 3p
Z . _
Ship-cargo Weibull 12.60 32.00
5 i 3p_
5 = Truck- 9P Helicopter Weibull 3.50 26.10
";E s 16.40 cargo Weibull 620 3P -
| in-
o Ship-cargo Weibull 12.60 35.20
Helicopter - 3.50 26.40
_ 3P P Weibull ' '
Ship-cargo Weibull 6.50 3p_
Ship-cargo Weibull 12.60 35.50
Dusavika to Veidnes Veidnes to Johan Castberg Field
MTTDt
(hrs.)
’ Transport . MTTD,
Transport Mode Season Best-fit MTTD; (hrs.) Mode Best-fit (hrs)
o 3 Helicopter - 2.00 98.30
S g 2 P Weibun :
(5]
;’_ g ; 96.30
5 n a Ship-cargo Gamma 10.90 107.20
™
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3P-

o 2 Helicopter Weibull 3.50 106.70
£ 2 103.20
= o Ship-cargo 3P - 12.60 115.80
& PCargo  \weibun ' '
o ) 3P
E % Helicopter Weibull 2.00 46.10
E 5 44.10
% @ §’ Ship-cargo Gamma 10.90 55.00
(&)
S
< = Helicopter _ o-~ 3.50 60.90
= 5 3 P Weibull ' '
E 2 57.40
= o Ship-cargo 3P - 12.60 70.00
& Pcarge \weibul ' '

e  MTTDr is the total mean time to delivery from Dusavika to Johan Castberg Field via Veidnes and it is a summation
of MTTDy, MTTDz, and MTTDs.

The MTTD analysis result illustrates that the operational conditions of the Arctic have a
significant effect on the spare parts transportation time during the winter season. Figure 6 shows
the comparison between MTTD of different transport modes during the summer and winter
seasons, when transporting the spare parts from Dusavika to Honningsvag then to the Johan
Castberg Field via Veidnes.

40 -
35 A

30 -

25 -

20

15 ®MTTD (hr.) summer
10 mMTTD (hr.) winter
5

0 .

AC-H-H AC-H-SC AC-TC-H AC-TC-SC AC-SC-H AC-SC-SC

MTTD (hr.)

Mode of transport

Figure 6. MTTD (hr.) summer vs. MTTD (hr.) winter. AC : Air-cargo; H: Helicopter; SC: Ship-cargo; TC:
Truck-cargo. For instance, AC-H-H represents the use of Air-cargo from Dusavika to Honningsvag, Helicopter from
Honningsvag to Veidnes, and Helicopter from Veidnes to the Johan Castberg Field.

To compare the percentage change between the MTTD during the summer and winter season,
the following formulation has been used:

Pecentage (%) = ( MTTDNI\"/“ITTE% MTTDsunmen j %100 (16)
SUMMER

Then, by employing Equation (16) and comparing the MTTD of the air-cargo of the summer
and winter seasons, there is approximately 30% extended delay during the winter season, when
transporting the spare parts from Dusavika to Honningsvag. This percentage increases to a
100% when transporting the spare parts from Honningsvag to Veidnes, using helicopter as a
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transport mode. Table 4 summarises the comparison results of the MTTD between the summer
and winter seasons, for the air-cargo, helicopter, truck-cargo and ship-cargo.

Table 4. Increased percentage change during the winter season
Veidnes to Johan Castberg

Dusavika to Honningsvag Honningsvag to Veidnes Field
Increased Increased Increased
Transport Transport Transport
Mode Percentage Mode Percentage Mode Percentage
change (%) change (%) change (%)
Helicopter 100.00 _
Air-cargo 30.16 Truck-cargo 25.25 Helicopter 75.00
Ship-cargo 38.30
Dusavika to Veidnes
Transport Mode Increased Percentage change (%) ]
. Ship-cargo 15.60
Ship-cargo 7.17
Truck-cargo 30.16

¢ Note that when air-cargo is utilized as our transport mode, then to get to Veidnes we have to use the nearest airport
terminal, which is Honningsvag airport. Then, the spare parts have to be transported to the Johan Castberg Field via
Veidnes.

