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1.1 Integration of electricity and gas systems

Consumption by Sector, 1949—-2019
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1.2 Reliability issues brought by integration
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Contingency management scheme is
needed for handling such
circumstances.
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1.3 Contingency management in ......
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A—— System state

Major difference: = Famlbc g gaamage Partial derivative equations
Gas flow dynamics (PDEs)

Nonlinearity
Large-scale variables
Time-interdependent

1 steady-state based integrated

Recent optimal power flow (SIOPF)

studies
2 SIOPF + solving the PDEs

IEGS ‘ Contribution of this paper How to solve?
Contingency management scheme in this paper Better
« Embed the discretized PDEs of gas flow .
dynamics into the optimization problem SOl ution
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2 Reformulation of dynamic gas flow equations

2.1 Structure of the studied IEGS
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Fig 1 Structure of the studied IEGS.
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TWO networks:

* Gas transmission network

« Electricity transmission
network

THREE components:

» Gas source (GS)

« Conventional fossil
generating unit (CFU)

« Gas fired generating unit
(GFU)

TWO loads:
» Electricity load
« Gas load
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2 Reformulation of dynamic gas flow equations CUe—/ (y;

2 _
(qm+1,k+l + qm+1,k + CIm,k+l + qm,k) o O
Non-linear
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2.2 Gas flow dynamics in a single pipeline
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2.3 Reformulation of the discretized PDEs

* Motion equation (assuming the direction of the gas flow doesn’t change):

0, B
pm.k+1 + pm,k 1\/ 20 AX (qm+1,k+1 + qm+1,k + qm,k+1 + qm,k) < pm+1,k+l + pm+1,k ’F = 1

F°DA’

2

poB’

WAX (qm+1,k+l + CIm+1,k + qm,k+1 + qm,k) < Pk T pm,k 1= -1

2

pm+1,k+1 + pm+1,k ’\/

We can now use commercial solvers(e.g. Gurobi, Cplex, etc.)
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3.1 Timeline

IEGS operates in the Contingency state Recovery stage
normal state

Initial/boundary

Optimal !
operation based conditions
on steady-state Contingency management considering gas flow
. ynamics Not studied
Time steps
AL
Component K ki1 repair
failure
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3.2 Initial & boundary conditions

Operation in the normal state
Min =~ Ci = > 0Op;Sg, + >, > cst (g, ;)
Ui »Gi,j.9ij ieGB icEB jeNG;
\ I \ J
|
Gas purchasing Electricity
cost generation cost
S m s s s s =~y » Solution =---=-=-==========----—- '
Initial conditions :
1
« (Gas productions from gas source Sgi* i
* Nodal gas pressure pi* i
« Gas flow in the pipeline q; i
» Gas pressure along the pipeline: i
1
1
1
1

Dimo =+ Pi” —SON(p; - P;)0;” (C7 L) "mAX
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 Gas flow constraints:

a; =C. ; san(p, — p,)y|p* - p/?]
—gd; - Z ggfu/é:.,j_qu‘:O

jeNGgfu jeqy?
 Electric power flow constraints:

ef.,j =(6, -6, )/Xi,j

Z glgfu+ Z glj_ed _qu -

jeNGgfu JeNG; jey

« Upper/lower boundaries for gas
sources, generating units, electricity
& gas flows

Sg; <8g; <897 0i;=0; =9y
gl@iju < gugf,u < gugf,u + |qij| <q; ‘ f, ‘ <
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3 Contingency management scheme of the IEGS CUe€ O

3.3 Contingency management formulation

Min J :gl Z(CDFeeci,k + > cst (0;) |+ Z(sgi,kpig +CDF?¢ -gci,k)

Sk + i, j k +€Ci kG k k=1\ icEB {EGENi icGB \ }
— Y — Y
Electricity load Electricity Gas purchasing Gas load
shedding cost  generation cost cost shedding cost
Control variables Subject to:
(for each time period k): (for each time period k):
« gas production of the gas  |nitial condition constraints
sources SU; « Gas flow dynamic constraints
« electricity generation of TFUs « (Gas system boundary condition constraints
and GFUs Ui gig,’fju,k » Electricity power flow constraints
« the quantities of electricity and « Upper and lower boundaries 0y < Py k< pﬁ
load shedding €C;, 9C; (particularly for gas pressures)
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3.4 Solution procedures

Determine the normal operating condition of IEGS using steady-state based OPF

Receive the contingency information, such as the failure of generating units, duration, etc..

Set the parameters and for discretizing the PDEs of gas flow dynamics

Calculate the initial condition of the contingency state in the gas system

Formulate the contingency management problem

Solve the SOC programming problem using the Gurobi solver
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4.1 Case setup

' EB 18

: EB 17 EB 219EB 22
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EB 14

Strategy A h
» steady-state based
OPF

E
!
o |GEB15 T

EB 11

Previous
studies

Strategy B
« SIOPF + solving the
PDEs )

Strategy C

___________________________  proposed contingency

——  Electricity branch / gas pipeline ) Traditional fossil unit ~ Gas injection to management scheme
«—— Electricity/gas load @ Gas-fired generating unit gas-fired units

Fig 2 Integrated IEEE RTS and Belgium natural gas transmission system
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4.2 Performance VS computation speed

3.0
(S
= 25 Strategy A: GB 7 GB 15 GB 16| |-+ Strategy A is fastest for its small scale.
g ] Strategy B: GB 7 GB 15 GB 16 « Though Strategy C is much more complex, it is
5 2.0 1 Strategy C: GB7 GB 15 GB 16 also fast owing to the proposed SOC relaxation
k= ] technique.
3 1.5
2 ]
< 1.0 Table 1 Computation times of different strategies
c—g Strategy Solver Computation
(f_,)mﬁ 0'5__ Time (s)

00 il tes...._~ P A Interior point method 0.061

0 1 2 3 A 5 6 7 in Matpower
Time (hour) B Interior point method  35.59
Fig 3 Comparison of gas load shedding in different strategies :\r/‘l I\/lla;c)power + fsolve in
atla

C Interior point method 2.61

« Strategy C demonstrates the most superior
in Matpower + Gurobi

performance on the load shedding.
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4.3 Cost of being superior
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Fig 4 Nodal gas pressures during the contingency state
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lower boundaries of gas pressure are set to
0.97 times of their pressures in the normal
operating state.

