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ABSTRACT

Green hydrogen can be produced by consuming surplus renewable generations. It can be injected into the natural gas networks,
accelerating the decarbonization of energy systems. However, with the fluctuation of renewable energies, the gas composition in the
gas network may change dramatically as the hydrogen injection fluctuates. The gas interchangeability may be adversely affected. To
investigate the ability to defend the fluctuated hydrogen injection, this paper proposes a gas interchangeability resilience evaluation
method for hydrogen-blended integrated electricity and gas systems (H-IEGS). First, gas interchangeability resilience is defined by
proposing several novel metrics. Then, A two-stage gas interchangeability management scheme is proposed to accommodate the
hydrogen injections. The steady-state optimal electricity and hydrogen-gas energy flow technique is performed first to obtain the
desired operating state of the H-IEGS. Then, the dynamic gas composition tracking is implemented to calculate the real-time traveling
of hydrogen contents in the gas network, and evaluate the time-varying gas interchangeability metrics. Moreover, to improve the
computation efficiency, a self-adaptive linearization technique is proposed and embedded in the solution process of discretized partial

derivative equations. Finally, an IEEE 24 bus RTS and Belgium natural gas system are used to validate the proposed method.
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tions to the decarbonization of energy systems.

It is usually produced by power-to-gas (PTG) by
consuming surplus renewable generations [1,2]. The green
hydrogen can be then injected into the pipelines, and
transported to other locations for further use. Recently,
many small trials have been implemented in China, the
UK, the US, etc., which demonstrate the feasibility of
blending hydrogen into natural gas pipelines [3-5]. For
example, the hydrogen blending demonstration project
in Zhangjiakou, China, 2020, is estimated to provide
more than 4 million m® hydrogen to residential users and
vehicles per year, which can reduce approximately 3000 t
carbon emissions [6].

Green hydrogen is one of the most appealing solu-

However, excessive injections of hydrogen can affect
the gas compositions, and consequently jeopardize gas
interchangeability. Interchangeability is used to describe
whether two gases are interchangeable. If the new gas
mixtures can be used to substitute the original natural
gas without affecting the operation of gas appliances,
then the interchangeability of the new gas mixture can
be considered qualified [7]. Due to the lower heat value of
hydrogen, if too much hydrogen is blended, the new gas

mixture cannot produce the same amount of heat energy
compared with the original gas. Then, the performance of
gas appliances, such as gas water heaters, can be affected.
This issue is more severe in the case of green hydrogen.
Because renewable generation is stochastic, the gas
interchangeability of gas will become more unpredictable.
Therefore, it is essential to closely monitor and regulate
gas interchangeability in the presence of green hydrogen.

Since gas interchangeability is dominated by gas
composition, some researchers are dedicated to the gas
composition tracking problem. For example, the steady-
state gas composition simulation model with the injection
of alternative gas is studied in [8]. The gas composition
tracking problem is combined with the electricity system
operation in [9] to reach a global optimum. The
impacts of hydrogen produced by distributed photovoltaic
generation on the gas system are investigated in [10].
The probabilistic gas flow with multiple gas types is
established in [11] considering uncertainties. Though the
gas composition can be simulated or optimized in these
studies, the impacts of hydrogen on gas interchangeability
are not quantified. As a result, we still do not know if the
gas composition is qualified in terms of interchangeability,
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or keep the gas composition in an interchangeable
range. Recently, some works start to pay attention to
maintaining gas interchangeability. For example, the
security of the gas mixtures is considered in the optimal
operation of hydrogen-blended integrated electricity and
gas system (H-IEGS) with alternative gas in [12]. It has
also been integrated into the robust operation of H-IEGS
with hydrogen and renewable energies in [13].

Nevertheless, the previous studies usually adopt
static gas security criteria, such as the Wobbe index,
combustion potential, etc., straightforwardly to calculate
gas interchangeability. Though these static criteria can
measure the values of gas interchangeability quantita-
tively under a specific given condition at a certain time
point, they cannot fully reflect the dynamic abilities of
the H-IEGS to maintain gas interchangeability during
time-varying operating conditions. In another word,
these studies cannot fully utilize the flexibility of the
gas system itself to defend the gas interchangeability
violations. For example, when the hydrogen injection is
increased, the hydrogen fraction can increase suddenly
near the injection point, and the gas interchangeability
near that point may be inferior. However, the gas system
may increase the gas flow rate near that injection point
gradually, pushing the gas interchangeability back to the
acceptable range. This ability of the gas system to defend
the gas interchangeability variations, and to recover gas
interchangeability to the normal level, can be defined as
the resilience of gas interchangeability.

