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Abstract. The problem of constructing field pipelines from the oilfield to the main pipeline or an oil loading terminal is considered. Cost
estimates for routes of field pipelines take into account the pipeline construction and operation costs, environmental accident pollution
risks, compensations to local residents, and costs of compensatory projects to accommodate local interests. This helps to ensure that
conflicts are avoided in the process of economic development of northern territories. A specific feature in evaluating the total costs is the
use of fuzzy numbers. The authors' adaptation of the Shimbel-Otterman method is substantiated for choosing an optimum field pipeline
route, whose adaptation involves the application of fuzzy cost estimates for individual segment options of the pipeline route. The proposed
approach to the analysis of the resulting solution relies on the use of a confidence level function, which helps the decision-maker to identify
the most viable field pipeline route option. A detailed algorithm for solving the problem is laid out, with a numerical example to prove the
operational quality of the proposed method.
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1. Introduction

Oil production in underdeveloped areas of the world, including such areas in Russia, inevitably causes adverse
environmental impact, destruction of animal migration routes, deterioration of hunting lands, and depletion of fish
populations in rivers (Guri et al. 2013). Alongside oil production, a serious negative contributor is oil
transportation via field pipelines from the field being developed to a main pipeline or a sea or river terminal.
Route planning options for building such pipelines should take into account the following factors: capital
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expenditure in construction; operating expenses; economic estimates of potential environmental damage caused
by accidents on the pipeline (Nriagu et al. 2016); compensations to local population in the area of pipeline
construction to eliminate socio-environmental conflicts; implementation costs of compensatory project to
accommodate local interests (O’Faircheallaigh 2009; Shvetsova et al. 2018). As long as several options may be
available for planning solutions in field pipeline construction, the choice of the best option should include a
solution of the problem of minimizing the total project costs of oil transportation, i.e., the problem of identifying
the optimum pipeline route.

2. Problem setting and analysis of approaches to the solution

To identify an optimum construction option for a field pipeline, a pipeline diagram should be charted, including
options for individual segments (ij), linked into a single network G, i.e. (ij) e G. Network G includes all laying
options of the planned field pipeline. The optimum field pipeline route will be found in this proposed network,
taking into account the lowest cumulative costs. The amount of investment D;, and annual operating costs S

are determined based on feasibility studies for each of the segments (ij) € G individually.

The annual economic estimate for accident-related damage U ;) is based on an analysis of natural risks, such as

seismic activity in the area measured by the MSK-64 scale. Calculations also include technical factors associated
with the external corrosion of the piping, mechanical damage, defects of construction and installation, as well as
defects of piping. Apart from that, assessments of potential damage from accidents on a particular segment of the
pipeline should take into account several criteria: occurrence of Specially Protected Natural Reservation areas of
either federal or regional significance within the corridor of the pipeline; crossing into the optimal habitat of rare,
"Red Book" or economically valuable species of plants and animals; crossing into the group | forestry; crossing
rivers designated as the first fishery category and significant spawning routes; proportion of the route segments
affecting the least disturbed ecosystems outside specially protected areas, which represent considerable
importance for preserving biodiversity (Porfiryev, Tulupov 2017).

The aggregate assessment of the annual accident risk on the pipeline segment (ij) is calculated according to the
equation:

Reijy =Yy > < Ly » 1)

Uj) — economic estimate of environmental pollution damage taking into account the specifics of the area for

segment (ij) e G of the field pipeline, thousand euro;
| —accident risk on the pipelines in the region per 1 km per year, fractions;
Lj) — length of segment (ij) e G of the planned field pipeline, km.

