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Port oil terminal operation cost and system safety joint optimization
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Abstract

The model of system operation total costs in the safety state subsets is introduced and the procedure of
its operation total cost in the safety state subset not worse than the critical safety state minimization is
presented. The model of system safety impacted by operation process is created and the procedure of its
safety in the safety state subset not worse than the critical safety state maximization is presented as well.
To analyze jointly the system safety and its operation cost optimization, we propose the procedure of
determining the optimal values of limit transient probabilities of the system operation process at the
particular operation states that allows to find the best system safety function and other safety indicators,
through applying the created system safety model and linear programming. Next, to find the system
operation total costs in the safety state subsets, corresponding to this system best safety indicators, we
replace the limit transient probabilities at the particular operation states, existing in the formula for the
system operation total costs in the safety state subsets, by their optimal values existing in the formulae
for the coordinates of the system safety function after maximization. On the other hand, to analyze jointly
the system operation cost and its safety optimization, we propose the procedure of determining the op-
timal values of limit transient probabilities of the system operation process at the particular operation
states that allows to find minimal system operation total cost in the safety state subset not worse than
the critical safety state, using the created system operation cost model and linear programming. After
that, to find the system conditional safety indicators, corresponding to this system minimal total opera-
tion cost in the safety state subset not worse than the critical safety state, we replace the limit transient
probabilities at particular operation states, existing in the formula for the system safety function coor-
dinates, and for remaining system conditional safety indicators by their optimal values existing in the
formulae for the system minimal total cost in the safety state subset not worse than the critical safety
state. The created models are applied separately and jointly to the port oil terminal. Moreover, to fulfil
the obtained port oil terminal optimal safety and operation cost results the modifications of its operation
process are proposed. The evaluation of results achieved is performed and the perspective for future
research in the field of the complex systems, including port oil terminal, safety and their operation costs
Joint analysis and optimization is given.

1. Introduction describe this system operation process (Kotow-
rocki & Soszynska-Budny, 2011/2015; Magryta,
2020). The system operation process model, un-
der the assumption on the system safety multistate
model (Xue & Yang, 1985; Xue, 1995), can be
used to construct the general safety model of the
complex multistate system changing its safety
structure and its components safety parameters

To tie the investigation of the complex technical
system safety together with the investigation of its
operation cost, the semi-Markov process model
(Ferreira & Pacheco, 2007; Glynn & Haas, 2006;
Grabski, 2002, 2015; Limnios & Oprisan, 2005;
Mercier, 2008; Tang et al., 2007), can be used to
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during variable operation conditions (Kotow-
rocki, 2014; Kotowrocki & Magryta, 2020;
Kotowrocki & Soszynska-Budny, 2011/2015;
Magryta, 2020). Further, using this general
model, it is possible to define the complex system
main safety characteristics such as the system
safety function, the mean values and standard de-
viations of the system lifetimes in the system
safety state subsets and in the system particular
safety states (Dgbrowska, 2020, Dabrowska &
Kotowrocki, 2019a; Kolowrocki, 2014, 2020;
Kotowrocki & Soszynska, 2010a-b; Kotowrocki
& Soszynska-Budny, 2011/2015). Other system
safety indicators, like the system risk function, the
system fragility curve, the moment when the sys-
tem risk function exceeds a permitted level, the
system intensity of ageing, the coefficient of op-
eration process impact on system intensity of age-
ing and the system resilience indicator to opera-
tion process impact, can be introduced as well
(Gouldby et al., 2010; Kotowrocki, 2014; Kotow-
rocki & Soszynska-Budny, 2018a-b, 2019a-c;
Lauge et al., 2015; Szymkowiak, 2018a-b, 2019).
Using the system general safety model, it is pos-
sible to change the system operation process
through applying the linear programming (Klab-
jan & Adelman, 2006) for maximizing the system
safety function (Kotowrocki & Soszynska-Budny,
2010) and finding the optimal limit values of the
system transient probabilities at the particular op-
eration states and determining the system optimal
safety indicators. Having the system operation
process characteristics and the system conditional
instantaneous operation costs at the operation
states, it is possible to create the system general
operation total costs in the safety state subsets
(Kolowrocki & Kuligowska, 2018; Kotowrocki &
Magryta-Mut, 2021, 2022a). Using this system
operation total cost model, it is possible to change
the system operation process through applying the
linear programming (Klabjan & Adelman, 2006)
for minimizing the system operation total cost
costs in the safety state subsets (Kolowrocki &
Kuligowska, 2018; Kotowrocki & Magryta-Mut,
2021) and finding the optimal limit values of the
system transient probabilities at the particular op-
eration states. To analyze jointly the system safety
and its operation cost optimization, in the case we
prefer more the system safety maximization than
the system operation cost minimization, we first
apply the procedure of determining the optimal
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values of limit transient probabilities of the sys-
tem operation process at the particular operation
states that maximize the system safety. Next, to
find the system conditional operation total costs in
the safety state subsets, corresponding to this sys-
tem maximal safety, we replace the limit transient
probabilities at particular operation states, exist-
ing in the formula for the operation total costs in
the safety state subsets, by their optimal values ex-
isting in the formula for the system maximal
safety function coordinates. Whereas, in the case
we prefer more the system operation cost minimi-
zation than the system safety maximization, then
to analyze jointly the system safety and operation
cost optimization, we first apply the procedure of
determining the optimal values of limit transient
probabilities of the system operation process at
the particular operation states that minimize the
system operation total costs in the safety state sub-
sets. Next, to find the system conditional safety
indicators, corresponding to this system minimal
total operation costs in the safety state subsets, we
replace the limit transient probabilities at the sys-
tem particular operation states, existing in the for-
mula for the system safety function coordinates,
by their optimal values existing in the formula for
the system minimal operation total costs in the
safety state subsets in order to get the formula for
the system conditional safety function related to
this system minimal operation total cost. Further,
applying this formula for the system conditional
safety function, we find the remaining system
conditional safety indicators.

The created model for maximizing the system
safety is applied to the port oil terminal to find its
optimal safety indicators. Next, the port oil termi-
nal mean value of the system operation total costs
in the safety state subsets corresponding to its op-
timal safety indicators is found. The created
model for minimizing of the system operation to-
tal costs in the safety state subsets is applied to the
port oil terminal to find the minimal mean value
of the system operation total costs in the safety
state subsets. Next, the port oil terminal safety in-
dicators corresponding to this minimal operation
total cost are found.

The chapter is organized into 7 parts, this Intro-
duction as Section 1, Sections 2—-6 and Conclusion
as Section 7. In Section 2, the model of system
operation total costs in the safety state subsets is
introduced and the procedure of its minimization
is presented. In Section 3, the model of system
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safety impacted by operation process is intro-
duced and the procedure of the system safety max-
imization is proposed. In Section 4, the port oil
terminal operation total costs in the safety state
subsets is analyzed and its minimal value is deter-
mined. In Section 5, the port oil terminal operation
process influence on its safety indicators is exam-
ined and the best forms and values of this system
safety indicators are determined. In Section 6,
joint analysis of the port oil terminal safety max-
imizing and its conditional operation total costs in
the safety state subsets corresponding to the port
oil terminal maximal safety is performed. The port
oil terminal best safety indicators are fixed and the
port oil terminal operation total costs correspond-
ing to this best safety indicators is determined.
Joint analysis of the port oil terminal operation to-
tal costs in the safety state subsets minimizing and
its conditional safety indicators corresponding to
the port oil terminal minimal operation total cost
is performed. The port oil terminal minimal oper-
ation total cost is fixed and the system safety indi-
cators corresponding to this minimal operation to-
tal cost are determined. In Conclusion, the evalu-
ation of results achieved is done and the perspec-
tive for future research in the field of the complex
systems, including port oil terminal, safety and
their operation costs joint analysis and optimiza-
tion is proposed.