Though the resilience of the electricity system [14,
15] or gas system [16, 17] regarding the energy supply
capability is widely studied, the resilience of the H-
TEGS with respect to the gas interchangeability against
the fluctuating renewable generations has not been
investigated yet. The evaluation of gas interchangeability
resilience requires near real-time captures of the dynamics
of gas flow, and more importantly, gas composition
variations due to the fluctuation of hydrogen injections.
These two kinds of dynamics are governed by partial
derivative equations (PDE), which are very challenging to
incorporate in the optimal operation of H-IEGS efficiently.
Especially for the gas composition dynamics, though
recently a few studies start to incorporate them into
the coordinate operation of H-IEGS [18], the solution
efficiency still needs improvement. Moreover, its impact
on gas interchangeability has not been investigated either.

To address the research gaps, this paper proposes a
novel resilience evaluation method for gas interchangeabil-
ity in the H-IEGS. Other contributions are summarized as
follows:

(1) Novel metrics are defined from multiple dimen-
sions to evaluate the resilience of gas interchangeability.
Compared with traditional static gas security metrics, the
proposed metrics can: a) better reflect the capability of
the gas system to defend gas interchangeability violations
caused by the hydrogen injections; b) calculate the
accumulated gas interchangeability loss, which is more in
line with the real gas safety regulations [19].

(2) A two-stage gas interchangeability management
scheme is proposed. It entails solving the steady-
state optimal electricity and hydrogen-gas energy flow
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(SOEF) problem first to determine the desired operating
state of the H-IEGS. In the second stage, the dynamic
gas composition tracking (DGCT) problem is solved
to determine the optimal path of reaching the desired
operating state, as well as using the gas flow dynamics
to mitigate the gas interchangeability loss during this
process.

3) A self-adaptive linearization technique is used
to solve the discretized PDEs. The reference points of
the gas flow, and gas property coefficient (i.e., specific
gravity, compressibility factors, etc) are updated based
on a gap criterion, so that the computation efficiency can
be improved while the accuracy can still be guaranteed.

1 Gas interchangeability resilience

1.1 Gas interchangeability

The traditional method, such as the Dutton method,
which is widely used in the UK, Australia, etc., usually
adopts three metrics, i.e., Wobbe index (WT), Incomplete
Combustion Factor (ICF), and Soot Index (SI) to measure
the gas interchangeability [20]. However, these regulations
are established without considering the participation of
hydrogen. Since hydrogen has a higher flame speed, here
we use another metric, the Weaver flame speed factor
(FS), to further guarantee gas interchangeability [21].
Thus, we have:

(1= )WIM™ < Wy < (14 o)W ¢!

)
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(1—0)FS™™ < FS;p < (1+0)FS™™; (4)
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where (1) - (5) are the constraints for WI, ICF, SI, and the
molar fraction of hydrogen, respectively; W, ,, ICF; y,
SI; i, and F'S;;, are the WI, ICF, SI, and FS of the
gas mixture at gas bus 7 in time step k, respectively;
wI™ and WI™*® are the lower and upper bounds
of WI, respectively; ICF;"** and SI;"** are the upper
bounds of ICF and SI, respectively; FS!™" and FS;"%
are the lower and upper bounds of FS, respectively; o is
the relaxation factor of the interchangeability constraints,
which can be used for to guarantee the feasibility; XZ%
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and XZ% are the molar fractions of hydrogen and natural
gas in the gas mixture at gas bus ¢ in step k, respectively;
X?y’m” is the upper bound of molar fraction of hydrogen;
(6) - (9) are the calculation methods for WI, ICF, SI, and
F'S, respectively; GCV; ;, and S;j, are the gross caloric
value (GCV) and specific gravity at gas bus 4 in time step
k, respectively; S™ and S™ are the specific gravity of
natural gas and hydrogen, respectively; fs™ and fs"¥
are the flame speed factors of natural gas and hydrogen,
respectively; xfj,;, Xﬁc, and x§7, are the molar fractions
of propane, nitrogen, and oxygen in the natural gas,
respectively; AF is the air-fuel ratio; (10) and (11) are
the calculation methods of GCV and specific gravity,

respectively.

1.2 Resilience of gas interchangeability

Resilience can be defined as the ability to defend,
endure, and recover from the impacts of a triggering
event [22]. In the presence of uncertain and fluctuating
hydrogen injections, the resilience of gas interchangeabil-
ity can be defined as the ability of the H-IEGS to maintain
the gas interchangeability within the acceptable range.
Or, in cases where the violation of gas interchangeability
constraints is inevitable, it also refers to the ability to
quickly recover to acceptable interchangeability.

