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ABSTRACT The optimal operation of gas-driven compressors (GDCs) and electric-driven compres-
sors (EDCs) was investigated to minimise the cost of operating a gas network. The operational optimisation
model of the gas network with relatively detailed representation of gas compressors was formulated as a
Mixed-Integer Second Order Cone Programming (MISOCP) problem. A bound-tightening algorithm was
used to improve the quality of the solution from the relaxed MISOCP formulation. Using this model, the
operation of the high-pressure gas transmission network in South Wales and Southwest of England was
optimised considering day-ahead gas and electricity prices. The results show that, compared to the case in
which only gas-driven compressors are available, nearly 63% of the operating cost of the gas network can be
reduced through coordinated operation of gas-driven and electric-driven compressors, while it produces only
36% of carbon dioxide emissions compared of case that only gas-driven compressors are allowed to work.
Although, these specific figures for cost and emission reductions depend on electricity and gas prices, as well
as emission intensity of the power grid, the results demonstrate the potential for using the inherent flexibility
of the high pressure gas network to reduce its operating cost and emission, and to support the operation of
power systems. The within-pipe storage capability (i.e., linepack) of the high-pressure gas network is a key
enabler that allows electric-driven compressors to shift their operation schedule in time to benefit from low
electricity prices.

INDEX TERMS Bound-tightening algorithm, electric-driven gas compressors, integrated electricity and gas
network, MISOCP, optimal operation.

NOMENCLATURE
A.I SETsset of gas network nodes i T set of timesteps ¢ )

GT  set of gas terminals gt (GT CI) AS; set of assets located at node i

A set of pipelines (i, j)
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D set of gas demand nodes d (D C I) P.; energy consumption of a compressor c in time

E  subset of electric-driven compressors e (E C C) step £ (MWh)

G subset of gas-driven compressors g (G C C) P.; energy consumption of an electric-driven

compressor e in time step t (MWh)
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nodal pressure at node i in time step ¢ (bar)
gas supply from terminal gt in time step ¢
(Mm?/h)

gas demand at node d in time step  (Mm?>/h)
average value of gas flow in pipeline (i, j) in
time step ¢ (Mm?3/h)

inflow/outflow of gas in pipeline (i, j) in time
step ¢ (Mm?>/h)

gas flows through pipeline (7, j) from i to j
(positive direction)/from j to i(negative direc-
tion) (Mm?>/h)

linepack in pipeline (i, j) in time step ¢ (Mm3)
compression ratio of compressor ¢ in time
step f.

gas throughput of compressor ¢ in time step ¢
(Mm?3/h)

gas consumed by a gas-driven compressor g
in time step £ (Mm?>/h)

C. PARAMETERS

o
Ccr
/

min
Piy

max

Dis
fmin
gt,t

max
gt,t

min
1]t

max
i,j.t

n
i

131490

gas price in time step  (GBP/ Mm?)
electricity price in time step t (GBP/MWh)
energy content of natural gas in stan-
dard temperature and pressure condition
(10.55 MWh/ km?)

minimum pressure of node i in time step ¢
(bar)

maximum pressure of node i in time step ¢
(bar)

minimum gas supply of gas terminal g¢ in
time step ¢ (Mm?3/h)

maximum gas supply of gas terminal gf in
time step ¢ (Mm?/h)

minimum gas flow of pipeline (i, j) in time
step ¢ (Mm?>/h)

maximum gas flow of pipeline (i, j) in time
step ¢ (Mm?3/h)

initial linepack in pipeline (i, j) (linepack at
time 0) (Mm?)

linepack coefficient in
(Mm?/bar)

gas flow coefficient in pipeline (i, )
(Mm?/h/bar)

diameter of a pipe (mm)

compressibility of gas

base temperature of gas flow (K)

length of a pipe (km)

density of gas (kg/ m?)

fitted coefficients of a linear expression used
for simplifying the nonlinear equation of
COMPpressors energy consumption

polytropic exponent of a compressor unit
(m=1.3)

efficiency of a compressor unit (n = 0.8)
maximum value of positive/negative gas flow
of pipeline (i, j) in time step ¢ (Mm?/h)

pipeline (i, )