4.3.2. Estimating the probability of using modei, P,

To estimate the probabilities of using transport mode i, P,, the best-fit distribution results from
Weibull ++7 distribution wizard have been used. The probabilities are classified for both
summer and winter seasons. Table 5 shows the best-fit distribution for the TTD data and the
distribution parameters for the summer season, when transporting the spare parts from Dusavika

to Veidnes.

Table 5. Best-fit distribution and estimated parameters [for summer season]

Dusavika to Honningsvag to Veidnes

Transport Mode Best-fit distribution Parameters
B 1.42
Air-cargo 3P — Weibull n (hr.) 2.07
y (hr.) 10.71
- u (hr.) 3.79
Truck- Log-L
ruck-cargo o0g-Logistic . 0.04
B 2.00
Ship-cargo 3P — Weibull n (hr.) 2.57
y (hr.) 94.15

The result from the analysis shows that for air-cargo and ship-cargo the best-fit distribution is
3P — Weibull, and for truck-cargo, it is Log-logistic. Then, for instance, to estimate the
probability of using air-cargo (Pac) over ship-cargo and truck-cargo (i.e. preferring air-cargo),
Equation (6) can be re-written as follows:
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1—exp(j ]
7 (17)
o "0-4) .
|G ' 1_6Xp_(_yj J
1+exp((”(‘)‘”j n

(o3

Pac =

1+

The probabilities are calculated, for each mode of transport, by substituting the parameters from
Table 5 and based on the assumed scheduled delivery times. The results are presented in Table
6 for both the summer and winter seasons. An example of a detailed estimation of the
probabilities can be referred to in the Appendix.

Table 6. Estimated P,

Dusavika to Honningsvag to Veidnes Veidnes to Johan Castberg Field
Season Teor = 95 hr. Teor, = 15 hr.
Mode of Transport P, Mode of Transport P,
Air-cargo 0.48
Helicopter 0.60
Summer Truck-cargo 0.48 Ship-cargo 0.40
Ship-cargo 0.04
Air-cargo 0.49
Winter Truck-cargo 0.30 g'heig(_:g;tge; 828
Ship-cargo 0.21
Honningsvég to Veidnes, Teor. = 10hr.
Season
Mode of Transport P,
Helicopter 0.34
Summer Truck-cargo 0.34
Ship-cargo 0.32
Helicopter 0.33
Winter Truck-cargo 0.34
Ship-cargo 0.33

* T, ISascheduled delivery time 1 from Dusavika to Honningsvag to Veidnes equalling 95 hr.; Teor 152

scheduled delivery time 2 from Veidnes to the Johan Castberg Field; and T___ is a scheduled delivery time
3 from Honningsvag to Veidnes.

4.3.3. Estimating the spare parts deliverability for a given transport mode

To estimate the spare parts deliverability for each transport mode, the modified DSTBD
formulations have been used. Regression parameters are estimated using IBM SPSS software,
in the first stage. In the next stage, the significance of each regression coefficient gi was tested
by calculating the Wald statistics and its p-value. Table 7 presents the results from the
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regression analysis. To check the significance of the covariates, in this case study, the upper
limit of the p-value is considered as 5%, which is based on the suggestion by Barabadi et al.
(2011). In Table 7, Exp(5i) is the delivery-rate ratio, and it predicts the change in the delivery-
rate for each transport mode during different seasons. If Exp(fi) is less than 1.0, then the
direction of the effect is towards reducing the delivery-rate. If the value 1 appears within the
confidence interval of covariates, the effect of that covariate is considered to be insignificant.

Table 7. Covariates and their significance with the modified deliverability model
95.0% CI for Exp(fi)

Transport Mode Covariate Bi SE Wald df  Sig. Exp(5) Lower Upper
Air-cargo Season  -1.376 420 10.763 1 .001 .253 J11 575
Truck-cargo 1*  Season  -2.344 .525 19.957 1 .000 .096 .034 .268
Ship-cargo 1*  Season  -1.163 417 7.789 1 .005 312 138 707
Helicopter 2**  Season  -1.652 424 15.198 1 .000 192 .084 440
Truck-cargo 2**  Season  -1.405 484 8.425 1 .004 .245 .095 .634
Ship-cargo 2**  Season  -1.562 446 12.266 1 .000 210 .088 .503
Helicopter 3***  Season  -1.181 .388 9.289 1 .002 .307 144 .656

Ship-cargo 3***  Season  -1.524 459 11.042 1 .001 218 .089 .535

o where 1% is the transport mode from Dusavika to Veidnes, 2** from Honningsvag to Veidnes, and 3*** from
Veidnes to Johan Castberg Field.