Molar fraction of hydrogen

Wind power
Propagation with time
t=t, t=tt=f 7 =ty
Time 0 Distance to injection point
(@) (c)
Hydrogen Alnterchangeability metric at X = %o
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Fig. 1 Resilience of gas interchangeability. (a) Wind
generation, (b) hydrogen production of PTG, (c)
traveling of the molar fraction of hydrogen, (d)
resilience metrics.

To define the metrics that measure the resilience of
gas interchangeability, an illustrative example is shown
in Fig. 1. Suppose there is a spike in wind generation,
as shown in Fig. 1(a). Then, the hydrogen production
of PTG also increases correspondingly. Fig. 1(c) shows
the travel of the hydrogen content in the gas network.
At different times (e.g., 1, to, and t3), the distribution
of the molar fraction in the pipeline is different. As
the peak of the hydrogen molar fraction curve gradually
moves from the injection point to distant locations,
the gas interchangeability metrics at a specific location,
e.g, ©* = mxp, is shown in Fig. 1(d). Several key
features are marked to characterize the resilience of gas
interchangeability from multiple dimensions. ¢ is the
maximum gas interchangeability loss during this period.
iEnergy | VOL 1| March 2023| 1-8

For example, if the y-axis represents the WI, then:
i = |min{W Iy - W™}k € K (12)

where K is the set of all time steps.

7! = P — ¢! is the settling time. ll can
reflect the ability of the gas system to maintain gas
interchangeability; iis the length of the enduring phase.
It can reflect the ability of the gas system to recover
from the interchangeability violation. @ is the total
interchangeability loss accumulated over time, which can
be calculated by:

= ik (13)

ke

2 Two-stage gas interchangeability
management scheme

During the operation, due to the fluctuation of
the hydrogen injection, gas interchangeability may be
affected. The H-TEGS will take active measures to defend
against gas interchangeability loss. For example, if the
hydrogen injection is high, the system operator may
choose to increase the gas flow near the hydrogen injection
point to dilute the hydrogen fraction, although it is not
the most economic way to do so in normal states.

Considering that renewable generation is difficult to
predict, here we propose a two-stage gas interchangeabil-
ity management scheme, as shown in Fig. 2. In the
first stage, the SOEF is solved first to determine the
desired operating state of H-IEGS with minimum gas
interchangeability loss. However, due to the slower gas
flow and gas composition dynamics, the system may not
able to reach the desired state immediately. Therefore,
in the second stage, the DGCT problem is performed
to optimize the path toward the desired state (i.e., the
real-time operating condition of the H-IEGS with less gas
interchangeability loss and more hydrogen injection).

2.1 First stage: steady-state optimal electric-
ity and hydrogen-gas flow problem

In this stage, the SOEF is performed for each
renewable generation capacity level to determine the
desired operating condition of the H-IEGS, as illustrated
in Fig. 2. The objective is to minimize the total
cost, including electricity generation and gas purchasing
costs, as shown in (14) (the notation of k is omitted for
conciseness).

minz Z fﬁt(gfﬁp)JrZ Z /%lqlgj (14)

i€l jectrr i€ZleLy®

where T is the set of buses; pr P and L£J® are sets of
traditional fossil power plants and gas sources at bus 7,
respectively; fjt() is the cost function of traditional fossil

power plant ! at bus i; gf’;p and ¢/} are the electricity

generation and gas production of traditional fossil power
plant [ and gas source [ at bus 4, respectively; pf,l is the
gas production price of the gas source I at bus 1.
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Fig. 2 Framework of two-stage gas interchangeability management scheme.

The optimization model is subject to:
1) Gas system constraints:

GOVt = ¢ MIGOV™ + q‘-“’chvhy (15)
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XPORM xR (23)
rij; = (L4 7i)Ri + (1 = 7i5)R;) /2 (24)
xij = (L +7i5)xi + (1= 7i5)x5) /2 (25)
q;}l,ng qd’hy >0 (26)
(vij — )%?“”/2 < qij < (%] g™ /2 (28)
Pt < pp < piteT i i (29)
Pirer =" (30)
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where (15) indicates that the total heat energy of the gas
demands of natural gas and hydrogen should equal the
total heat energy of the original gas demand measured in
natural gas; qd 9.0 ig the gas demand at bus i measured in

original natural gas; qg’ng and qf’hy are the gas demand
of natural gas and hydrogen at bus i, respectively; (16)
indicates that the gas composition of the gas consumption
of gas demand should equal the gas composition at the
exact gas bus; (17) is the Weymouth equation for gas