£+~ minimum value of positive/negative gas flow
of pipeline (i, j) in time step # (Mm?>/h)

LJFJ/;_ minimum value of pr; , + pr; ,/pr; , — pr; ;in
time step ¢ (bar)

7?;;.’/; maximum value of pr; , +pr; ,/pr; ; —pr; ; in
time step ¢ (bar)

Vi parameter for tightening bound

8 defined convergence tolerance

N;; number of iterations

I. INTRODUCTION

A. BACKGROUND

The gas network plays an important role in the Great
Britain (GB) in supplying gas for heating and electric-
ity generation. Gas presently satisfies 85% of residential
heat demand and almost 40% of electricity is generated by
gas-fired power plants [1]. Although, gas demand in the
future is expected to decrease to meet the decarbonisation
target, the gas network has the potential to support the oper-
ation of low carbon electricity systems through providing
flexibility to compensate for variable renewable generation,
as the gas-fired power plants can be rapidly and flexibly
dispatched by making use of linepack and gas storage [2],
(31, [4], [5].

Compressor units are of great importance in direct-
ing flows, boosting the gas pressure, and maintaining the
level of linepack. The national transmission system (NTS)
in the GB has 24 compressor sites with 75 compres-
sor units [1]. Mainly, gas-driven compressor (GDC) units
are employed which results in the emission of vari-
ous gases [6]. Under the Industrial Emission Directive
(IED) [6], the network operator is required to reduce emis-
sions from the compressor fleet. One option is to replace
gas-driven compressors with electric-driven compressors
(EDCs). As of 2018, there were 9 electric-driven compressor
units installed in the NTS with total power capacity of nearly
200 MW [7].

A combination of the GDCs and the EDCs can pro-
vide flexibility to the power system by shifting electricity
consumption of electric-driven compressors in time (using
linepack as buffer) and switching between gas and electricity
to fuel compressors. The GDC units will be used when the
gas price is lower than that of electricity, and the electric-
driven compressor (EDC) will be used when the electricity
price is lower, or the compressors can be scheduled to reduce
the emission from compressor fleet, i.e., using electric-
driven compressors when the emission intensity of the elec-
tricity grid is lower than the emission intensity of natural
gas.

Although, the optimal operation of gas networks has been
widely analysed, most of the literatures neglected flexibility
that can be provided by the use of compressor units. To exploit
the potential flexibility of the compressors alongside the
linepack, it is necessary to model the compressor units in the
model of the gas network.
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B. LITERATURE REVIEW

Flexibility of the integrated gas and electricity system has
been widely investigated though there has been limited
research focused on clarifying the role of compressor units.
To reduce complexity, the model of the compressor units was
simplified to an abstract compressing ratio in most research
as [8], [9], and [10]. However, only taking account of the
compressing ratio in the modelling of the compressors can-
not reveal the benefit of the compressor unit e.g., providing
flexibility to operate the gas network and gas-fired power
plant [7].

There is a relatively large number of literature that studied
the detailed behaviour of gas compressor units. In [11], the
authors improved the accuracy of simulating the operational
envelope of a gas compressor by considering the compress-
ibility and energy loss of gas flow within the compressor.
Reference [12] analysed the efficiency and fuel consumption
of a compressor, under different thermal environments. Lit-
erature [13] modelled the compressor units in both serial and
parallel, and used the load-sharing optimisation (LSO) to find
the optimal operation with minimum cost of the compressor
units. These research are looking for a better performance
of the compressor unit in operation under various conditions
(varying demand load, temperature changes, etc), and hence
to reduce the cost via optimal operation of the compres-
sor units. They are significant in clarifying the function of
compressors in boosting the pressure to meet the operational
requirements, however, the interactions between the opera-
tion of the compressors and the wider gas networks that are
necessary for quantifying magnitude and value of flexibility
from compressors were not considered. Taking into account
the compressor units into the problem of gas networks oper-
ational optimisation greatly increase the computational com-
plexity, as the power consumption of gas compressors and
their operating envelops is nonlinear and nonconvex. Hence,
a reasonable simplification and effective solution algorithm
are essential in numerical modelling.