2. System operation cost with system safety
impact

2.1. System operation cost model with system
safety impact

Similarly to safety analysis of the system im-
pacted by its operation process, we may investi-
gate the system operation total costs in the safety
state subsets. Namely, we define the instantane-
ous system operation cost in the form of the vector

C(t) = [C(t,1),...,C(t,2)], t =0, (1)

with the coordinates given by

Ctu)=Y p,[Ct.u)]", t =0, 2)

b=1
u=1,2,...,z,

where [C(t,)]", u=1.2,....z,b=1,2,...,v, are the
coordinates of the vector

[Ct)N?=[[Ct17,..., [Ct,2)]",
k0= 12w

representing the system conditional instantaneous
operation costs in the safety state subsets
{uu+1,...,z}, u=12,...,z, at the system opera-
tion states zp, b= 1.2,...;v, and pp, b= 1.2;...,», are
the system operation process limit transient prob-
abilities in the particular operation states (Grab-
ski, 2015). Thus, it is naturally to assume that the
system instantaneous operation cost depends sig-
nificantly on the system operation state and the
system operation cost at the operation state as
well. This dependency is also clearly expressed in
mean value of the system total operation cost

COH=[CD,C2).....C(2)] (3)

with coordinates given by the linear equations

Clu) = z pIC@]”, u=12,...2, (4)

for the mean values of the system total uncondi-
tional operation costs in the safety state subsets
{uu+1,....z}, u=1.2,...,z where C(tu)]?,
u=1,2,...,z,b=1,2,...,v, are the mean values of
the system total conditional operation costs in the
safety state subsets {u,u + 1,....z},u=1,2,...,z, at
the particular system operation states zp,
b=1,2,...,v, determined by

l#m”rh:

[C(u)]" = J.[C(f,u)]”"dt, u=1,2,...,z,
b=1.2,...,v, (5)
where

[u@)]” = E[[T@)]"], u=12,....z, (6)

are the mean values of the system conditional life-
times [7(#)]” in the safety state subset
{uu+1,...,z} at the operation state zp,
b=1,2,...,v, given by (Kotowrocki & Soszynska-
Budny, 2011/2015; Kolowrocki & Magryta,
2020c):

[(u)]™ =T[S(t,u)]"”df, u=12,...,z (7)
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and [S(t,w)]?, u=12,....z, b=12,...,v, are the
system safety function defined above and p; are
limit transient probabilities defined in (Kotow-
rocki & Soszynska-Budny, 2011/2015).

2.2, System operation cost optimization model
with system safety impact

From the linear equations (4), we can see that the
mean value of the system total unconditional op-
eration cost C(u), u=1,2,...,z, is determined by
the limit values of transient probabilities pp,
b=1,2,...,v, of the system operation process at
the operation states z», b =1,2,...,v, and by the
mean values [C(u)]? of the system total condi-
tional operation costs in the safety state subsets
{uu+1,...,2}, u=12,...,z, at the particular sys-
tem operation states zp, b =1,2,...,v, that by (5)
are dependent on the mean values [u(u)]?,
b=1.2,...,v, u=12,...,z, of the system condi-
tional lifetimes and by the system conditional in-
stantaneous operation costs [C(t,u)]® in the safety
state subsets {uu+1,...,z}, u=1,2,...,z, at the
system operation state z», b = 1,2,...,v. Therefore,
the system operations cost optimization based on
the linear programming (Klabjan & Adelman,
2006), can be proposed. Namely, we may look for
the corresponding optimal values py, b = 1,2,...,v,
of the transient probabilities p,, b=1,2,...,v, of
the system operation process at the operation
states to minimize the mean value C(u) of the sys-
tem total unconditional operation costs in the
safety state subsets {w.u+1,...,z}, u=1.2,...,z,
under the assumption that the mean values
[Cw)]®, b=12,...,v,u=1,.2,....z, of the system
total conditional operation costs in the safety state
subsets {u,u + 1,...,z}, u=1,2,...,z, at the partic-
ular system operation states zp, b =1,2,...,v, are
fixed. As a special and practically important case
of the above formulated system operation cost op-
timization problem for wu=r, where if r,
r=1,2,...,z, is a system critical safety state, we
may look for the optimal values py, b=1,2,....v,
of the transient probabilities py, b =1,2,...,v, of
the system operation process at the system opera-
tion states to minimize the mean value C(r) of the
system total unconditional operation costs in the
safety state subset: {ry 74 Lics; 2}y r=1:250u8
under the assumption that the mean values
[CND, b=12,...,v, r=12,....z, of the system
total conditional operation costs in this safety state
subsets are fixed. More exactly, we may formulate
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the optimization problem as a linear programming
model (Lauge, et al., 2015) with the objective
function of the following form

C(rH=Y p,IC", 8)

bh=1

for a fixed r € {1,2,...,z} and with the following
bound constraints

ﬁbgpbsi}h! b:132!"'9v’ le.'):l’ (9)

b=1

where
[C(HY, [CH1D>0,b=1,2,...,v,

are fixed mean values of the system conditional
operation costs in the safety state subset
{r,r+1,...,z}, and

p,, 0<p,<land p,, 0<p, <1, p,<p,,

b=12,..v, (10)
are lower and upper bounds of the unknown tran-
sient probabilities ps, b = 1,2,...,v, respectively.
Now, we can obtain the optimal solution of the
formulated by (8)—(9) the linear programming
problem, i.e. we can find the optimal values p,, of
the transient probabilities pp, b=1,2,...,v, that
minimize the objective function given by (8).

We arrange the mean values of the system total
conditional operation costs [C(r)]?, b=1,2,...,v,
in non-decreasing order

[C(F)](h, ) < [C(r)]lhg-) o e [C(r)](h! ) ,

where b; €{1,2,...,v} fori=1,2,...,v.
Next, we substitute

x,=p,, X, =p,,x=p, fori=12,..v, (11)

and we minimize with respectto x,, i=1,2,..., v,

the linear form (8) that after this transformation
takes the form

anzéava% (12)
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for a fixed re {1,2,...,z} with

(13)

i

XN B R = 1y By, 0 B0 =L
i=1

where
[C(®, [C(N® 20, i=1,2,...,,

are fixed mean values of the system conditional
operation costs in the safety state subset
{r,r+1,...,z} arranged in non-decreasing order
and

(14)

are lower and upper bounds of the unknown prob-
abilities x;, i = 1,2,...,v, respectively.