mixtures; qinjg and qihjy are the gas flow rates of natural gas
4

and hydrogen in the pipeline that connects bus ¢ and bus
Jj (it also refers to pipeline ij), respectively; p; and p; are
the nodal gas pressure of buses i and j, respectively; D;;,
L;j, and Fj;; are the diameter, length, and friction factor of
the pipeline ij, respectively; r;; and z;; is the gas constant
and compressibility factor of the gas mixture in pipeline 77,
respectively; 7™ is the temperature of gas; v;; € {—1,1}
is the gas flow direction, where v;; = 1 indicates that the
gas flows from bus 7 to j, and v;; = —1 indicates otherwise;
(18) and (19) are the nodal gas flow balances of natural
gas and hydrogen, respectively; J; is the set of gas buses
connected to bus Eptg and LIP are the sets of PTGs

and gas-fired power plants at gas bus i, respectively; ¢; pt g

is the hydrogen production of PTG I at bus ; qup "9 and

qul’p 'Y are the natural gas and hydrogen consumptions

of gas-fired power plant [ at bus i, respectively; (20) and
(21) are the calculation formulatlons of nodal injections of
natural gas and hydrogen at bus 4, respectively; ¢;""? and
qlm’hy are the nodal injections of natural gas and hydrogen
at bus 7, respectively; (22) is the gas mixing equation; (23)
and (24) are the calculation methods for the gas constants
of the gas mixtures at bus ¢ and in the pipeline ij,
respectively; R™ and R™ are the gas constants of natural
gas and hydrogen, respectively; (25) is the calculation
method for the gas composition in pipelines; x;; is the gas
composition in the pipeline ij; (26)-(31) are the bounds for
optimization variables; qg $MIN and qgs maw
and upper bounds of the gas productlon of gas source [

at bus i, respectively; ¢;;*" is the capacity of pipeline ij;

are the lower

min

pi*" and pj

9T are the lower and upper bounds of the gas

pressure at bus 4, respectively; 4 Tef is the reference gas
bus, which should be equal to p™® during the operation.
2) Electricity system constraints:

Z gtpp+ Z ggpp_i_gZny_ Z gptg

leLi? leLy™ leLtts
_gz Z gij = 0 (32)
]6\71,
gij = (0; — 0;)/Xi; (33)
gpp _ ngpp( gpp MIGOV™I 4 qup,hyGCVhy) (34)
gftlgnftlg (M Govhy (35)
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l9ij| < 935" (36)
P < gl < gihpmar (37)
gffl’pvmzn < ggpp < ggpp,maw (38)
gplmin < gpf < girfimas (39)

@l 20 (10)
@Y >0 (41)

where (32) is the nodal balance of electricity flow; gtp P

and ggpp are the electricity generations of traditional

fossil power plant and gas-fired power plant [ at bus i,

respectlvely7 wf s the electricity of the wind farm at bus

i; gt tlg is the electricity consumption of PTG [ at bus i; g
is the electricity demand at bus i; (33) is the DC electricity
power flow equation; g;; is the electricity flow on the
electricity branch 4j; 6; is phase angle of the voltage at bus
i; X;j is the reactance of branch ij; (34) and (35) are the
models of gas-fired power plant and PTG, respectively;
nf’l’p and nﬁ tlg are the efficiencies of gas-fired power plant
and PTG [ at bus i, respectively; (36)-(41) are the

bounds for optimization variables; g;7** is the capacity

of the electricity branch ij; ?;p M and gtpp maw

the lower and upper bounds of the electricity generation
for traditional fossil power plant ! at bus i, respectively;
gf’l’p’mm and ggpp’maz are the lower and upper bounds
of the electr1c1ty generation for gas-fired power plant [ at
bus 4, respectively; g; whmin and gwf AT are the lower and
upper bounds of thc electricity generation for wind farm
at bus i, respectively.

are

2.2 Second stage:
tracking

dynamic gas composition

The first stage defines the desired operating state
of H-IEGS. Then, in the second stage, the DGCT is
implemented to optimize the path in which the H-
IEGS reaches the desired operating state. Therefore,
the optimization problem is formulated on each time
step, with the objective of minimizing the deviations
to the desired operating state, as well as the gas
interchangeability loss:

t t
mmZ Z ||qflgk_qug;||+ﬂa (42)

i€l Lty ;\9

where q is the solution of the gas production of the
PTG in the SOEF problem; p is the penalty factor.