When exploring the optimal operation of gas networks, the
steady state gas flow equation, which is nonlinear and non-
convex, brings a significant challenge. Using the nonlinear
gas flow equation [14], [15], [16], [17] increases computation
time while simplifying it to a linear expression [18] may
not accurately describe the relationship between gas flow
and pressure drop. Piece-wise linearisation (PWL), which
replaces the nonlinear term with several linear segments,
shows good performance in the approximation of the gas flow
equation and has been widely used [19], [20], [21], [22], [23].
Compared with PWL, Second Order Cone Programming
(SOCP) is generally faster, e.g., a 100 times faster computa-
tion speed is obtained in a case study [24] by using the SOCP
approximation in comparison with using PWL. However, this
approach is less accurate if the bounds of SOC constraints
are not tight enough. To address this, enhanced SOCP with a
bound-tightening algorithm proposed in reference [8] can be
helpful. By using this method, the bound of SOC constraints
which are over relaxed can be gradually tightened until
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reaching the satisfying tolerance. This algorithm was used
and extended in this paper to solve the optimisation problem
of gas network operation considering the flexible operation
of gas compressors.

The main contributions of this paper are: (a) formulating
the operation of a high pressure gas network, considering
detailed representation of gas-driven and electric-driven com-
pressor units, as an MISOCP, (b) improving the accuracy
of the optimum solution using a bound-tightening method,
and (c) quantifying the magnitude and value of flexibility
from coordinated operation of gas-driven and electric-driven
COMPressors.

Il. MODELING OF THE GAS NETWORK

A. PROBLEM FORMULATION

The operational optimisation of the gas network was for-
mulated to minimise its operating cost over 24 hours, sub-
ject to physical and operating constraints of the components
as (2) - (15). The objective function of the optimisation
problem was shown in (1), where the C,G fot.1» 18 the cost of
gas supply (gas consumed by compressor units was included),
and CIEPE, ¢ 1s the cost of electricity consumed by electric-
driven compressors.

. 24 G E
Min 37 8 oy O+ Xy PP ()

P?ﬁn <pi: <pi™, Vi, 2)
FF <fija SF5T. VG €A, 3)
fgrp,ltn < fot.r ngrg?x, Vet, t, (4)

SIS SO
gteAsE /Y iGyea Bt it

=D yeasefte Vit ®)
figi il = K (piz,t —Pf,t) . YG.j)EAL,
(6)
‘in -out
W)t Jst .o
= VG EAL %)
f}iI‘l out
Jiju = % V(i,j) €A, t, (8)
0<fih, <Mxijs, VGQj) €A, )

0<f7, <M -xij) YijpeAr  (10)

fija =F5 = fij VG EATL (11)
Dit + Pjt .

Liji = i,j%, V(@i j) €A, (12)
Lijo = L+ 15 =15 + 5 =13
V(i,))eAt=1, (13)
Lijo = Lija—t +fif.e = fi5 T 1k = fis
V(@i,j)eA t>1, (14)
Lija =LY, V(i.j)eA =24 (15)

Minimum and maximum limits for pressure, gas flow
in pipes and gas supply from terminals were imposed by
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inequalities (2)-(4). Constraint (5) ensures the mass balance
at each node i in each time step. Gas flow inside a pipe was
assumed to be in steady state and the Weymouth equation (6)
was used, the coefficient, K; ; is related to the pipe parameters
(pipe size, friction factor, etc) which can be calculated by
K, = M. Variables

J ZrLTy iLjt?
average value of positive flow (7) whilefi;J was used to
express the average value of negative flow (8) in a pipe.
A set of binary variables x; j; and a sufficiently large positive
value M were used to determine the direction of gas flow
in pipes, and ensure only one of constraints (9) and (10) is
active. Then, the bidirectional flow can be expressed by (11).
Note that if x;;, = 1, fij, = fi;,, piy — Pjr = 0,
the direction of gas flow is positive (from i to j), on the
contrary, if x;j, = 0, fiji = —f;;,» it —pjx = 0, the
direction of gas flow is negative (from j to 7). (12) expresses
the relationship between the volume of linepack in a pipe
and the pressure at both ends of this pipe, S;; is the coeffi-
cient related to the pipe parameters which can be calculated
by Sij = %. (13) and (14) indicate the fluctuation of
linepack during each time step, where (13) gives the relation-
ship between linepack value of the first step and the value
of the initial linepack. To ensure the level of linepack is
sufficient for the next day, linepack at ¢t = 24 is required to
equal or greater than the initial volume of linepack as (15)
expresses.