To find the optimal values of x;, i = 1,2,...,v, we
define

=%, y=1-% (15)
i=1
and
/ !
X'=0, x"=0and ¥’ =Y x, ¥ =Yx
i=] i=1
(16)

for/=1,2,...,v,

Next, we find the largest value /€ {0,1,...,v} such
that

=f

¥ -x'<y (17)

and we fix the optimal solution that minimize (12)

in the following way:

i) if I = 0, the optimal solution is
#=3+% and % =X, fori=23,....u, (18)

i1) if 0 </ < v, the optimal solution is

and x, =x, for i=1+2,1+3,...,v; (19)
ii1) if 7 = v, the optimal solution is
x,=x fori=12,...,v. (20)

Finally, after making the inverse to (11) substitu-
tion, we get the optimal limit transient probabili-
ties

(21)

p, =X, fori=1.2,...,v,

that minimize the mean value of the system total
unconditional operation costs in the safety state
subset {r,r + 1,...,z}, giving its minimum value in
the following form

C(r)=§fah[6(r)]“” (22)

for a fixed r € {1,2,...,z}.
From the expression (22) for the minimum mean
value C(r)of the system unconditional operation

cost in the safety state subset {r,r+1,...,2}, re-
placing in it the critical safety state r by the safety
state u, u = 1,2,...,z, we obtain the corresponding
optimal solutions for the mean values of the sys-
tem unconditional operation costs in the safety
state subsets {u,u + 1,...,z} of the form

Cw)=Y p,ICaN"”, u=12,...z. (23)

According to (3)—(4), the mean value of the sys-
tem optimal total operation cost can by expressed

by

CH=[C),....C(2)], (24)

with coordinates given by the linear equations
(22)

Ca=Y pICaN” u=12,...z.

b=1

(25)

for the mean values of the system optimal total
unconditional operation costs in the safety state
subsets {wuu+1,...,z}, wu=1.2,...,z, where
[C)"”,b=12,...,v,u=172,...,z, are the mean
values of the system total conditional operation
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costs in the safety state subsets {u,u+ 1,...,2},
u=1,2,...,z, at the particular system operation
states zp, b=1,2,...,v, and p,, b=1,2,...,v, are
the system operation process optimal limit transi-
ent probabilities at these operation states given
by (21).

The expressions for the optimal mean values of
the system total operation costs in the particular
safety states are

Cw=Cw)-Clu+,u=12,...,z—1,

C(z)=C(z), (26)
where C(u), u=12,...,z, are the optimal mean

values of the system total unconditional operation
costs in the safety state subsets {u,u+ 1,...,2},
u=12,...,z, given by (23).

3. System safety

3.1. System safety model

We assume that the system is operating at v,
v > 1, operation states z,, b =1,2,...,v, that have

influence on the system functional structure and
on the system safety. Applying semi-Markov
model of the system operation process Z(1),
t = 0, it is possible to find this process two basic
characteristics (Grabski, 2015; Kolowrocki &
Magryta, 2020a; Kotowrocki & Soszynska-
Budny, 2011/2015):

e the vector of limit values

p, = liIn p@y=b=12,...;% (27)

of transient probabilities
p,=PZ(N=z,),t=0b=12,..,v, (18)

of the system operation process Z(t) at the par-
ticular operation states z,, b=1,2,...,v,

e the vector [M , 1., of the mean values
M,=E0,]=p,0, b=12,...v, (29)

of the total sojourn times &,, b=1,2,...,v, of
the system operation process Z(t), t = 0, at
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the particular operation states z,, b=1,2,...,v,
during the fixed system operation time @,
0 >0, where p,, b=1,2,...,v, are defined by
(27)—(28).

Considering the safety function of the system im-

pacted by operation process

S(t,7) =[S(1.1), 8(1,2),...,8(t,2)], t = 0, (30)

coordinate given by (Kotowrocki & Soszynska-
Budny, 2011/2015)

S(tu) =Y p,[Stuw)]”, t >0, 31)

u=1,2,...,z,

where pp, b = 1,2,...,v, are the limit transient prob-
abilities of the system operation process at the op-
eration states z», b= 1,2,...,v, and

[S(t,)]” = P(T)]? > 1), t = 0,
u=12.....z2, b=12...»

at these operation states are the conditional safety
functions of the system and ([7(u)]"”, are the sys-
tem conditional lifetimes in the safety state sub-
sets {u,u+1,...,z}, u=1,2,...,z, at the operation
states zp, b = 1,2,...,v, it is natural to assume that
the system operation process has a significant in-
fluence on the system safety.

From the expression (31), it follows that the mean
values of the system unconditional lifetimes in the
safety state subsets {u,u + 1,...,z}, are of the form

) =3 p,[u)]” foru=12,....z. (32)
b=1

The values of the variances of the system uncon-
ditional lifetimes in the system safety state subsets
are

[6G)] = 2[1S(t,u)dt — [ ) u=12,....2, (33)

where p(u) is given by (6) and S(t, u) is given by
(31).

The expressions for the mean values of the system
unconditional lifetimes in the particular safety
states are
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Hu)=pu)—pu+l), u=12,....z2—-1,

#(2) = p(2). (34)
The system risk function and the moment when
the risk exceeds a permitted level 9, respectively

are given by (Kolowrocki & Soszynska-Budny,
2011/2015):

r()=1-8(t,r), t >0, (35)
and
=y (Bl (36)

where S(z,r) is given by (31) for u = r and r' (),
if it exists, is the inverse function of the risk func-
tion r(t).

The mean values of the system intensities of age-

ing (departure from the safety state subset
{u,utl,...,z}), are defined by

Alu) = (37)

Considering the values of the system without op-
eration impact intensities of ageing A°(«), defined
in (Kotowrocki & Magryta-Mut, 2020c; Kotow-
rocki & Soszynska-Budny, 2018b), the coeffi-
cients of the operation process impact on the sys-
tem intensities of ageing are given by

A(u)
A(w)’

pu) = u=1,2,...,z. (38)

Finally, the system resilience indicators, i.e. the
coefficients of the system resilience to operation
process impact, are defined by

RI(u) = , u=12,..,z (39)

p(u)

3.2. System safety optimization

Considering the safety function of the system im-
pacted by operation process S(z,), t = 0, coordi-
nate given by (31), it is natural to assume that the
system operation process has a significant influ-
ence on the system safety. This influence is also
clearly expressed in the equation (32) for the mean

values of the system unconditional lifetimes in the
safety state subsets. From the linear equation (32),
we can see that the mean value of the system un-
conditional lifetime u(u), u=1,2,...,z, is deter-
mined by the limit values of transient probabilities
pe, b =12,...,v, of the system operation process at
the operation states z5, b = 1,2,...,v, and the mean
values [u()]?, b=12,...,v, u=12,...,z, of the
system conditional lifetimes in the safety state
subsets {u,u + 1,...,z}, u =1,2,...,z, at these oper-
ation states. Therefore, the system lifetime opti-
mization approach based on the linear program-
ming can be proposed (Klabjan & Adelman,
2006). Namely, we may look for the correspond-
ing optimal values p,,b=1,2,...,v, of the transi-

ent probabilities pp, b = 1,2,...,v, of the system op-
eration process at the operation states to maximize
the mean value u(u) of the unconditional system
lifetime in the safety state subset {uu + 1,...,z},
u=1,2,...,z, under the assumption that the mean
values [u(u)]?, b=1,2,....,v, u=12,...,z, of the
system conditional lifetimes in the safety state
subset at the particular operation states are fixed.
As a special case of the above formulated system
lifetime optimization problem, if r, r € {1,2,...,z}
is a system critical safety state, we may look for
the optimal values p,, b=1,2,...,v, of the transi-

ent probabilities py, b = 1,2,...,v, of the system op-
eration process at the system operation states to
maximize the mean value u(r) of the uncondi-
tional system lifetime in the safety state subset
{ror+1,....,2}, r=1,2,...,z, under the assumption
that the mean values Lu(r)](b), b=12,...,v,
u=1,2,...,z, of the system conditional lifetimes in
this safety state subset not worse than the critical
safety state at the particular operation states are
fixed. More exactly, we formulate the optimiza-
tion problem as a linear programming model with
the objective function of the following form

p(r) =2 p, ], (40)

for a fixed r € {1,2,...,z} and with the following
bound constraints

p,<p,<p,b=12,. v, (41)

; p, =1 (42)
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where

[, [ 20, b=1.2,...,v, (43)
are fixed mean values of the system conditional
lifetimes in the safety state subset {r,r + 1,...,7}
and

p,. 0<p, <land p,, 0<p, <1, p, <D,

h=1.2....;v, (44)
are lower and upper bounds of the unknown tran-
sient probabilities at the particular operation states
pe, b=1,2,...,v, respectively.