It is subject to:

1) Gas dynamic constraints:

The dynamics of gas flow, as well as the traveling of
specific gas content, are governed by three PDEs, namely,
continuity equation, motion equation, and advective
equation. Their discrete form in an isothermal and

iEnergy | VOL 1| March 2023| 1-8

horizontal pipeline can be written as [18]:
A Ax(pijm—1,k = Pijim—1,k—1 T Pijm.k — Pijm,k—1)
+2Atp0(4ij,m,k = Gigm—1,k) =0 (43)

—1
2827 (Pij,m—1,k + Pij,m k) Pijm,k
Stp(AijAt)_l

— Dijm—1,k)

F(Pijm—1,k + Pijm,k)P (@ij,m ke — Qijm k-1

Gijom—15—1) + 770 @ijim—1k + Gijm k)’
—0 (44)

+Gijm—1,k —

hy h
Az]A‘T(pz] m—1,k + Pijm k)(X” m—1,k Xi;{mfl,kfl

hy _ Jhy

Xk~ Xijom—1) T 28t00(Gijm—1,k + Gijm,k)

h
- Xijl",lmq,kq) =0,
Mk=23,..K (45)

hy
(Xij,m,kq
ijEP,m=23,..,

where m is the index for pipeline segments; M and K
are the numbers of pipeline segments and time steps,
respectively; At and Az are the time step and length step,
respectively; A;; is the cross-sectional area of pipeline ij;
0 = (27rD F; )_l; p°%P is the density of natural gas
at standard temperature and pressure condition. It is
worth noting that the discretization forms of the variables
should be chosen carefully in order to keep a good balance
between accuracy, feasibility, and stability. Normally, the
central difference scheme has better accuracy, but is more
likely to cause oscillation issues. Therefore, the implicit
differentiation scheme is applied as well.

2) Initial and boundary conditions:

The above PDEs are formulated for each pipeline in
the gas system. To derive the operating state of a dynamic
system, initial and boundary conditions are required. The
initial condition is determined by the SOEF (for k=1) or
the operating state at the last time step (for k>1), which
is obtained by solving the DGCT problem at the last time
step, as shown in Fig.2:

Dijm,1 = Pijm k=1 (46)
Pijomk = Pigm -1,k > 1 (47)
where p; ,, is the solution of the pressure in the first stage
OEF problem; p;*,, ,_; is the solution of the DGCT
problem at the last time step. The initial conditions of
gas density, gas composition, and gas flow, can be given
similarly.

The boundary condition is given by the pipelines it
is connected with. For example, the gas pressures at the
connecting point should be equal. The gas composition
at the beginning of the pipeline should be equal to the
upstream gas bus. Therefore, we have:

Pijik = Dik = Pij 1.k, Vi € T; (48)
Pij Mk = Pjk = Pirj M ks Vi €L (49)
(a5 + I)X?ﬁl,k,n (vig +1)x;, k n (50)

(vij — 1))(21]’1{]\4,;C = (vij — 1)X?f{€ (51)

where 7; is the set of buses that are connected with bus j.
The boundary condition for the gas flow is given by the
nodal gas flow balance equation, similar to (18) and (19).

5
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3) Gas state equation:

.
Pijomk = Zijm kTijm kD Pijom k (52)

4) Other constraints: The DGCT problem should
also follow constraints (1)-(11), (15), (16), and (18)-(41).

It is worth noting that because the DGCT problem
is formulated on each time step, the state variables at the
last time step (e.g., Pij.m,k—1, Lijm,k—1, €tc.) are given.
After solving the DGCT problem, the state variables at
the next time step can be obtained.

3 Solution method

The optimization problems in the first and second
stages are both nonlinear and nonconvex. To solve the
problem more tractably, an adaptive linearization method
is proposed. The idea of the adaptive linearization method
is to approximate the nonlinear terms using Taylor
expansion or other kinds of linearization methods, and the
reference point of the Taylor expansion will be updated
if the state of the system changes dramatically. With
this idea, the optimization problem can become more
tractable without increasing the computation burden, and
the accuracy can also be improved compared with fixed
reference points.

3.1 Adaptive linearizations of two-stage gas
interchangeability management problem

In the first stage SOEF problem, the nonlinearities
exist in the: 1) the nodal consumption of gas demand
(16); 2) the Weymouth equation (17); 3) the nodal gas
mixing equation (22). They are reformulated to:

g — Xﬁk(Ad ng gy +th(Ad ng | gy
X+ ) (53)

(@ + /)@ +ay)
= WzD?j(FiijjLijziang) %‘j(P' - Py (54)

q’zi'n,hy _ X?%(qzn ng 4+ Aln hy) (qzn ng oy Aln hy)
h
+X; k(qzm 4 qm ) (55)
where ¥ X Ad g qd hy, @Zg, cjij, (jm ™9 and qm MY are the
reference points of Xz Y. q dng, qd hy, q” , q” , qm " and
q;" " respectively; P; = = p? is the square of gas pressure.