As long as the economic estimate of environmental pollution damage and the relative accident rate (Fetisov et al.
2016) are defined as intervals characterised by a min and a max and an anticipated value (av), then the value of

risk according to equation (1) is determined by the three components: Ii(ij)z(R(r}}i)”;Rf}}’);R(r}}‘;‘x). Such

presentation of the above indicators corresponds to fuzzy (triangular) numbers (Uzhga-Rebrov, Kuleshova 2015).
Each of the three components of the number has a respective confidence level wu(R), wherein

1(R™M) =0; (R¥) =1, u(R™*) =0. Fuzzy numbers can be represented in a chart, e.g. for number R = (4;8:10)
the resulting presentation is as follows in Fig. 1.
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Fig.1. Graphic representation of triangular number R = (4;8:10)

Sociocultural risks (Tulupov 2017) represent the negative effects of the pipeline for local social and cultural
values during the construction and operation of the pipeline. The assessment of sociocultural risks should take
into account the following aspects: line passage in populated indigenous ancestral settlement areas; crossing into
the areas of traditional natural resource exploitation and traditional local economic activities; pipeline effects for
traditional lifestyles; pipeline construction effects for cultural and religious heritage sites and public health. The
above risks result in the payment of compensations linked to lost benefits and damage caused to locals and
spending by the oil producer on projects to eliminate conflict with the population. Cost estimates associated with
compensation payments and such projects for year t are determined for each segment (ij) e G of the planned field

pipeline. We shall designate these costs P,y = (Pt'(?jig‘ Py Peain) -

Route optimization for a field pipeline from the production site to the main pipeline is supposed to minimize
capital and operating costs, mitigate the above-mentioned risks and bring down compensation payments. A clear
optimization criterion including the above components should be developed and an algorithm has to be worked
out to identify an optimum pipeline passage route in the described outlook

3. Developed problem-solving approach

The selection of an optimum pipeline passage route is operated using an oriented graph G without reverse arcs.
Each arc (ij) corresponds to a pipeline segment followed by alternative next segments or the final pipeline

destination point. As long as each of the pipeline segments (ij) is associated with certain levels of construction

and operating costs, compensation payments to the population and damages in case of accidents, these costs
should be considered dynamically for the period of construction and operation of the pipeline. For that, the annual
figures should be added up taking into account the time factor, i.e., using the discounting (present value) factor
(Novoselova, Novoselov 2016). As the total costs correspond to the pipeline segment (ij), we shall designate

themas E,.

Total costs for arc (ij) are calculated according to the equation as a triangular number:
2 e 3 1, ® 1, 45 1-t
Eij) = t:z:i_l(st(ij) + Rygjy )@+ T) +t§1 Dyijy 2 +1) +Elpt(ij)(1+ r (2)
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where ;) is operating costs for pipeline segment (ij) G for year t;
Iit(ij) — fuzzy estimate of the risk of environmental pollution damage in case of accidents caused by technology or

natural factors during the operation of pipeline segment (ij) € G for year t;
Dyj) — investment in the construction of pipeline segment (ij) € G for year t;

F3t(ij) — fuzzy estimate of compensation payments to the population and spending on conflict elimination projects

related to the construction and operation of pipeline segment (ij) € G for year t;
t — current year;

(1,2..Ty) — construction period of pipeline segment (ij) ;

(To +1,...T;) — operation period of pipeline segment (ij) .

For identifying a construction solution minimizing total costs for a field pipeline L={1,...n} linking the oil field
(the start event in the graph of options of field pipeline construction with the corresponding value 1) to the final
destination — a main pipeline or a loading terminal (the finish event in the graph of options of field pipeline
construction with the corresponding value n), one of the following methods (Akhtar et al. 2016) is proposed:
the Floyd-Warshall algorithm; the Bellman-Ford algorithm; Dijkstra's algorithm; Johnson's algorithm; Shimbel's
algorithm. The application of the latter method is based on the adjacency matrix of the analysed pipeline passage
graph. A distinctive feature of the Shimbel's algorithm is the step-by-step calculation of total cost estimates for
pipeline fragments comprising firstly two segments, then three segments and more. This method can be
conveniently combined with Otterman's routing method (Schrijver 2012) to eventually arrive at an optimum
choice corresponding to the lowest-cost option identified by Shimbel's method. Importantly, the amount of
computation under the method is less dependent on the complexity of the graph of alternative routes G. Moreover,
the Shimbel-Otterman method is usable for the software application. This warranted the selection of the Shimbel-
Otterman method for the set problem.