Then, by employing the results from the regression analysis and substituting the values into
Equation (8), the delivery-rate function for air-cargo, A,.(t,z,z(t)), for the winter season can

be written as follows:
A (t,2,2(1)) = A, (1) exp[-1.376]=0.253A,,  (t) (18)

where:
A, (t) Is the delivery-rate function for air-cargo during the summer season.

Afterwards, by substituting the value of A,.(t,z,z(t)) into Equation (10), the spare parts
deliverability for air-cargo during the winter season can be written as:

Dy (t,2,2(t) =1~ |- D, ()°% (19)

where:
D, (1)) is the base-line spare parts deliverability of the air-cargo during the summer

season.

4.3.4. Estimating the network spare parts deliverability

By applying the same approach, the network spare parts deliverability for different
transportation modes and routes of transportation is estimated and summarised in Table 8.
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Table 8. Network spare parts deliverability in summer and winter seasons

Dusavika to Honningsvag Honningsvag to Veidnes Veidnes to Johan Castberg
Dnz (t=95 hr. Dnz (t= 10 hr. Dns (t= 15 hr.
Transport 5 h € ) Transport e r) Transport N ( r) Der
Mode & P, D Du Mode P. D Dy M  p D Dy
. 0.098
N Helicopter 034 100 034 0.065
(3] .
= Helicopter 060 1.00 0.60 0.098
g 048 1.00 0.48  Truck-cargo 034 100 0.34 Ship-cargo 040 100 0.40  0.065
@ 0.092
° . .
g Ship-cargo 032 100 0.32 0.061
o
= : 0.065
< Helicopter 033 100 033 0.092
g Helicopter  0.40 1.00 0.40 0.067
,:g: 049 1.00 0.49 Truck-cargo 034 100 0.34 Ship-cargo  0.60 095 057  0.095
. 0.065
Ship-cargo 033 100 0.33 0.092
Dusavika to Veidnes Veidnes to Johan Castberg Field
Transport Season Dni (t=95 hr.) Transport Dns (t=15 hr.) Dyer
Mode Pit Di D1 Mode Pit Di Dns
Helicopter 0.60 1.00 0.600 0.288
Summer  0.48 1.00 0.480
Truck- Ship-cargo 0.40 1.00 0.400 0.192
cargo Helicopter ~ 0.40  1.00 0.400 0.120
Winter  0.30  1.00 0.300
Ship-cargo 0.60 0.95 0.570 0.171
Helicopter 0.60 1.00 0.600 0.001
Summer  0.04 0.04 0.002
Ship-cargo 0.40 1.00 0.400 0.001
Ship-cargo
Helicopter 0.40 1.00 0.400 0.004
Winter  0.21 0.05 0.011
Ship-cargo 0.60 0.95 0.570 0.006
e D1 (t, z, z(t)) — is the network spare parts deliverability from Dusavika to Honningsvag; Dn2 (t, z, z(t)) - from

Honningsvag to Veidnes; Dns (t, z, z(t)) — from Veidnes to Johan Castberg Field. Dner(t, z, z(t)) is the total network
deliverability, which is given as D, (t, z, z(t)) = Dy, (t, Z, Z(t)) x Dy, (t, Z, z(t)) x Dy, (t, z, z(t)) -

The result of the spare parts deliverability analysis shows that:

- For the summer season, the most suitable way of transporting the spare parts from Dusavika
to Veidnes is using truck-cargo (P,. =0.48) and from Veidnes to the Johan Castberg Field is

by either ship-cargo or helicopter (P, = P, =0.60).

- For the winter season, using truck-cargo (P, =0.30) from Dusavika to Veidnes and ship-
cargo (P,. =0.57) from Veidnes to the Johan Castberg Field is most suitable.