Now, we can obtain the optimal solution of the
formulated by (40)—(44) the optimization prob-
lem, i.e. we can find the optimal values p, of the

transient probabilities p,, b=1,2,...,v, that max-

imize the objective function given by (40). The
maximizing procedure is described in (Kotow-
rocki & Magryta, 2020b, Magryta-Mut, 2020).
Finally, after applying this procedure, we can get
the maximum value of the system total mean life-
time in the safety state subset {r,r + 1,...,z} de-
fined by the linear form (40), in the following
form

ar) =Y p,lur)]?” (45)

b=1

forafixed r € {1,2,...,z}.

Further, by replacing the limit transient probabili-
ties pp, b =1,2,...,v, existing in the formulae (30)
and (31) by their optimal values p,,b=1,2,...,v,
we get the optimal form of the system safety and
the expressions for all remaining safety indicators
considered in Section 3.1.

4. Port oil terminal operation cost
4.1. Terminal description

The port oil terminal placed at the Baltic seaside
is designated for receiving oil products from
ships, storage and sending them by carriages or
trucks to inland. The terminal can operate in re-
verse way as well. The terminal is described in de-
tail in (Kotowrocki & Soszynska-Budny, 2019a).
The considered terminal is composed of three
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parts A, B and C, linked by the piping transporta-

tion system with the pier. The approximate length

of the port oil piping transportation system is
equal to around 25 km.

The main technical assets (components) of the

port oil terminal critical infrastructure are:

A — port oil piping transportation system,

A> — internal pipeline technological system,

A3z — supporting pump station,

A4 — internal pump system,

As — port oil tanker shipment terminal,

Ag — loading railway carriage station,

A7 —loading road carriage station,

As — unloading railway carriage station,

Ag — 01l storage reservoir system.

The asset A1, the port oil piping transportation sys-

tem operating at the port oil terminal critical in-

frastructure consists of three subsystems:

e the subsystem S| composed of two pipelines,
each composed of 176 pipe segments and 2
valves,

e the subsystem S2 composed of two pipelines,
each composed of 717 pipe segments and 2
valves,

e the subsystem S3 composed of three pipelines,
each composed of 360 pipe segments and 2
valves.

Its operation is the main activity of the port oil ter-

minal involving the remaining assets Ax — Ao.

The port oil transportation system is a series sys-

tem composed of two series-parallel subsystems

S1, 82, each containing two pipelines (assets) and

one series-"2 out of 3” subsystem §3 containing 3

pipelines (assets).

The subsystems S1, 52 and S5 are forming a general

series port oil transportation system safety struc-

ture presented in Figure 1.

S 51 83

An A2l Axn

An An L An ||
| A |

Figure 1. The port oil piping transportation system
safety structure.



Port oil terminal operation cost and system safety joint optimization

4.2. Operation process

We consider the port oil terminal critical infra-

structure impacted by its operation process.

On the basis of the statistical data and expert opin-

ions, it is possible to fix and to evaluate the fol-

lowing unknown basic parameters of the oil ter-
minal critical infrastructure operation process:
the number of operation process states v =7 and
the operation process states:

e the operation state z; — transport of one kind of
medium from the terminal part B to part C us-
ing two out of three pipelines of the subsystem
S3 of the asset A and assets Az, A4, Ag, A7, Ao;

e the operation state z2 — transport of one kind of
medium from the terminal part C to part B us-
ing one out of three pipelines of the subsystem
S3 of the asset A and assets Az, Aa, Asg, Ao;

e the operation state z3 — transport of one kind of
medium from the terminal part B through part
A to pier using one out of two pipelines of the
subsystem S1 and one out of two pipelines of
the subsystem S> of the asset A and assets A»,
Aas, As, Ag;

e the operation state z4 — transport of one kind of
medium from the pier through parts A and B to
part C using one out of two pipelines of the
subsystem S, one out of two pipelines in sub-
system Sz and two out of three pipelines of the
subsystem 53 of the asset A; and assets Az, A3,
Aa, As, As, A7, Ao,

e the operation state zs — transport of one kind of
medium from the pier through part A to B us-
ing one out of two pipelines of the subsystem
S1 and one out of two pipelines of the subsys-
tem 52 of the asset A| and assets A, Az, A4, As,
Ao,

e the operation state z¢ — transport of one kind of
medium from the terminal part B to C using
two out of three pipelines of the subsystem 53,
and simultaneously transport one kind of me-
dium from the pier through part A to B using
one out of two pipelines of the subsystem S
and one out of two pipelines of the subsystem
S> of the asset A; and assets A2, A3, A4, As, As,
A7, Ao;

e the operation state z7 — transport of one kind of
medium from the terminal part B to C using
one out of three pipelines of the subsystem 53,
and simultaneously transport second kind of
medium from the terminal part C to B using

one out of three pipelines of the subsystem §3
of the asset A; and assets A», As, Ag, A7, Ag, Ag.
To identify the unknown parameters of the port oil
piping transportation system operation process the
suitable statistical data coming from its real reali-
zations should be collected. On the basic of this
data (GMU, 2018), it is possible to estimate these
parameters and to fix the port oil terminal charac-
teristics  (Kotowrocki &  Soszynska-Budny,
2011/2015):
e the limit values of transient probabilities of the
operation process Z(t) at the particular opera-
tion states zp, b=1,2,..., 7:

p1=0.395, p2=0.060, p3= 0.003, ps = 0.002,
ps=0.20, pe=0.058, p7=0.282; (46)

e the expected values of the total sojourn times
6,.b=12,...7, of the system operation pro-
cess at the particular operation states z,,

b=1,2,...,7, during the fixed operation time
6@ =1 year = 365 days:

M, = E[0,] = 0.395 year = 144.175 days,
M, = E[ég] =0.060 year = 21.9 days,

M, = E[(i] =0.003 year = 1.095 day,

M, = E[6,] =0.002 year = 0.73 day,

M. = E[6.] =0.20 year = 73 days,

M, = E[éﬁ] =0.058 year = 21.17 days,

M, = E[0.] =0.282 year = 102.93 days. (47)

4.3. Operation cost

The number of components in a subsystems S, 52,
S5 and their use at particularly operation states, the
asset A conditional instantaneous operation costs
[Ctaw)]®, u=1,2,b=1,2,...7, in the safety state
subsets {1,2}, {2} fort =2 0,b=1,2,...,7, are:

[Ci(t, D] =[C1(2,2)]" = 1086°9.6
= 10425.6 PLN,

[C1(t,D]? =[C1(2,2)]® = 1086°9.6
=10425.6 PLN,

[Ci(t,D]D =[C1(2,2)]P = 1794-9.6
=17222.4 PLN,

[Ci(t, D]? =[C1(2,2)]® = 28809.6
=27648 PLN,
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[C1¢,D]® = [C1(t,2)]® = 1794°9.6

=17222.4 PLN,
[Ci(t,)]® = [C1(2,2)]® = 28809.6
= 27648 PLN,
[C1(t,D]D =[C1(1,2)] = 1086°9.6
= 10425. 6PLN. (48)