While the total cost estimates for each segment of the pipeline route in the discussed problem calculated
according to (2) are represented as fuzzy numbers E(ij) =(E(’}}i)”;Eg}’);E(r}}§‘x), the application of the Shimbel-
Otterman method L ={1,...n} for routing problem with fuzzy data (Ahmed, Kilic 2019) required an adjustment.

The proposed adapted algorithm renders a step-by-step selection of an optimum pipeline route for the minimum
E{{}i)”, anticipated E(j) and maximum Eg* values of the total costs for each segment of the route. For

convenience, we shall assume p equals “min” or “av” or “max” i.e., calculations are made for E . The output is

three optimum routes with corresponding construction and operation costs and compensations to the population
F#:FMN F& EMX The resulting fuzzy estimate of costs F =(F™";F®;F™) is further supplied with a

corresponding calculation of the level of confidence in the attainment of the respective result, which helps to
arrive at a conclusive pipeline route choice.

776


http://jssidoi.org/jesi/
http://doi.org/10.9770/jesi.2019.7.1(55)

ENTREPRENEURSHIP AND SUSTAINABILITY ISSUES
ISSN 2345-0282 (online) http://jssidoi.org/jesi/

2019 Volume 7 Number 1 (September)
http://doi.org/10.9770/jesi.2019.7.1(55)

4. Detailed problem-solving algorithm
The algorithm consists of the following steps.

Step 1. Calculations of an estimate of total costs for .

Step 2. Adjacency matrix A is built, showing total cost estimates E(”ij) for the existing arcs, where the respective
values are predetermined according to (1):

s {E,ﬁ.ﬂf Y(ij)EG
H 0, in the contrary case

(4)

Step 3. Assigning B=A; p=1

Step 4. Calculation of the matrix CP of the sums of weights for the nodes of all paths containing two arcs
according to the rules (3). Elements of matrix C are calculated according to the equation:

Cip- = klﬁ]ﬁ%...u{ak}. * bik}’ fﬂT S = 0and b:’k =0 {5}
(1} if all ay; andby =0

Step 5. Building the routing matrix T? showing the preceding node for each node along the way represented in the
matrix columns according to the rule:

TS = e ©)
0, ifallCl=0

Step 6. Test: is the matrix CP comprising only zeros? If yes, go to step 8, otherwise, step 7.
Step 7. Assigning B=A; p = p+1; go to step 3.

Step 8. Determining the minimum weight for the best pipeline construction option:

2 _ mi p @)
F*= Illrylzlyqp{cln}
Step 9. Building the optimum route L*=4{1,...n} based on the first lines of the routing matrix C', | = 1,2,..p*. End
of calculation for the considered fuzzy estimate of the total costs of the pipeline by the segments:
F :(Fmin.Fav.Fmax).

The described algorithm is repeated for each of the border values of the fuzzy estimate of the total costs of
pipeline construction: Thus, optimum routing options are determined according to the minimum total cost
criterion (2).

Different methods can be used to analyse the fuzzy result arrived at, e.g. see (Mazarbhuiya 2016). A confidence
function is further built based on the results achieved for the optimum total cost values:
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Step 1. Calculation of the interim value a given the variation of g from F™" to F™* with an interval
Fmax _ Fmin -

A:
N
F 79 pacgapm™
Fmax_Fav (8)
o= )
9-F _ pmcgoR
FaV_len

Step 2. Calculation of the interim value 8 given the variation of g from F™" to F™ with a preset a priori
interval A:

Fmax_g

R=—— )

Fmax_len lengg<Fmax (9)
Step 3. Calculation of the values of the confidence function k(g) given the variation of G from F™" to FM&

with a preset a priori interval A :

l-«a min av
,8(1+—In(1—a)j, F™<g<F
a
l-«a av max
k(G)={1-(1- B)| 1+—ZIn(l-a) |, F*<g<F (10)
a
1, g — Fmax

Each segment of the confidence function has a corresponding optimum pipeline option with minimum total costs,
which means a route can be selected for the required upper limit of the confidence level.