was used to express the

B. MISOCP FORMULATION AND BOUND-TIGHTENING
ALGORITHM
Because constraint (6) makes the problem nonlinear and
nonconvex, MISOCP was employed to approximate it for
reducing computational complexity.

(16)-(19) convert the nonlinear gas flow equation (6) to
a SOC formulation. Firstly, (6) was replaced by a pair of
constraints (16) and (17), remaining (16) only and adding an
auxiliary variable ¢; j; = pjz)t - Piz,z’ then relaxing (16) by
replacing it with (18) and (19).

Fia fiial = K2 (PR = 1)
Jij lfi,j,t’ = thj (Piz,t _pj%f) )
i}_,t)z = Ki%jq’i»j,t + M1 —xi0),
(70,7,)2 < _Kl‘%jq)i,j,t +M2Xi,j,ta

Vi, j) € A t, (16)
Vi.j)eAt, (17)
V(i,j) € A t, (18)
Vi, j) €A t, (19)

The MISOCP problem was formulated with a McCormick
envelope which can be found in (40)-(43) in Appendix A.
However, as there is a trade-off between the accuracy of the
solution and the computational time: over-relaxed bounds
of SOC constraints give fast calculation but may produce
inaccurate solutions while over-tightening bounds of them
results in increased time though increased accuracy. Fig.1
graphically shows the impact of SOC bounds on model accu-
racy. To address this, a bound-tightening algorithm proposed
by [8] was employed. The detail of the algorithm is explained
in Appendix B.
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FIGURE 1. Tightening the bound of the SOC constraints.

C. MODELLING OF THE COMPRESSOR UNITS

Compressor units installed in a gas transmission network
boost the pressure to ensure gas can be delivered from supply
sites to end users. Within each compressor station there could
be several compressor units that can be configured in series
or parallel to achieve the required pressure boost and gas
throughput. A compressor unit has to work within an oper-
ating envelope enclosed by four curves as shown in Fig. 2(a).
This indicates the relationship between the compression ratio
and flow rate at various operating speed of a compressor
which can be expressed by a group of inequities (20), where fi
is the nonlinear function. To reduce computational complex-
ity, these four curves are simplified to straight lines as shown
in Fig. 2 (b), which can be expressed by (21) [7], where f{ is
the linear function.

fk (QCva) S Ov
fL(Qer @) = 6,00 + 6{a + 6, <0,

k=1,2,34 (20)
k=1,2,3,4
21

essor ratio @

Compressor ratio @

FIGURE 2. Theoretical envelope (a) and approximated envelope (b) of a
compressor [7].

In the case study, two types of compressor units operating
in parallel were modelled as shown in Fig. 3. There are
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three valves that are used to control the direction of gas
flow. If the compressor units are in the OFF state, the
valve 1 allows gas flow though the bypass line only. If the
compressor station operates to boost the pressure, gas flow
will be directed to either of the compressor units (GDC or
EDC) under the control of valve 2 and valve 3. The pres-
sure increase of gas flow was expressed by (22). Where the
pi is the pressure at suction node and pjis the pressure at
discharge node, and this bilinear term was relaxed by using
McCormick relaxation which can be found in (48)-(51) in
Appendix A.

Djt = ijDi, Y(,j)eC,t (22)
Valve 3 Gas-driven compressor
—H— . I—
Valve 2
—— = B

Inflow Outflow

—

Suction node

Electric-driven compressor

discharge node

B; 1
ypass line o2

IA]
Valve 1

FIGURE 3. Parallel configuration of compressor units.