The mean values [u(«)]”, u = 1,2, of the terminal
conditional lifetimes [7(x)]”, u=1,2, in the
safety state subset { 1,2}, {2} at the operation state
zp,b=1,2,...,7, determined in Section 3, respec-
tively (expressed in years) are:

[a(1)]V = 8.08342,
[u(1)]® = 8.16593,
(DD = [u(1)]® = 7.60179,
(D] = [u(1)]® = 6.80803,
(117 = 8.00256,

[1(2)]V = 5.15695,

[2(2)]? = 5.21069,
(2)]® = [1(2)]® = 4.85232,
((2)]® = 4.34292,

(1(2)]© = 4.3429,

[1(2)]7 = 5.10431. (49)

Applying the formula (5) to (48) and (49) we get
the approximate mean values [C (1)),
b=1,2,...,7, of the total costs of the entire port oil

terminal at the particular operation states given
by:

[Ci(1)]D = 8.08342:10425.6

~ 84274.50355 PLN,
[Ci(1)]? = 8.16593-10425.6

= 85134.71981 PLN,
[Cy(1)]P =7.60179-17222.4

=~ 130921.06810 PLN,
[Ci1(1)]™ = 6.80805-27648

= 188228.9664 PLN,
[C1(D]® =7.6017917222.4

= 130921.06810 PLN,
[C1(1)]© = 6.80805-27648

= 188228.96640 PLN,
[Ci(D)]7 = 8.00256°10425.6

= 83431.48954 PLN, (50)
in the safety state subset {1,2} and

[C1(2)]" = 5.15695°10425.6
=53764.29792 PLN,
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[C1(2)]? = 5.21069-10425.6

= 54324.56966 PLN,
[C1(2)]® = 4.85232:17222.4

= 83568.59597 PLN,
[C1(2)]? = 4.34292-27648

= 120073.05216 PLN,
[C1(2)]® =4.85232-17222.4

= 83568.59597 PLN,
[C1(2)]¥ = 4.3429-27648

= 120072.49920 PLN,
[C1(2)]7 =5.10431-10425.6

=53215.49434 PLN, (51)
in the safety state subset {2}.
The corresponding mean values of the total con-
ditional operation costs for the remaining assets
Az — Ag, we assume arbitrarily (we do not data at
the moment) equal to 10000 PLN, in all operation
states if they are used and equal to 0 PLN if they
are not used. Under this assumption, considering
the procedure of using asset A2 — Ag at particular
operation state and the total cost of asset A| given
in (50) and (51), we fix the total costs of the entire
port oil terminal at the particular operation states
given by:

[C1(1)]V = 84274.50355 + 50000
= 134274.50355 PLN,
[C1(1]® =85134.71981 + 40000
=125134.71981 PLN,
[C1(D]® = 130921.06810 + 40000
=170921.06810 PLN,
[Ci(1)]™ = 188228.9664 + 70000
=258228.9664 PLN,
[C1(D]®) = 130921.06810 + 50000
= 180921.06810 PLN,
[C1(1)]® = 188228.96640 + 70000
=258228.96640 PLN,
[C1(1)]7 = 83431.48954 + 60000
= 143431.48954 PLN, (52)
in the safety state subset {1,2} and

[C1(2)]" = 53764.29792 + 50000
=103764.29792 PLN,
[C1(2)]? = 54324.56966 + 40000
=94324.56966 PLN,
[C1(2)]® = 83568.59597 + 40000
=123568.59597 PLN,
[C1(2)]¥ = 120073.05216 + 70000
=190073.05216 PLN,
[C1(2)]® = 83568.59597 + 50000
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= 133568.59597PLN,
[C1(2)]© = 120072.49920 + 70000
190072.49920 PLN,
[C1(2)]7" = 53215.49434 + 60000
= 113215.49434 PLN,

(53)

in the safety state subset {2}.

Considering the values of [C()]?, u=12,
b=1,2,...7, from (50)-(51) and the values of
transient probabilities py, b = 1,2,...,7, the port oil
terminal total unconditional operation cost, ac-
cording to (4), is given by

C(1) = pi[CH]D + po C(D]P + p3[C(1)]P
+ pa[C(D]W + ps[C(D]® + p[C(1)]®
+pr[C(1)]7
=(0.395-134274.50355
+0.06-125134.71981
+0.003-170921.06810
+ 0.02-258228.9664
+0.2-180921.06810
+ 0.058-258228.96640
+0.282-143431.48954
= 153184.90695, (54)

in the safety state subset {1,2} and

C(2) = pi[C1Y + palCIP + pa[C(2)]®
+ pa[C2)]Y + ps[C(2)]® + ps[C(]®
+pr[C(2)]7
=0.395-103764.29792
+ 0.06-94324.56966
+0.003-123568.59597
+0.002:190073.05216
+0.2-133568.59597
+ 0.058-190072.49920
+0.282:113215.49434
=117061.91730, (55)

in the safety state subset {2}.

4.4. Cost optimization

Assuming the critical safety state r=1 and con-
sidering (52) to find the minimum value of this
cost, we define the objective function given by
(8), in the following form

C(1) = pi[C(D]V + pal (D] + p3[C(1)]P
+ palC(D]Y + ps[C()]D + pe[C(1)]©
+ pr[C(1)]7

= p11134274.50355 + p»125134.71981
+p3170921.06810 + p4-258228.9664
+ps-180921.06810 + ps-258228.96640

+ p7-143431.48954. (56)

The lower p,,and upper p,,bounds of the un-

known optimal values of transient probabilities py,
b=1,2,...,7, respectively are (Kotowrocki & So-
szynska-Budny, 2011/2015):

p,=031, p,=0.04, p,=0.002, p,=0.001,
p.=0.15, p,=0.04, p,=0.25,

5,=0.46, p,=0.08, p,=0.006, p,=0.004,

p.=0.26, p,=0.08, P,=0.40. (57)

Therefore, according to (9)—(10), we assume the
following bound constraints

0.31< p, <0.46,0.04< p, <0.08,
0.002 < p,<0.006, 0.001 < p, < 0.004,
0.15< p.<0.26,0.04< p, <0.08,

025< p, <040, Y p, =1.

b=1

(58)

Now, before we find optimal values p, of the
transient probabilities p,, b=1,2,...,7, that mini-

mize the objective function (56), we arrange the
mean values of the port oil terminal conditional
operation costs [C(DH]®, b=1,2,...,7, determined
by (52), in non-decreasing order

125134.71981 < 134274.50355
< 143431.48954 < 170921.06810
< 180921.06810 < 258228.96640
< 2588228.9664,

1.e.