In the second stage problem, the nonlinearities exist
in the: 1) motion equation (44); 2) advective transport
equation (45); 3) gas state equation (52). They are

6

reformulated as [23]:
2(Ax) " (Bijim—1 + Pijm) <(pij,m,k — Pijm—1,k)

—(Pijm,k—1 — pij,mfl,k71)> + (Pijm—1 + Pijm)

¢ 1
P P (A A (Qijm b — Tijom k-1 + Qijm—1,k

~Gijm—1.k-1) + 7O (@ijm—1 + Gij.m)
((Qij,m—l,k + Qijm.k) = (Gij,m—1,k—1 + qz’j,m,k—l)) =0
(56)
A Az(Pigm—1 + Pijm) Xijm—1,k = Xij,m—1,k—1
+Xij,m,k = Xijom,k—1) + 28tp0(dij,m—1 + Gij,m)
(Xij,m k=1 — Xijm—1,k—1) =0 (57)

where p;j,m and §;;,m is the reference points for p;; ,, and
qij,m, respectively.

The reference point is initially selected according
to the solution in the first stage SOEF problem (e.g.,
Pijm = Pijm) when k = 1. When k > 1, the following
criterion is set to determine whether the reference point
should be updated:

23" — 2/ o] > e (58)

where ¢ is the threshold for the criterion; @;.* represents
the set of the solutions for all state variables (e.g., gas
pressure, gas flow, etc. ) in the DGCT problem at time
step k. If (58) is satisfied, then update the reference point
of x as & = x}".

3.2 Solution procedure

The whole solution procedure is elaborated as follows:

Step 1: Initialize the system data, including the
wind speed, system structure, energy demands, physical
data of components, etc. Set the total time steps K, and
the time and space resolution for PDE problems Az and
At.

Step 2: Solve the SOEF problem by replacing the
gas production of PTG with natural gas according to [12].
Set the solutions as the reference points (e.g., ¢; ;) for
k=1

Step 3: For each wind level, solve the first stage
SOEF problem based on (1)-(11), (14)-(15), (18)-(21),
(23)-(41), and (53)-(55).

Step 4: For k& = 1, set the solution of the first
stage SOEF problem as the reference point and the initial
condition for the second stage DGCT problem according
to (46)-(47).

Step 5: For each time step k, solve the DGCT
problem according to (1)-(11), (15), (16), (18)-(43), (46)-
(52), (56), and (57).

Step 6: Set the solution in Step 5 as the initial
condition for the DGCT problem at k + 1. See if the
criterion (58) is satisfied. If yes, update the reference
point. Repeat Step 5 for k + 1 until all the time steps
have been iterated.

Setp 7: Evaluate the gas interchangeability
resilience metrics according to Section 1.2.
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4 Case studies

@ Traditional fossil power plant (@ Power to gas facility
©) Gas-fired power plant (® Renewable generator

— Electricity branch / gas pipeline  — Coupling between two systems

(@ Natural gas source
(B Biogas source
«— Electricity/gas load

Fig. 3 H-IEGS test case composed by IEEE 24 bus
RTS and Belgium natural gas system.

In this section, the IEEE 24 bus RTS and Belgium
gas system are used to validate the proposed method.
The topological structure of the two coupling systems
is presented in Fig. 3. The detailed data of the two
systems can be found in [24] and [25], respectively.
Three PTGs are installed at electricity bus #10, 17, 18,
respectively, which are also connected with gas bus #
1, 5, 9, respectively. The capacities of the PTGs are
2 Mm3/day. The wind farm is located at electricity
bus #18, with a generation capacity of 800 MW. The
time and space resolutions are set to 1800 s and 1000 m,
respectively.

4.1 Validation of proposed method

First, we validate the proposed method in terms of
both computation efficiency and credibility. We assume
only the PTG at electricity bus #18 is available. The
wind generation is assumed to increase from 100 MW to
800 MW at k = 2. As a result, the hydrogen production
of the PTG increases from 1.55 Mm?/day to 2 Mm?/day.

—=— Proposed method
0.08 .
—e— Nonlinear model

0.06

0.02 4

Molar fraction of hydrogen
g
=

]

1

i

]
\/\:
#9

0.00 1 #12 #15 #18
Gas bus
#1 #2 #3 #4 #5 #6 #7 #8 H#9 #H10#114#12#134#14#15#16#17#18#19#20
Gas bus

Fig. 4 Comparison of the solutions with different
methods.