The energy consumption of a compressor is a func-
tion of the volume of gas throughput and the compression
ratio (23):

m m—1
Poy=— N
et n(m — 1)Qc,z‘ ((Xc’t

The gas consumed by the GDC was calculated as (24),
and the mass balance at the suction node of the GDC was
expressed by (25). There is no negative flow through any
compressor because gas can only flow from the suction node
to discharge node, as (26) and (27) expresses:

- 1) . Ye,t (23)

P
Qi = %’ V.t 24)
Oct + Q/g,t :fifr'l,tv VeeG, Vg, V(i) € Gt
(25)
=0, YijeC. (26)
[ =0, VijpeC.t @7

The nonlinear expression (23) was simplified to a linear
equation (28) by fitting the data from it. Then, two sets of
binary variables yc ;, y,, were introduced to control differ-
ent operating modes of a compressor. Operation states of a
compressor unit were expressed by (29)-(32).

P.; =BQ.;+ B’ac,,, Ve, t (28)

Pey > BQci+Bocy —My (1 =y ), Vet (29)
Pey <BQci+Bocy + My (1 —ye), Vet (30)
0 <P <My Vet 31

Muyye: <aer—1 < Mzy.;, Ve,t (32)
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where M5 and M3 are two big values and My is a sufficiently
small value. These constants with y, ; are used to ensure only
if the compressor ratio is larger than 1, the energy will be
consumed to drive the compressor to boost to pressure: when
Vet =1,Pcy = BOcs + B'acy and o, > 1 which indicates
the compressor is working; when y.; = 0, P.; = 0 and
ac: = 1, the compressor is not working. If the compressor
is working, then the option for operating GDC or EDC was
expressed by (33)-(35).

0 < Py < Moy, (33)
0 < Pe,t < M2(1 _yé',;) (34)
Pc,t = Pg,t + Pe,t (35

Ill. CASE STUDY

The high-pressure gas transmission system of South Wales
and Southwest of England in UK was considered as a case
study. To reduce the computational complexity, the trans-
mission system was simplified to a network with 9 nodes,
7 pipelines and 2 compressor stations (indexed by a2 and a6).
The topology of the gas network is shown as in Fig. 4. Each
compressor station has two compressor units: one is electric-
driven, and the other is gas-driven. The maximum capacity of
each compressor unit is 35SMW.

South Wales and Southwest of England

A Gasterminal

;m: Gas-driven compressor

w Electric-driven compressor
e Gasdemand point

FIGURE 4. The gas network of South Wales and Southwest of England.

The profile of the hourly gas demand of a typical winter
day, and the day-ahead prices of both gas and electricity
are shown in Fig. 5. Pressure at gas terminal was fixed to
55 bar during 24 hours. The gas price was assumed to be
constant during the day while the electricity price is fluc-
tuating (the variation in electricity price was slightly exag-
gerated to test its impacts on the optimal operation of the
COMPIessors).

Three cases were studied in this paper:

o Case 1: Only GDCs are allowed to work

o Case 2: Only EDCs are allowed to work

o Case 3: Coordinated operation of GDCs and EDCs.

The MISOCP model was solved by Gurobi Optimizer
9.1.2 on the Python platform. A PC with Intel(R) Core (TM)
17-6700HQ 2.60GHz dual-core CPU was used.
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FIGURE 5. Hourly gas demand and day-ahead energy prices.

TABLE 1. Parameters and results of each iteration.

Iterati av

on Vi u Iteration Time
k=1 - 14.54% k=1 3s

k=2 0.2 3.1% k=2 18s
k=3 0.15 2.7% k=3 31s

A. PERFORMANCE OF THE SOLUTION ALGORITHM

The accuracy of the model using bound-tightening algorithm
was analysed. The number of iterations k was set to three (the
algorithm was notused when k = 1). ¢; ; ; is the error between
the value of gas flow in theoretical and that of the solution.
¢/’ in (36) is the average value of ¢; j; over time steps which
was used to indicate the quality of the solution.

Y Cig
el = _T V@i,j)eA (36)
Fig. 6 shows the e?j of each pipe after each iteration.