[CODI” <[CM]” <[CD]™ <[CM)]”

<[CM]” £[CM] <[CM]™, (59)
Further, according to (11), we substitute
X =D X, =D X, =D Xy =Py X =P
Xg = DPy» X = Pgs (60)
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and

x=p,=0.04, x,=p,= 031,

x,=p,= 025, x, =p, = 0.002,

x, =p, = 0.15, x, = p, = 0.001,

x, =p, = 0.04,

x, =p,= 0.08, x, =p, = 046,

x,=p, =040, x, = p, = 0.006,

x,=p, =026, x, =p, = 0.004,

x =p.=008, (61)
and we minimize with respect to x,, i=1,2,...,7,

the linear form (56) that according to (11)—(13)
and (59)—(60) takes the form

C(1) =x1-125134.71981 + x2-134274.50355
+ x3-143431.48954 + x4-170921.06810
+ x5-180921.06810 + x6-258228.9664

+ x7-258228.9664, (62)

with the following bound constraints

0.04 <x1<0.08,0.31 <x2<0.46,
0.25 <x3<0.40, 0.002 < x4 < 0.006,
0.15<x5<0.26, 0.001 < x,<0.004,

0.04 <x7<0.08,3x =1, (63)
i=1

According to (17), we calculate

X= =(.793,

‘y—]—l—l 0.793 =

LM“‘

0.207 (64)

and according to (16), we find

0,x"=0,x"-x"=0,

0.04, x' =0.08, x' —x' =0.04,
035, 2" =054, 3 - ¥ =019,
0.60, x* = 0.94, j‘z—fl—034
0.602, x* =0.946, x* — x* =0.344,
¥’ =0.752, x> =1.206, ¥’ — x° =0.454,
X =0753% =121, 2" -% =045F;
X" =0.793, %" =191, x" - x" =0.497.

[}

>—( == :-4(
1]

H(
I

(65)
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From the above, since the expression (17) takes
the form

i - <0207, (66)

then it follows that the largest value 7€ {0,1,...,7}
such that this inequality holds is / = 2. Therefore,
we fix the optimal solution that minimize linear
function (56) according to the rule (19). Namely,
we get

X =X =008, i, =%, =0.46,
X, =y-% +¥ +X =0207-054
+0.35+0.25=0.267,

Y, =0.002, i, = =0.15, & =, =0.001,

0.04. (67)

X

Finally, after making the substitution inverse to
(11), we get the optimal transient probabilities

p, = =008, p, =i, =046, p, =
p3 :x4 :0002, pS :xS 2015’
py=x. =000, p, =% =0.04,

i, =0.267,

(68)

that minimize the mean value of the port oil ter-
minal total operation cost C(1) expressed by the
linear form (56) and according to (22) and (68), its
optimal value in the safety state subset { 1,2} is

C(1)= 0.46-134274.50355

+0.08-125134.71981
+0.002-170921.06810
+ 0.001-258228.9664
+0.15-180921.06810
+ 0.04-258228.96640
+0.267-143431.48954

= 148140.64690, (69)

and further, the optimal mean value of the port oil
terminal operation total cost in the safety state
subset {2} is

C(2)=0.46:103764.29792
+0.08-94324.56966
+0.002-123568.59597
+0.001-190073.05216
+0.15-133568.59597
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+0.04-190072.49920
+0.267-113215.49434
= 113581.47921. (70)
Hence, and according to (26), the optimal values
of the port oil terminal total operation costs in the
particular safety states 1 and 2, respectively are:

5(1) =148140.64690 — 113581.47921
= 34559.16769,

C(2) =113581.47921. (71)
The analyzed costs after optimization are lower
than before it, what is respectively expressed by
comparison of the results before the optimization
given in (54)—(55) and the results after the optimi-
zation given in (69)—(70).

5. Port oil terminal safety
5.1. Safety characteristics

After considering the comments and opinions
coming from experts, taking into account the ef-
fectiveness and safety aspects of the operation of
the port oil terminal, we distinguish the following
three safety states(z=2) of the system and its
components:

e a safety state 2 — the components and the port
oil terminal are fully safe,

e a safety state 1 — the components and the port
oil terminal are less sate and more dangerous
because of the possibility of environment pol-
lution,

e a safety state 0 — the components and the port
oil terminal are destroyed.

and we assume that:

e there are possible the transitions between the
component’s safety states only from better to
Wworse ones,

e the system and its components critical safety
state is r = 1.

e the port oil terminal critical infrastructure risk
function permitted level é = 0.05,

e the port oil terminal structure is series.

Applying (30)—(31) and using (46) the safety

function of port oil terminal is given by

S =[81),8(2)].t =0, (72)

and

S(t,u) = 0.395[S(#,:)]V + 0.060°[S(z, u)]?
+0.003-[S(z, 1)]® + 0.002-[S(z, )]
+0.2:[8(t, u)]® + 0.058-[S(¢, u)]©
+0.282:[S(t, u)]?,

t=0,foru=1.2, (73)

where [S(t,u)]?, b=1,2,...,7, are the system con-

ditional safety functions at the operation state zp,
b=1,2,...,7, determined in (Kolowrocki &

Magryta-Mut, 2020b, 2021, 2022a; Magryta-Mut,

2020, 2022).

Hence, in particular for u = 1, we have

S(1,1) = 0.395[S(z, D]V + 0.060°[S(z,1)]®
+0.003[S(t, )]+ 0.002°[S(z,1)]™
+0.200°[S(7,1)]+ 0.058-[S(z,1)]®
+0.282:[S(t,]7,

t=0, (74)

where [S(#,1)]?, t = 0, b=1,2,...,7, are the sys-

tem conditional safety functions at the operation
state zp, b =1,2,...,7, determined in (Kolowrocki

& Magryta-Mut, 2020c, 2021; Magryta-Mut,

2020, 2022).

Further, the expected values of the analyzed sys-

tem conditional lifetimes in the safety state subset

not worse than the critical safety state {1,2} at the
operation states b, b =1,2,...,7, respectively (ex-
pressed in years) are (Kolowrocki & Magryta-

Mut, 2020c, 2021; Kotowrocki & Soszynska-

Budny, 2018a; Magryta-Mut, 2020):

[(1)]D=8.083, [1(1)]?=8.166, [1(1)]P=7.602,
[(1)]9=6.808, [1(1)]°=7.602, [1(1)]®=6.808,
[(1)]7=8.003. (75)

Thus, applying (7) and considering (46) and (74),
the value of the port oil terminal unconditional
lifetime in the safety state subset not worse than
this critical safety state {1,2} is

(1) =0.395 - 8.083 + 0.060 - 8.166
+0.003 - 7.602 + 0.002 - 6.808
+0.2-7.602 + 0.058 - 6.808
+0.282 - 8.003 = 7.891 years. (76)

Further, the corresponding standard deviation of

the analyzed system unconditional lifetime in the

state subset { 1,2} is (Magryta-Mut, 2021)
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o(1)=7.91 years. (77)
As the port oil terminal critical safety state is
r=1, then its system risk function is given by
(Kolowrocki & Magryta, 2020a; Kotowrocki &
Magryta-Mut, 2020c, 2021; Magryta-Mut, 2021):
r(t) =1-S(t,1) fort = 0, (78)
where S$(z,1), t = 0, is given by (74).

Hence, and considering (76), the moment when
the system risk function exceeds a permitted level,
for instance 6= 0.05, is
7=r"(0)=0.404 year. (79)
The port oil terminal critical infrastructure mean
intensities of ageing are:
A(1)=0.127, 4(2) = 0.199. (80)
By (38), considering (80) and the values of the
port oil terminal without operation impact inten-
sity of ageing A°(1) = 0.116, 2°(2) = 0.182, deter-
mined in (Kolowrocki & Magryta-Mut, 2020c;
Kolowrocki &  Soszynska-Budny, 2018b;
Magryta-Mut, 2021), the coefficient of the opera-
tion process impact on the port oil terminal inten-
sity of ageing is
p(1)=1.094, p(2) = 1.094. (81)
Hence, applying (39), the port oil terminal resili-
ence indicator, i.e. the coefficient of the port oil
terminal resilience to operation process impact, is

RI(1)=1/p(1)=0.914 =91.4%. (82)

5.2. Optimal safety characteristics

Applying the optimization procedure from Sec-
tion 3.2, we obtain the optimal mean value of the
port oil terminal lifetime is (Kotowrocki &
Magryta-Mut, 2020b)

jr(1) = p,-8.083+ p,"8.166 + p,7.602
+ p,"6.808 + p,-7.602 + j,"6.808

+ p.-8.003 = 7.943 years, (83)

where the optimal limit transient probabilities of
the port oil terminal at the particular operation
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states are:

p,=0.46, p,=0.08, p,=0.002, p,=0.001,
p,=0.15, p.=0.004, p.=0.267.