To compare the results of the most suitable transport modes (i.e. modes with high P, andD,)

for spare parts deliverability during the summer and winter seasons, the following formulation
has been used:
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Percentage change (%) = ( D,(t.2, Z(t)I;SL(JtMMzERzEt)?i (4,2, 2)unres J x100 (20)
i\t & WINTER

Then, by inserting the estimated results, the percentage change is calculated as follows:

0.288-0.171

Percentage (%) :( 0171

] %100 = 68.42 (21)

The result illustrates that there is approximately 68% delay during the winter season due to the
Arctic operational conditions, when transporting the spare parts from Dusavika to the Johan
Castberg Field via Veidnes. Further, the result is significantly dependent on the data, which
need to be updated according to the most recent time-dependent covariates.

5. Conclusion

To meet the availability goals of production facilities, the requested spare parts need to be
available upon demand. This has a significant economic impact in helping to maintain the
availability of the production systems, reducing the downtime and facilitating the maintenance
process. However, the demanding physical conditions of the Arctic, the remote location, and
the uncertainty regarding the transportation time increase the challenges related to the
transportation of the spare parts in the region. Thus, in the Arctic, in order to maintain the
performance goals of production facilities and systems throughout the whole year, it is essential
to consider, analyse and model the effect of the dynamic operational condition of the region.

In this paper the concept of a dynamic spare parts transportation model/block diagram
(DSTBD) for possible transportation modes and routes has been introduced. The proposed
DSTBD approach helps the user to investigate the appropriate path for spare parts
transportation, based on user preferences and needs and by considering the time-dependent and
time-independent covariates. By employing the proposed approach, the transport modes will be
allocated based on the covariates and utilised efficiently. This allows the users to effectively
manage their resources. Moreover, by considering time-independent and time-dependent
covariates, estimation of spare parts deliverability will reduce the extended downtime and
stock-outs due to un-deliverability of spare parts within the scheduled delivery time.

The illustrative case study demonstrates that the operating environment of the Arctic has a
significant effect on spare parts transportation, especially during the winter period. The results
show that there is more than 60% delay during the winter season, due to the Arctic operational
conditions, when transporting the spare parts from the south-western part of Norway to northern
Norway. That means it is 1.6 times more likely that a delay will be experienced during the
winter season than the summer season. However, a lack of time to delivery and weather-related
data in the Arctic and sub-Arctic environment was a challenge during the computation of the
probabilities and spare parts deliverability. The estimated results presented in the case study
may thus need to be further modified as the Arctic offshore industry gains experience and new
knowledge.
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Appendix

Estimation of the probabilities - P, - for summer season, for transporting the spare parts from
Dusavika to Veidnes via Honningsvag.

Example - The result from Weibull ++7 analysis shows that for air-cargo and ship-cargo the
best-fit distribution is 3P — Weibull and for truck-cargo, it is Log-logistic. Then, to estimate the
probability of using air-cargo (Pac) from ship-cargo and truck-cargo, Equation (6) can be re-
written as follows:

1—exp[t‘7jﬁ Al
” (Al)
exp(('“(t)—#) o
1+ o + 1—exp(_7] J
L1 104 "

AC

By substituting the parameters from Table 5 into the Equation (A1), and since, according to the
assumption, t equals the scheduled delivery time 1 [Tspr1], which is 95 hours, then Pac can be
calculated as:

(95-10.71)"*
[1_% ( 2.07 j J (A2)
P = -0.48
[(In(95) - 3.79)
exp Y 2.00
0.04 (95-94.15
1+ Flloexp | 22022
((In(95)—3.79j ( ( 2.57 j J
l+exp| ————
0.04

Subsequently, the probability of choosing ship-cargo (Psc) can be calculated as:

L—exp [95— 94.15)“’0
2.57

(A3)
Py = =0.04
((In(95) - 3.79j
expl —————— 142
0.04 _(95-10.71
1+ +{1-exp (j
((In(95) —3.79j [ 2.07
l+exp| ——————
0.04
In the same approach, the probability of choosing truck-cargo (Prc) can be calculated as:
(In(95)-3.79
eXp( 0.04 j
1+exp[(ln(9§)0:13.79j
_ ' 048 (A4)

Pre 2.00 142
_(95-94.15 _(95-10.71
1+|{1-exp s +|1-exp 207
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Afterwards, the basic principle of probabilities, which states that the summation of all of the
probability has to be one, ZN:pn =1, heeds to be verified, and Equation (A5) verifies that the
i=0

calculated probabilities are summed to be 1.

3 (Pac + P + P )= 3 (0.48+ 0,04+ 0.48) =1 (A5)
n=1
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