Introducing u® = ;}—1 to formulate the average value of the
defined error el‘f; of each pipeline, where N4 is the number
of pipelines. Table 1 summarizes control parameters y, and
results for each iteration. It can be found that the better
solution with smaller 4“” was obtained via tightening bound
by the algorithm.

eav
50.0%

40.0%
30.0%
20.0%
10.0%

0.0%

20

al a3 a4 as a7 a8 a9
#@k=1 #k=2 #k=3

FIGURE 6. Improving solutions via using the bound-tightening algorithm.

The expressions of compression ratio were not included
in SOC constraints, and their bounds are set relatively
tightly, therefore, they are not enhanced by the bound-
tightening algorithm. To validate the energy consumption of
the compressor, the difference between the theoretical energy
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consumption and the optimised energy consumption of each
compressor unit (case 3 based) was shown in Fig. 7.
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Time (h)
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FIGURE 7. Validation of energy consumption of compressor units.

B. THE VALUE OF COORDINATED OPERATION OF GDC
AND EDC

Three cases were investigated to determine the value of the
combined operation of EDC and GDC. Profiles of the energy
consumption in these cases were shown in Fig. 8, Fig. 9 and
Fig. 10. Fig. 11 compares the hourly linepack of each case.

A 70 _
r;60 | 71 60§
=) 1 50%
£45 1 140 8
2 9
£30 | 1308
z eollel 20 £
o 15 F 9]
2 | 1 IOE
§O i H W B L L lire] g @
i 1 3 5 7 9 11 13 15 17 19 21 23

Time(h)
1GDC —o— Electricity price

FIGURE 8. Energy consumption of compressors in case 1.

It can be found from Fig. 8, when only GDCs are allowed
to work, the compressor works harder in period of higher
gas demand (e.g., at hour 8, 17 and 18). However, when
only EDCs are available, their operation is affected by the
electricity price as shown in Fig.9. When electricity price is
relatively lower (e.g., at hour 4, 5 and 6), compressor units
will work harder to increase linepack. When electricity price
is higher, the linepack can maintain the pressure for several
hours and less energy was consumed by the compressor units.

Fig. 10 shows that the operation of GDCs and EDCs in
Case 3 is sensitive to the relative price of electricity and gas:
when the electricity cost is lower than that of gas (e.g., at hour
4, 5 and 6), EDCs are working (GDCs are OFF) and when
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FIGURE 9. Energy consumption of compressors in case 2.
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FIGURE 10. Energy consumption of compressors in case 3.

28
Ps ‘\
' 7.3 U

/g 2 / \A—A/ \A\A\A/Q ‘4%:\
‘E’ / ﬁ\\ﬂ'
< 2
24 Lo \‘\\ =
% a”
=
022 f

20 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
—e— Case 1 Case2 —+—case3
FIGURE 11. Linepack of the gas network in all cases.

the gas cost is lower (e.g., at hour 11, 13, 15), GDC is
working (EDCs are OFF). In all three cases, in hour 23, the
compressors work close to their rated capacity to ensure the
‘end-of-day’ target for linepack was met. Different operation
strategies for the compressor units result in different linepack
pattern as Fig.11 shown. Generally, the linepack of case 2 and
case 3 are higher than that of case 1 because EDCs shift their
operation in time to use low price electricity and therefore
pressurise the network.

The operating costs for each case and emission of carbon
dioxide from each operation schedule are listed below in
Table 2 (1 m? natural gas produces 1.86 kg CO» [25]). It can
be found that using EDC only produces no direct emission
though, the cost of it is the highest among three cases.
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TABLE 2. Cost of energy consumption and total emissions in all cases.

EDC GDC cost  Total cost COZ
Case COST (GBP) (GBP) Emissions
(GBP) (tone/day)
Case 1 0 14461 14461 1454
Case 2 19694 0 19694 0
Case 3 1741 5264 7006 52.9

The operating cost of the system in Case 3 is the lowest
due to the coordinated operation of EDCs and GDCs allows
exploiting low energy price for operating the compressors.
Case 3 also produces only 36% of the carbon dioxide emis-
sions of Case 1.