5. Example of charting an optimum route of field pipeline

The segments for charting an optimum pipeline route and the corresponding economic parameters are laid out in
Table 1.
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Table 1. The source data for the formation of the optimal variant of the oil pipeline

Route segment Discounted values, million euro
option (i,j) Investment | Current costs | Fuzzy estimate of Fuzzy estimates for Fuzzy total estimate
accident risk compensation payments for a route segment
and costs of compensatory
projects
(1, 2) 1.2 0.7 (0,8;1,2;1,4) (0,6;0,7;0,8) (3,3;3,8;4,1)
1,3 1.4 0.6 (0,4;0,8;0,9) (0,2;0,3;0,5) (2,6;3,1;3,4)
(2, 3) 1.0 0.5 (1,2;1,4;1,5) (0,5;0,6;0,8) (3,2;3,5;3,8)
(2,4) 0.8 0.5 (0,5;0,6;0,8) (0,8;0,9;1,1) (2,6;2,8;3,2)
(3, 6) 6.7 1.6 (0,7;0,9;1,1) (0,3;0,5;0,7) (9,3;10,7;11,7)
(4,5) 0.7 0.5 (0,8;0,9;1,2) (0,5;0,8;0,9) (2,5;2,9;3,3)
(4, 6) 2.1 1.8 (0,6;0,8;0,9) (0,2;0,5;0,7) (4,7;5,2;5,5)
(5, 6) 1.2 0.4 (0,4,0,7;0,9) (0,1;0,3;0,6) (2,1,3,7;4,2)

Based on individual segments, a graph of alternative routes running from node i=1 corresponding to the oil field
to node j=6 representing the main pipeline can be easily built (Fig. 2). The arcs are marked with the
corresponding fuzzy estimates of the total costs of construction and operation including damages and
compensation payments to the population.

(3.3:3.8:4.1)

4.7.5.2;5,5)

(2.1;3.7:4.2)

9.3: 10,7: 11,7)
Fig.2. Route options for field pipeline
Consider the route options represented by the adjacency matrix (Table 2) showing the minimum total costs of

implementation of field pipeline segments.

Table 2. Inputs for selecting optimum construction option based on minimum total costs

Total minimum costs for the pipeline segment running from i to j, million euro
i 1 2 3 4 5 6
1 0 3.3 2.6 0 0 0
2 0 0 3.2 2.6 0 0
3 0 0 0 0 0 9.3
4 0 0 0 0 25 4.7
5 0 0 0 0 0 2.1
6 0 0 0 0 0 0

Elements of Table 3 are calculated according to equation (5). E.g. to calculate the elements of the matrix (1, 3),
refer to line 1 and column 3 of the input data (Table 2):
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C,=min{0+2,6;3,3+3,2,0+0;0+0;0+0;0+0}=6,5 ()

All other values in Table 3 are calculated accordingly.

Table 4 shows the numbers of the nodes shaping the last fragment of the route. E.g., Table 3 renders routes
consisting of two segments. The two-segment minimum route from node (i=1) to node i=3 runs through node 2.
This can be established by selecting a minimum nonzero element according to equation (6). Thus, "2" is indicated
at the intersection of line 1 and column 3 in the routing matrix.

Table 3. Optimum pipeline fragment options, Table 4. Routing of identified pipeline fragments,
two segment solutions two segments
Total costs on paths to nodes j, million euro Path to node j

i 1 2 3 4 5 6 i 1 | 2] 3] 4] 5]
1 0.00 0.00 6.50 5.90 0.00 11.90 1 0 0 2 2 0 3
2 0.00 0.00 0.00 0.00 5.10 7.30 2 0 0 0 0 4 4
3 0.00 0.00 0.00 0.00 0.00 0.00 3 0 0 0 0 0 0
4 0.00 0.00 0.00 0.00 0.00 4.60 4 0 0 0 0 0 5
5 0.00 0.00 0.00 0.00 0.00 0.00 5 0 0 0 0 0 0
6 0.00 0.00 0.00 0.00 0.00 0.00 6 0 0 0 0 0 0

Table 4 shows the numbers of the nodes shaping the last fragment of the route. E.g., Table 3 renders routes
consisting of two segments. The two-segment minimum route from node (i=1) to node i=3 runs through node 2.
This is established by selecting a minimum nonzero element according to equation (6). Thus, "2" is indicated at
the intersection of line 1 and column 3 in the routing matrix.