Moreover, the corresponding optimal uncondi-
tional safety function coordinate of the port oil ter-
minal system takes the form

S(t,1) =0.46exp[-0.123711]

+ 0.08exp[—0.122461]

+ 0.002exp[-0.131548¢]

+ 0.001exp[-0.146885¢]

+ 0.15exp[—0.131548¢]

+ 0.04exp[-0.1468851]

+0.267exp [-0.124961], t = 0. (84)
Moreover, considering (83) and (84), the corre-
sponding optimal standard deviation of the port
oil terminal system unconditional lifetime in the
state subset is (Magryta-Mut, 2022).
(1) = 7.943 years. (85)
As the port oil terminal system critical safety state
is r =1, then considering (84), its optimal system
risk function, is given by
F(t)=1-S(@tD), t > 0. (86)
Hence, and considering (86) the moment when the
optimal system risk function exceeds a permitted
level =0.05 is
¢ =F"(5) = 0.407 year. (87)
By (83) the port oil terminal system mean value
of the optimal intensity of ageing is

. 1
A(D) = ke 0.126. (88)
Considering (38) and (88) and the values of the
analyzed system without operation impact inten-
sity of ageing 1°(1)=0.116, determined in
(Kotowrocki & Magryta, 2020a; Kotowrocki &
Magryta-Mut, 2020c; Magryta-Mut, 2022), the
optimal coefficient of the operation process im-
pact on the port oil terminal intensity of ageing is
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; A1) 0126
)=——==——=1.086.
e A1) 0.116

(89)
Finally, the port oil terminal system optimal resil-
ience indicator, i.e. the optimal coefficient of the
port oil terminal system resilience to operation
process impact, is

1

. 1 ~ _
RI(1) = 5= = 30 = 0.921 = 92.1%,

(90)
6. Joint system safety and operation cost
optimization

6.1. System operation cost with system safety
impact corresponding to its maximal
safety

To analyze jointly the system safety and its oper-
ation cost optimization, it is possible to propose
the procedure of determining the optimal values
of limit transient probabilities of the system oper-
ation process at the particular operation states that
allows to find the best values of the system safety
indicators, through applying the proposed system
safety general model from Section 3.1 and safety
optimization described in Section 3.2. Next, to
find the system total unconditional operation costs
in the safety state subsets, corresponding to this
system best safety indicators, we replace the limit
transient probabilities at the system particular op-
eration states, existing in the formula for the sys-
tem operation total cost during the fixed operation
time by their optimal values existing in the for-
mula for the system best safety function coordi-
nates.

Thus, in Section 3.2, there is presented the proce-
dure of determining the optimal values py,
b=1,2,...,v, of the limit transient probabilities of
the system operation process Z(f) at the particular
operation states zp, b = 1,2,...,v, that allows to find
the system maximal safety indicators, through ap-
plying the general system safety model and linear
programming and determining their values. More
exactly, to find the system total unconditional op-
eration costs in the safety state subsets, corre-
sponding to the system maximal safety indicators,
we replace p,, b=1,2,...,v, existing in the for-
mula (4) for the system operation total cost by p,,
b=1,2,...,v, for its maximal safety indicator, the
system maximal mean lifetime in the system

safety state subset not worse than the system crit-
ical safety state.

6.1.1. Port oil terminal operation cost with
system safety impact corresponding to
its maximal safety

In Section 5.2, we get the optimal limit transient
probabilities of the port oil terminal operation pro-
cess Z(f) at the particular operation states zp,
b= 1247

p, =046, p, =0.08, p, =0.002, p, =0.001,

p, =015, p, =0.04, p, =0.267, (91)
that maximize the port oil terminal safety and de-
termine its optimal values given by (46).

To find the system conditional total operation
costs in the safety state subsets, determined by the
cost model with considering safety impact, corre-
sponding to this system maximal safety, we re-
place pp, b=1,2,...,7, existing in the formulae
(54)—(55) for the system operation cost in the
safety state subsets {1,2} and {2} respectively, by
p,, b=12,..7, defined by (91). This way, we
get the port oil terminal conditional total operation
costs in the safety state subsets, determined by the
cost model with safety impact, corresponding to
this system maximal safety, given by

C(1) = pi[C(Y + pal CP + p3[C(1)]®)
+ palCDI® + ps[C(D] + ps[C(1)]©
+ pv[C(l)]mE 0.46-134274.50355
+ 0.08-125134.71981
+0.002-170921.06810
+0.001-258228.9664
+0.15-180921.06810
+0.04-258228.96640
+0.267-143431.48954 = 148140.6, (92)

in the safety state subset {1,2} and

C2) = pi[CNY + pAl CNP + p3[C(2)]®)
+ palCN? + ps[C2)]® + ps[C(2)]©
+ p7[C(2)](7}’£ 0.46-103764.29792
+ 0.08-94324.56966
+ 0.002-123568.59597
+0.001-190073.05216
+0.15-133568.59597
+0.04-190072.49920
+0.267-113215.49434 = 113581.5, (93)

in the safety state subset {2}.
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6.2. System safety corresponding to its mini-
mal operation cost with safety impact

To analyze jointly the system operation cost and
its safety optimization it is possible to propose the
procedure of determining the optimal values of
limit transient probabilities of the system opera-
tion process at the particular operation states that
allows to find the system minimal operation total
costs in the safety state subsets, through applying
the proposed in Section 4.2 system operation cost
model and linear programming described in Sec-
tion 4.3. Next, to find the system conditional
safety indicators, corresponding to this system
minimal total operation costs in the safety state
subsets, we replace the limit transient probabili-
ties at particular operation states, existing in the
formula for the system safety function coordi-
nates, by their optimal values existing in the for-
mula for the system minimal operation total costs
in the safety state subsets.

Thus, in Section 4.3, there is presented the proce-
dure of determining the optimal values p,.
b=1,2,...,v, of the limit transient probabilities of
the system operation process Z(f) at the particular
operation states zp, b = 1,2,...,v, that allows to find
the minimal operation total costs in the safety state
subsets, through applying the system operation
cost model from Section 4.2 and determining its
mean value. More exactly, to find the system con-
ditional safety indicators, corresponding to this
system minimal operation total costs in the safety
state subsets, we replace p,, b= 1,2,...,v, existing
in the formula (31) for the system safety function
coordinates, by p,. b=1,2,...,v, existing in the
formula (22) for its minimal operation total cost
in the safety state subsets.

6.2.1. Port oil terminal safety corresponding
to its minimal operation cost with safety
impact

In Section 4.4, we get the optimal limit transient
probabilities of the port oil terminal operation pro-
cess Z(t) at the particular operation states zp,
b=12,...,7,

p, =0.46, p, =0.08, jp, =0.002, p, = 0.001,

p. =0.15, p, =0.04, p, =0.267, (94)

that minimize the port oil terminal operation cost
through applying the system operation cost model
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with considering safety impact and determining
its optimal values in the safety state subsets given
by (69)—(70) and in the particular safety state
given by (71).