IV. CONCLUSION

The operation of a gas network with a combination of gas-
driven and electric-driven compressor units was modelled to
quantify the value of flexibility from compressor units. The
mixed integer nonlinear optimisation problem was formu-
lated as MISOCP. The problem was solved using an iterative
bound-tightening algorithm to balance computational com-
plexity and accuracy of the solution.

It was found that the algorithm is helpful for increasing
accuracy of the model (decreased average value of defined
error from 14.5% to 2.7%) while not dramatically increasing
the computation time.

The coordinated operation of GDC and EDC is sensitive
to the relative price of electricity to gas. Compared with
only using GDC or EDC to boost the pressure, coordinated
operation of GDC and EDC can save cost whilst producing
lower emissions compared with using GDC only.

APPENDIX

A. RELAXATION OF SOC CONSTRAINTS

Constraints (18) and (19) are SOC formulations though, the
auxiliary variable ¢; j; was still expressed by the quadratic
term pl.% ; pj%t. To address this, McCormick relaxation was

employed to approximate it. Firstly, introducing two auxiliary
+

variables T = Pit + Djts ni,_j,t = piy — pj, that were
constrained by (37) and (38). The quadratic term pl.ZJ — pj% ‘
was converted to a bilinear term as (39).
+ + -+ ;o
T ST ST vV(i,j) €A, t, 37
T S Mg ST YGDEAL  (38)
piz,t _sz,t = ”i-;,t”ijj,t’ V@i, j) €At (39)

Then, ¢; j, = n:}’tni,_.’t
sions as (40)-(43):

was relaxed by four linear expres-

+

Piju = T T 05 T — ﬁi-;,tﬁi,_j,t (40)
Qiju = T T ,, ,_,‘,, x4
Yijr = z—; i j it +7 lj t—l] t jTi—,;,tlijj,t (42)
Yijr = ll—'t_j tnlj Pl ,j,l - l;t_j',tﬁi,_j,t (43)
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Using additional aux111ary varlables wi to convexly

ij,t° ljt

approximate (f; 3 t) and (f;; 7 t) as expressed by (44)-(47).

wfj,t > (f,,) (44)
Wi = (75, +J;.+ N =Thdt, @9
Wi = (f;,) (46)
W;jvl S (f’]t +fl / t)'f};yl f ‘]:l_/t (47)

More, McCormick relaxation was used to approximate the
expression of compressing ratio (22) through an envelope
bounded by (48)-(51):

e = P+l Pl (49)
Pjt = Ol,',' Pit + Oli,j,tpi, _Pzn,ax r31n (49)
Pir Z I TR e e (50)
Pjt = C‘f,] Plt + Olz,],tpfn,m _p:ntlnaln}m (51)

Set initial SOC bound
FF+ g+ - -
Ueieliie fijefije
7+ + i P
T 6T j b Hi,j,thi,j,t}
[Input datayy, 8, k=1, Ny J

!

Repeat optimisation

fur fuzcl Vk)f”r fur(l"'yx)
fn,}.c fL,j,:(l Vk)-f;,j,c ﬁ,;,c(l +y) lk=k+1
_i+; B ﬁ} = Vk)._:';: = ﬁ} (1470

Tije = [0 = v mi e = feCl+ 1)

!

Output ]

—

FIGURE 12. Function of the algorithm.

B. BOUND-TIGHTENING APPROACH

The function of the bound-tightening algorithm was clari-
fied in this section as shown in Fig. 12. A set of control
parameters Yy (unique for each pipeline at each iteration)
which were used to increase the value of the lower bound
or decrease the value of the upper bound, were introduced
firstly. Initially, the bounds of each SOC constraint {f i
£ T I Tiallspacell, il 75 lspacell. o )
were created i m relatively wide ranges. Then the optimization
will be solved repeatedly until the defined error is less than
the set convergence tolerance § or a number of iterations (V;;)
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were completed. The error used to control the repetition was
defined as in (52) [8].

202
. _Ki,j(pi, P],z)_
Ljt = PP)

Ki; i,t_Pj,z)

x 100% (52)
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