« Though strategy C leads to minimal load
shedding, it is delivered by using the
linepacks, lowering the gas pressures.

Capability of solving the
crises at the moment
(component failure, gas
shortage)

How to balance?

Capalbility of
withstanding the risk
in the future (possible
component  failures,
load volatility...)
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o Duration of
4.4 Further comparisons failure |0 N1OU 7 hour 8 hour
pressure limi
T 2 2
- 1 1
« The gas load shedding is higher when 0.95 z Not studied
the duration of failure increases and "’; =315 ST
lower gas pressure limits are higher. o [ - - - - - 4
« from a certain point, the gas source 0 3 4
failure can be fully handled with 0.97 > |1 5] ,
linepacks without any load shedding. ' = 1
é T3 a56|%1234567 O i53a5678
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Fig 5 Comparison of total gas load shedding with different durations of
failure and different lower gas pressure boundaries
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5.1 Operational reliability of IEGS

Focus on the Time-varying Assist the ISO in the reliability management, day-ahead
operational phase reliability indices unit commitment, load curtailment devising......
First stage: the whole IEGS :____El_ec_tr;ﬂy;;j_g;s___ | —EGNS (TSA) - - EGNS (SSA) —(b)EENS (TSA) - - EENS (SSA)
| : I 25 ~
A— System state : | customer damage functions I 720/\@ _ 6 __
—— Possible gas system state Contingency state, \ 4 I %E %
| information | Steady-state based IOPF | S ot 'S
\ e Component | | 0zq 12
Z VY o
R NITLECETA ~ states | Nodal gas pressure, supply : : > Yo s
AT TP 8 p ¢ Duration L from gas source 2093060 90 120150 ° 00000576 & 10 12
——————————————— Time (h) Time (h)

\ 4

Second stage: gas transmission system

Transient state
gas flow analysis

' Gas load curtailment for GFUs

Third stage: electricity system

Steady-state based
OPF

Initial/boundary condition
« Owing to gas flow dynamics, the operational

reliability of IEGS differs significantly from

electricity systems, especially in the first
several hours.

« The occurrence of gas or electricity

shortage is expected to be delayed, and the

— Real-timeelectricity load operational reliabilities of both systems tend
curtailments to be superior.

Real-time gas load Non-power gas
curtailments load curtailment

91e1S WaISAS IXaN
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5.2 Look-ahead & probabilistic contingency management

Normal operating state Contingency state Recovery stage
Optimal operation based Look-ahead & get prepared Recover from gas pressure
on steady-state OPF Based on failure/repair state probabilities drops

Gen 1 complete repair

A System state 1 T T T T T o " T - ~
. . H7ha Normal operating state
Mill-scenarol — {mmroCEES -
e e e — \ NS — ~—=d — = = s/ ELC (TSA) ELC (SSA)
[ _ | P Gen 1 partial repair EB3 EB 4 EB5 |- = EB3 - - EB4 == EB5
| Normal operating state [ .« . \ 1 4 e e e e ~ ——— EB 6 EB 8 EB9 - - EB6 EB 8 EB9
| ; | | 1 order;g:etlngency : M "hh1 / 1% order contingency state \ EB 10 — EB 13 —— EB 14 EB10 - - EB13 - - EB14
Dartj, L
| : 4,, | $ : Gen 1 (partial) failure i %15, i__ r /
——————————————— = c | 4
: | : | Ahne // 1% order contingency state \\ 2 2101 | / /
""" | oD - LI
T v | : NS—s=h, — S~ s=1 Y w5 > ([ [j
\h ______ - Gen 2 (partial) failure O0 1 2 3 5
_______________ Time (hour)
A 21,h’ // 2" order contingency state \\
'\ D -
Ve Sasll oo Suo oS3l e s Time

Component failure repair
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5.3 Multi-energy demand response (DR)

DR signal = reschedule energy hubs to provide DR capacity

Energy Energy |
hub IEGS hub §
transmission ] : o :
systems Substitute part of the Gas Coordination with
Er}‘ﬂgy ) E?\irgy electricity consumption = demand =—> IEGS transmission
“us with gas consumption spikes system
Day ahead || Intraday o ]
| Coordinated optimal operation of IEGS and EHs

[—————— 0 e e 2 355 5.0 5. : Minimizing the operational cost during the DR: Min (41) s.t.
| ay ahead schedule - R B} ;
:Minimizing the operational cost for the next day >: ' IEGS operatmg constraints: (2?’ (26), (28) (2.9) , and (34)-(39) ,
. Min22)st(23)-29 Hourly gas EH 1 self-schedule: (2)-(10) and (12)-(21)
Nodal electricity production of Energy substitution

gas sources,
[ e st St e s S s | ™ L. .

| EH 1 day ahead schedule | \_ _EH2 _ Winitial conditions
:Minimizing the operational !

I cost for the next day
 Min (1) s.t. (3)-(9)

. Load shifting-out .
Load shifting-in : Load shifting-in
Load curtailment

EH e self-schedule

Timeline

' ' : : >
DR Earliest beginning time for
notification energy loads

DR start time DR end time Latest end time for energy loads
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