We compare our method with a general nonlinear
solver (IPOPT). The total computation time of our
method with K = 48 is 1.53 s, which is 98.94 %
faster than the IPOPT solver (143.69 s). The solutions
of the nodal molar fraction of hydrogen right after
the hydrogen injection, at which time the system state
changes dramatically and is most likely to cause large
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errors, are compared in Fig. 4. As we can see, the relative
error between the proposed method and the IPOPT is
tiny. The errors at all buses do not exceed 1%. The
largest errors occur at gas bus #9 (the injection point) and
#14 (where the pure natural gas and hydrogen-natural gas
mixtures are mixed). At other gas buses, the errors are
almost neglectable.

4.2 Gas interchangeability resilience of differ-
ent gas buses

In this subsection, we investigate the gas interchange-
ability resilience of different buses. We assume only
the PTG at electricity bus #18 is available. The wind
generation is assumed to increase from 100 MW to 800
MW at k = 2.

#9 #10 #11 #12 #13 #14
#15 #16 #17 #18 #19 #20

524
S 5 R
S 522 2162,
2 *K\ ] ha Spikes of flame
% Spikes of & 160 speed f
) 3 peed factor
2520 Wobbe index & ,,/
= 2158
Qo
goo i1 e/
0 5 10 15 20 25 0 5 10 15 20 2F
Time (hour) Time (hour)
(@ (b)

184 ':12
] 310
> =1 #o £
S E 164 e 8
RS £
g S5 = 6
=8 #l =y
g g4 #2 =

D =
z EE' #13 & (2} I

0 5 10 15 20 25 #11 #14 #17 #20

Time (hour) Gas bus

© (d)

Fig. 5 Operating conditions with hydrogen injection
at gas bus #9. (a) Wobbe index, (b) flame speed
factor, (c) nodal injections of natural gas, (d) nodal
settling time.

First, some critical gas interchangeability metrics
(e.g., the Wobbe index and flame speed factor) when
the hydrogen is injected into gas bus #9, are presented
as an example in Fig. 5. We can find that, with the
injection of hydrogen, due to its lower GCV and higher
flame speed, the Wobbe index and flame speed factor
gradually decrease and increase with time, respectively.
However, the spikes of gas interchangeability could be
generated in some gas buses (gas bus #9 and 14 in this
case) near the hydrogen injection time point, as shown
in Fig. 5. (a) and (b). This is because the suddenly
injected hydrogen can be stacked near the injection points.
These spikes are not caused by numeral simulations, and
cannot be neglected because they will cause unexpected
temporal violations of gas interchangeability metrics. For
example, the maximum and accumulated Wobbe index
losses at gas bus #9 and #14 are 0.014 MW/mS, 0.049
MW /m?3, 49.07 MJ/m3, and 88.20 MJ/m3, respectively.
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To defend against the gas interchangeability loss, the gas
system raises the gas flow rate of natural gas near the
injection point to dilute the molar fraction of hydrogen.
For example, as shown in Fig. 5. (c¢), the nodal natural
gas injections at gas buses #10, 11, 12, and 13 increase
dramatically near the injection time point. Fig. 5. (d)
shows the settling times of gas buses in response to the
hydrogen injection. It can be seen that the settling time
is longer with the longer distance between the gas bus
and the injection point. For example, gas buses #16
and 20 are at the ends of two pipeline routes, and their
settling times can reach up to 10 and 11 hours. It shows
that the transient process of gas composition cannot be
neglected in the gas interchangeability evaluation. The
longer settling time means those gas buses can have more
time to prepare and respond to the hydrogen injection,
which increases the resilience of these buses against the
hydrogen injection.

Table 1 Gas interchangeability resilience with
different hydrogen injection points
Scenario S1 S2 S3 S4
Injection point #1 #5 #8 #9
Gas production of PTG
when k >2 (Mm?®/day) 2.00 1.16 2.00  2.00
Total settling time (h) 385 4 93 85
Maximum Wobbe index

loss (MW /m?) 0.027 0 0.048 0.063
Accumulated Wobbe

index loss (MJ/m?) 47.80 0 86.94 137.3
Maximum flame speed

factor loss 0.373 0 0.676  0.749

Accumulated flame

speed factor loss 6719 0 1217 1913

Following this idea, we can study the resilience of
the gas system with the hydrogen injected into other
different gas buses, i.e., gas buses #1, 5, and 8. The
gas interchangeability metrics are shown in Table. 1.
We can observe that different gas buses have different
resilience against hydrogen injection. Comparing S3 and
S4, we can find that the upper stream locations are more
suitable for hydrogen injections. Compared with S4, the
total settling time is longer in S3, which means the gas
system will have more time to respond to mitigate the gas
interchangeability loss. The maximum Wobbe index and
flame speed factor losses in S3 are 23.81% and 9.75% lower
than that in S4, which means the gas interchangeability
losses are also lower. The accumulated Wobbe index and
flame speed losses in S8 are also 36.68% and 36.38% lower
than in S4, which means the gas interchangeability loss
will recover faster in S3.