To find the system conditional safety indicators,
corresponding to this system optimal total opera-
tion costs in the system safety subsets, we replace
pp, b=1,2,..., 7, existing in the formula (46) for
the system safety function, by p,, b=1, 2,....7,

defined by (94). This way, we get the conditional
port oil terminal safety function, corresponding to
this system optimal total operation costs in the
system safety subsets, given by the vector
S(t,)=[S(t,1), St.2)], t = 0, (95)
where considering the port oil terminal operation
process optimal limit transient probabilities at the

operation states determined by (94), the vector co-
ordinates are given respectively by

S(t,1)=0.46[S(t,1)]" + 0.08[S(2,1)]*
+0.002:[S(£,D]® + 0.001[S(z,1)]“
+0.15[S(.D]® + 0.04[S(1,1)]®

+0.267°[S(1,1)]7, (96)
S(t,2) = 0.46[S(t,2)]" + 0.08-[S(2,2)]¥
+0.002°[S(2,2)]® + 0.001[S(z,2)]“
+0.15[S#.2)]° + 0.04[S(2,2)]©
+0.267:[5(1,2)]7, (97)

where [S(r,u)]”,t=0, u=12, b=12,...,7,
are given in (Kotowrocki & Magryta-Mut, 2020b)
The conditional expected values and standard de-
viations of the port oil terminal lifetimes in the
safety state subsets {1,2}, {2} calculated from the
results given by (96)—(97), given in (Kotowrocki
& Magryta-Mut, 2020b) corresponding to this
system optimal total operation costs in the system
safety subsets, respectively are:

u(l) =0.46-8.08342 + 0.08-8.16593
+0.002-7.60179 + 0.001-6.80805
+0.15-7.60179 + 0.04-6.80805

+0.267-8.00256 = 7.94293 years, (98)
H(2) =0.46°5.15695 + 0.08°5.21069
+0.002:4.8522 + 0.001-4.34292
+0.15:4.85232 + 0.04-4.34292
+0.267°5.10431 = 5.067515 years. (99)
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And further, considering (34) and (98)—(99), the
conditional mean values of the system lifetimes in
the particular safety states 1, 2, corresponding to
this system optimal total operation costs in the
system safety subsets, respectively are:

m(1) = u(1) — u(2) = 2.875419 years,
i(2) = u(2) = 5.067515 years. (100)
Since the critical safety state is r = 1, then the con-
ditional system risk function, corresponding to
this system optimal total operation costs in the
system safety subsets, according to (35) is given
by
r(t)=1-8(,1) (101)
where S(z,1) is given by (96).

Hence, according to (36) the moment when the
system conditional risk function exceeds a permit-
ted level, for instance o= 0.05, corresponding to
this system optimal total operation costs in the
system safety subsets, is
r=r"'(8) = 0.407 year. (102)
Applying (37), the conditional port oil terminal
conditional intensities of ageing, corresponding to
this system optimal total operation costs in the
system safety subsets, are:

A(1) =0.125898, A(2) =0.197335. (103)
Considering (38) and (103), the conditional coef-
ficients of the operation process impact on the port
oil terminal intensities of ageing, corresponding to
this system optimal total operation costs in the
system safety subsets, are:

p(t,1) = 1.08652, p(1,2) = 1.07987. (104)
Finally, by (39) and (104), the port oil terminal
conditional resilience indicator, corresponding to
this system optimal total operation costs in the
system safety subsets, i.e. the conditional coeffi-
cient of the port oil terminal resilience to the op-
eration process impact, corresponding to this sys-
tem optimal total operation costs in the system
safety subsets, is

RI(t) = 1/ p(1,1) = 0.9204 = 92,04%. (105)

7. Conclusion

The procedures of using the general safety analyt-
ical model and the operation cost model of com-
plex multistate technical system related to its op-
eration process (Kotowrocki, 2014) and the linear
programming (Klabjan, 2006) were presented and
proposed to separate and joint analysis of the sys-
tem safety maximization and its operation cost
minimization.

The separate system safety maximization was de-
pended on the mean value of the complex multi-
state system in the system safety state subset not
worse than the system critical safety state maxi-
mization through the system operation process
modification. This operation process modification
allowed to determine the corresponding the best
forms and values of the system safety indicators.
The separate system operation cost minimization
was depended on the complex system mean value
of the operation total costs in the safety state sub-
sets minimization through the system operation
process modification. This operation process
modification allowed to determine the corre-
sponding minimal system operation total costs in
the safety state subsets.

The procedure of joint system safety and its oper-
ation cost optimization allowed us to use firstly
the system safety maximization and next deter-
mining its conditional operation total costs in the
safety state subsets corresponding to this system
maximal safety. In this case, the operation process
modification allowed us to find the complex sys-
tem conditional operation total costs in the safety
state subsets corresponding to the system best
safety indicators. The proposed system safety op-
timization procedure and corresponding system
operation total cost finding delivered practically
important possibility of the system safety indica-
tors maximization and keeping fixed the corre-
sponding system operation total costs in the safety
state subsets through the system new operation
strategy. The procedure of joint system safety and
its operation cost optimization allowed us also to
use firstly the system operation total costs in the
safety state subsets minimization and next deter-
mining its conditional safety function and remain-
ing safety indicators corresponding to this system
minimal operation total cost. In this case, the op-
eration process modification allowed us to find
the complex system conditional safety indicators
corresponding to the system minimal operation
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total costs in the safety state subsets. The pro-
posed cost optimization procedure and finding
corresponding system safety indicators delivered
practically important possibility of the system to-
tal operation cost minimizing and keeping fixed
the corresponding conditional safety indicators
during the operation through the system new op-
eration strategy.

The proposed system safety and system operation
cost optimization models and procedures were ap-
plied to the port oil terminal examination. Moreo-
ver, the proposed model is a universal tool that
was applied to the maritime ferry technical system
(Kolowrocki & Magryta-Mut, 2022b). These pro-
cedures can be used in safety and operation cost
optimization of various real complex systems and
critical infrastructures (Gouldby et al., 2010;
Habibullah et al., 2009; Kotowrocki & Magryta,
2020a, 2020c; Kotowrocki et al., 2016, Lauge et
al., 2015; Magryta-Mut, 2022). Further research
can be related to considering other impacts on the
system safety and its operation cost, for instance a
very important impact related to climate-weather
factors (Kotowrocki & Kuligowska, 2018,
Kotowrocki & Soszynska-Budny, 2017; Torbicki,
2019a-b; Torbicki & Drabinski, 2020) and resolv-
ing the issues of critical infrastructure (Lauge et
al., 2015) safety and operation cost optimization
and discovering optimal values of safety, opera-
tion cost and resilience indicators of system im-
pacted by the operation and climate-weather con-
ditions (Kolowrocki & Soszynska-Budny, 2017).
These developments can also benefit the mitiga-
tion of critical infrastructure accident conse-
quences (Bogalecka, 2020; Dabrowska & Kotow-
rocki, 2019a-b, 2020a-b) and inside and outside
dependences (Kotowrocki, 2021, 2022) and to
minimize the system operation cost and to im-
prove critical infrastructure resilience to operation
and climate-weather conditions (Kolowrocki &
Kuligowska, 2018, Kotowrocki & Soszynska-
Budny, 2017; Torbicki, 2019a-b; Torbicki &
Drabinski, 2020).

The proposed optimization procedures and per-
spective of future research applied to system op-
eration cost and to safety and resilience optimiza-
tion of the complex systems and critical infra-
structures can give practically important possibil-
ity of these systems effectiveness improvement
through the proposing their new operation strat-
egy application.
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