In this problem, a route needs to be selected, running from the field (i=1) to the main pipeline (i=6). As can be
seen from Table 3, there is such route consisting of two fragments and its total weight equals 11.9 million euro.
According to Table 4, the route runs through nodes 1, 3 and 6, i.e. L={13,6}.

Further calculation is warranted since the minimum number of fragments in the route does not guarantee a
minimum total weight. Therefore, a new matrix is built further, showing minimum total weight estimates for all
routes comprising three segments (Tables 5, 6).

Table 5. Optimum pipeline fragment options, Table 6. Routing of identified pipeline fragments,
three segments three segments

i Total costs on paths to nodes j, million euro Path to node j

1 2 3 4 5 6 i 1 2 3 4 5 6
1 0.00 0.00 0.00 0.00 8.40 10.60 1 0 0 0 0 4 4
2 0.00 0.00 0.00 0.00 0.00 7.20 2 0 0 0 0 0 5
3 0.00 0.00 0.00 0.00 0.00 0.00 3 0 0 0 0 0 0
4 0.00 0.00 0.00 0.00 0.00 0.00 4 0 0 0 0 0 0
5 0.00 0.00 0.00 0.00 0.00 0.00 5 0 0 0 0 0 0
6 0.00 0.00 0.00 0.00 0.00 0.00 6 0 0 0 0 0 0
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The number of the node with the lowest total weight is further established. For line 1 and column 6, the
respective node is the fourth node, therefore, "4" is indicated at the intersection of line 1 and column 6.

Tables 7 and 8 are calculated similarly for routes comprising four pipeline fragments.

Table 7. Optimum pipeline fragment options, Table 8. Routing of identified pipeline fragments,
four segments four segments

i Total costs on paths to nodes j, million euro Path to node j

1 2 3 4 5 6 i 1 2 3 4 5 6
1 0.00 0.00 0.00 0.00 0.00 10.50 1 0 0 0 0 0 5
2 0.00 0.00 0.00 0.00 0.00 0.00 2 0 0 0 0 0 0
3 0.00 0.00 0.00 0.00 0.00 0.00 3 0 0 0 0 0 0
4 0.00 0.00 0.00 0.00 0.00 0.00 4 0 0 0 0 0 0
5 0.00 0.00 0.00 0.00 0.00 0.00 5 0 0 0 0 0 0
6 0.00 0.00 0.00 0.00 0.00 0.00 6 0 0 0 0 0 0

Further calculations produce zero matrices. Thus, the results identified in Tables 7, 8 are final.

The resulting options are further used to identify a route with minimum weight. Minimum value in Tables 3, 5, 7
is established in line 1 and column 6. The minimum value, which is 10.5 million euro, is found in Table 7,
therefore, the optimum route consists of four arcs (pipeline segments). To establish the sequence of nodes in the
route, refer to the routing matrix corresponding to the table that produced the minimum value, i.e., Table 8. The
intersection of line 1 and column 6 has "5", therefore, node 6 is approached via node 5. Refer to the previous
routing matrix
(Table 6). The intersection of line 1 and column 4 has "4", therefore, the path to node 5 runs via node 4.
The intersection of line 1 and column 4 in Table 4 has "2", therefore, route segment (2,4) is selected. There is no
further routing matrix, thus, segment (1, 2) is selected. Therefore, the optimum oil pipeline choice runs along
route L = {1-2-4-5-6}, which produces the optimum level of costs of 10.5 million euro based on the minimum
total cost estimates for route segment options.

The described algorithm is further applied to produce an optimum route for the average (av) and maximum (max)
values of the total cost estimates for pipeline segment options. Calculation results are laid out in Table 9.