Gas buses #1, 5, and 8 are all at the beginning of
pipeline routes. Observing these scenarios, we can find
that the gas interchangeability shows various patterns
when the hydrogen is blended in different gas buses.
Comparing S2 with S1 and S3, we find that although the
gas interchangeability loss is lower, the gas production of
PTG is also significantly lower. This is because the gas
flow rate near gas bus #5 is relatively low, which cannot
support the large volume hydrogen injection without
causing gas interchangeability loss. Comparing S1 and
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S3, we find that the settling time of S1 is shorter than
S3. This is because when hydrogen is injected in gas bus
#1, it only propagates to limited gas buses (i.e., #2-4,
6-7, and 14-16). These gas buses are relatively closer to
gas bus #1, and thus the gas system will have less time
window to regulate gas interchangeability. In contrast,
other gas interchangeability resilience metrics in S1, such
as maximum and accumulated Wobbe index and flame
speed factor loss, are lower than in S3. This means the
gas system will have a stronger ability to adapt if the
hydrogen is injected into the gas bus #1.

4.3 Gas interchangeability resilience during
daily operation

—— Wind speed
Gas production of PTG #3
Gas production of PTG #1

— Electricity generation of wind farm
Gas production of PTG #2
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Fig. 6 Daily operating conditions. (a) Wind speed,
electricity generation of the wind farm, and gas
production of PTGs, (b) nodal flame speed factors,
(¢) accumulated loss of flame speed factors.

In this case, the proposed gas interchangeability
resilience evaluation method is further applied to daily
operations. The wind speed data is obtained from
National Oceanic and Atmospheric Administration [26].
All the PTGs are committed in this case. The operating
conditions of the H-IEGS are presented in Fig. 6.

From Fig. 6.(a), we find that the hydrogen
production of PTGs follows the wind speed generally.
The highest wind speed appears around 3:00-4:00 and
9:00-14:00, during which the hydrogen production also
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reaches its maximum values. PTG #2 is less affected
by the wind, which contributes to hydrogen production
significantly over the operational horizon. Since PTG
#2 is connected with gas bus #8, we further present
the flame speed factors along the critical pipeline route
which starts from gas bus #8 to #16, as shown in Fig.6.
(b). The distribution pattern of the flame speed factor
along that route verifies the theory that we developed in
the last subsection. The gas buses that are closer to the
hydrogen injection point are more likely to violate the
upper bound of the gas interchangeability metrics (e.g.,
gas bus #9). For the downstream gas buses, such as #12-
16, they will have more time windows to increase the gas
flow rate of the natural gas to dilute the molar fraction
of hydrogen, and thus the gas interchangeability is more
resilient. Observing from the whole H-IEGS, not only the
gas buses near #8, but also the gas buses near #5, are
likely to violate the gas interchangeability constraints, as
shown in Fig. 6. (c). This is because #5 also has hydrogen
injections. Unlike gas bus #8 where the gas flow rate is
large, the gas source in the gas bus #5 is relatively small.
Therefore, the gas system will have less flexibility to dilute
the molar fraction of hydrogen in gas bus #b5, and the gas
interchangeability resilience is also inferior.

5 Conclusions

This paper proposes a gas interchangeability re-
silience evaluation method in integrated electricity and
gas systems with the injection of hydrogen. Novel gas
interchangeability resilience metrics are proposed. A
two-stage gas interchangeability resilience management
scheme is proposed to improve the interchangeability
considering the traveling of hydrogen content across the
gas network. A self-adaptive linearization technique is
proposed to improve the computation efficiency while
maintaining a satisfying accuracy.

The numerical results show that our solution method
can improve the computation efficiency by 98.94%, while
the relative error is controlled with 1%. We also find
that the upper stream gas bus with a relatively large gas
flow rate is more suitable for hydrogen injections in terms
of improving the gas interchangeability resilience. For
example, the gas interchangeability losses in gas bus #8
under hydrogen injection are lower than in gas bus #1.
We also demonstrate the effectiveness of our method in a
multi-period daily operation of H-IEGS. With the urging
requirement for a low-carbon energy system, the gas
interchangeability resilience evaluation method proposed
in this paper can help the energy system operators to
optimize the operating strategy of the H-IEGS in the
future.
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