Table 9. Results of selection of optimum pipeline route based on the components of fuzzy total cost estimates for segment options

Calculation approach based on the components of fuzzy Optimum route Present value of total costs,
estimates of costs for route segment options million euro

1. Based on minimum estimates, E(ri'}')n L={1-2-4-5-6} 10.5

2. Based on average estimates, Eg}') L ={1-2-4-6} 11.8

3. Based on maximum estimates, Eji{* L={1-2-4-6} 12.8
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The resulting estimates of total costs for optimum routes from the last column of Table 9 are the components of a
fuzzy number, for which further analysis needs to be conducted based on rendering a confidence function.
Assume the number of cases analysed at N=10. Then the interval of search is

FM _FMn 128-105
N 10

total costs from the minimum to the maximum value (first column of Table 10). The remaining items in the table
are determined according to (8-10).

A= =2.33 million euro. The identified interval is used to walk through the levels of

Table 10. Calculation of data for building confidence function

Interim parameters
g, million euro o B Confidence level estimate k(g), proportions
10.50 0.00 0.00 0.00
10.73 0.18 0.10 0.01
10.96 0.35 0.20 0.04
11.19 0.53 0.30 0.10
11.42 0.71 0.40 0.20
11.65 0.88 0.50 0.36
11.88 0.92 0.60 0.69
12.11 0.69 0.70 0.86
12.34 0.46 0.80 0.94
12.57 0.23 0.90 0.99
12.80 0.00 1.00 1.00

Based on the confidence level assessment k(g) laid out in the last column of Table 10, a chart of the confidence
function is built (Fig. 3).

L={1-2-4-5-6} L:{1—2—4—6}

0,20

Confidence level, fractions

0,00
10,00 10,50 11,00 11,50 12,00 12,50

Total costs of pipeline construction and operation,
million euro

Fig.3. Confidence function charted for optimum pipeline routes
The dashed line in Fig. 3 runs through the average component of the fuzzy estimate of the present value of total

costs, 11.8 million euro, with the corresponding confidence level of 0.67. Where confidence level is lower than
0.67, the route option L = {1-2-4-5-6} should be chosen, otherwise, option L = {1-2—4-6}.
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6. Results and discussion of the application of the method

This study was completed to advance the development of the basic methods of analysis and conflict resolution
related to environmental issues addressed earlier (Novoselov et al. 2016). The probabilistic approach to estimating
the environmental pollution damage as described in this paper is consistent with modern methods (Chhabra et al.
2018). Meanwhile, there appears an opportunity to arrive at a more accurate assessment of environmental
pollution damage taking into account the time factor by application of the discounting (present value) technique.
The time factor is also accommodated in assessing other economic indicators. Therefore, the total costs for
individual segments and the optimum field pipeline route solution take into account the time factor.

It should be noted that the calculations are based on fuzzy estimates of cost levels reflecting the high uncertainty
over the probabilistic damage (risk) linked to environmental pollution and costs related to compensatory projects
and payments to local populations. Fuzzy estimates of damage have already been approached, e.g. see (Pislaru et
al. 2013). This paper considerably extends the scope of application of fuzzy estimates to all costs related to the
construction and operation of an oil pipeline.

The fundamentally new tool for making the conclusive choice of the field pipeline route is the approach proposed
in the paper for calculating confidence levels for the variation range of the total costs between the minimum to the
maximum value. The chart of the change in confidence levels represents not only total costs of pipeline
construction and operation including environmental and compensatory spending but also the identified optimum
routes.

The proposed approach was used for planning field pipelines in hydrocarbon production in the Arctic zone
conditions.

Conclusions

The set problem of identifying an optimum pipeline route is different from the practical applications and known
theoretical approaches used for similar problems in that the cost calculations operated take into account fuzzy
estimates of environmental pollution damage and compensation payments to the local population in the region.
The performed analysis of a wide range of approaches to pipeline route optimization helped to select the most
practical method for software implementation and addressing middle- to large- dimension problems employing
matrix operations, the Shimbel-Otterman method. The results of the conducted calculations prove the practical
feasibility of the application of the described approach of this paper to address a wide range of problems
concerning calculations of optimum pipeline routes to prevent conflicts with the local population.
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