ARTICLE

https://doi.org/10.23919/IEN.2023.0016

Resilience of gas interchangeability in hydrogen-blended integrated
electricity and gas systems: A transient approach with dynamic gas
composition tracking

1,2 D4

Sheng Wang'?, Hongxun Hui'? * and Pierluigi Siano>*

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 reliability test system and Belgium natural gas system

are used to validate the proposed method.
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the decarbonization of energy systems. It is usually pro-
duced by PTGs by consuming surplus renewable genera-
tions". 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  (https://new.qq.com/rain/a/20221123A088]100;
https://hydeploy.co.uk/app/uploads/2022/06/HyDeploy-Close-
Down-Report_Final.pdf; https://news.bjx.com.cn/html/20220927/
1257566.shtml). For example, the hydrogen blending demonstra-
tion 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
(https://news.bjx.com.cn/html/20200917/1105156.shtml).
However, excessive injections of hydrogen can affect the gas
compositions, and consequently jeopardize gas interchangeability.
Interchangeability is used to describe whether two gases are inter-
changeable. If the new gas mixtures can be used to substitute the
original natural gas without affecting the operation of gas appli-
ances, then the interchangeability of the new gas mixture can be
considered qualified”. 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

Green hydrogen is one of the most appealing solutions to

interchangeability of gas will become more unpredictable®.
Therefore, it is essential to closely monitor and regulate gas inter-
changeability 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 Ref. [5].
The gas composition tracking problem is combined with the elec-
tricity system operation in Ref. [6] to reach a global optimum. The
impacts of hydrogen produced by distributed photovoltaic gener-
ation on the gas system are investigated in Ref. [7]. The probabilistic
gas flow with multiple gas types is established in Ref. [8] considering
uncertainties. Though the gas composition can be simulated or
optimized in these studies, the impacts of hydrogen on gas inter-
changeability are not quantified. As a result, we still do not know
if the gas composition is qualified in terms of interchangeability,
or keep the gas composition in an interchangeable range. Recently,
some works start to pay attention to maintaining gas inter-
changeability. For example, the security of the gas mixtures is
considered in the optimal operation of H-IEGS with alternative
gas in Ref. [9]. It has also been integrated into the robust operation
of H-IEGS with hydrogen and renewable energies in Ref. [10].

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
quantitatively under a specific given condition at a certain time
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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 infe-
rior. 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™™ or gas
system' regarding the energy supply capability is widely studied,
the resilience of the H-IEGS with respect to the gas interchange-
ability 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 PDEs, 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™, 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 interchangeability in the H-
IEGS. Other contributions are summarized as follows:

(1) Novel metrics are defined from multiple dimensions 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 inter-
changeability violations caused by the hydrogen injections; (b)
calculate the accumulated gas interchangeability loss, which is
more in line with the real gas safety regulations™.

(2) A two-stage gas interchangeability management scheme is
proposed. It entails solving the SOEF problem first to determine
the desired operating state of the H-IEGS. In the second stage, the
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 guaran-
teed.

1 Gas interchangeability resilience

1.1 Gas interchangeability

Gas interchangeability can be defined as the ability to substitute
one gaseous fuel for another in a combustion application without
materially changing operational safety, efficiency, performance or
materially increasing air pollutant emissions™. Gas interchange-
ability is tightly dependent on the gas composition. With the
injection of hydrogen, the gas composition may change, which
may further jeopardize 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., WL, ICF, and
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SI to measure the gas interchangeability from different aspects™.
However, these regulations are established without considering
the participation of hydrogen®. Since hydrogen has a higher
flame speed, here we introduce another metric FS to further guar-
antee gas interchangeability”. They are introduced as follows:

(1) WI: WI is designed to guarantee that gas appliances can
produce the same amount of heat energy when consuming the
same amount of gas under prespecified conditions. Because
hydrogen has a lower heat value, WI can reflect the decrease of
heat energy contained in the gas mixture brought by hydrogen.
Thus, it is used as a criterion for gas interchangeability, as calculated
in Eq. (1). If the WI is too high or too low, the heat energy from
the combustion may exceed or be beneath the design value of the
gas appliance, and are thus unacceptable. Therefore, we have
upper and lower bounds for WI, as shown in Eq. (2).

WI,, = GCV,/ ((S™)% +(S™) 2S,) (1)

(1= 0)WI™ < WI,, < (14 0)WI™ )
The GCV and specific gravity in Eq. (1) are calculated by:

GCV, = xi;GCV™ —Q—X?iGCV"y (3)

S = KIS 4y (4)

(2) ICF: ICF characterizes the ability of a gas to be combusted
completely without residues. It can be calculated by the empirical
equations in Eq. (5). A higher ICF indicates that the gas mixture
contains more propane, butane (with a higher carbon element), or
inert gases, while containing less methane, ethane (with a lower
carbon element), or hydrogen. In this case, the gas mixture is less
likely to combust completely. Therefore, an upper bound for ICF
is set, as shown in Eq. (6).

ICF,;, = (WI,;, — 50.73 4 0.03y/5 (x5 + x™)) /1.56 — 0.01y}%  (5)

ICF,, < (14 0)ICF™ (6)

(3) SI: S measures the soot formation in the gas appliance during
the combustion, which is calculated by Eq. (7)*. Soot is a mass of
impure carbon particles resulting from the incomplete combustion
of hydrocarbons®. It can cause various types of cancer and lung
disease. A higher SI means there will be more soot during the
combustion. Therefore, an upper bound is set, as shown in Eq.

(8).

SI,i = 0.896tan'(0.0255y1% s — 0.0233 2%y, — 0.0091x" + 0.617)
7)

S < (1L+0)SI™ ®)

(4) ES: Recently, more and more studies have reported that the
integration of hydrogen can increase the flame speed of the gas
mixture, which may cause serious issues like overheating, flash-
back, corrosion, etc.” FScan be used to measure this phe-
nomenon. It describes the approximate maximum velocity with
which a flame can travel in any gas-air mixture, as calculated in Eq.
(9)%. Thus, keeping the FS within a certain range is effective in
regulating the combustion dynamics, as shown in Eq. (10).

ES, = (Uafs" + Xiafs™ )/(AF+5x05x — 188xiixn +1) - (9)
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(1—0)FS"™ < FS,; < (14 0)FS™ (10)

Among these gas interchangeability matrics, WI and FS are
most likely to be affected by hydrogen injections, and further violate
their constraints. For example, the violation of the lower bound of
WI is usually caused by injecting excessive hydrogen by PTGs. A
typical countermeasure is to convert more hydrogen into methane
first, and then inject the methane into the gas network instead of
injecting hydrogen directly. It is also feasible to just reduce the
amount of hydrogen injection. For the FS lower bound violations,
it does not happen constantly. It is usually caused by unqualified
gas sources. For example, the gas sources from biogas have more
impurities (e.g., carbon dioxide, nitrogen, etc.) than natural gas,
which may cause a lower FS. To overcome this issue, we usually
strictly control the source of the gas supply, preventing unqualified
gas from injecting to the gas system. Besides, injecting hydrogen
can also improve this situation.

1.2 Resilience of gas interchangeability

Gas interchangeability introduced in the last subsection is a static
concept. For example, at a given time point, the gas composition is
fixed, and then the interchangeability metrics are fixed. It focuses
more on whether the gas composition violates the gas inter-
changeability constraints. However, the hydrogen injection from
renewable generation is time-continuously stochastic. Because the
gas system is also a dynamic and continuous system, it is important
to measure how the gas system adapts to the hydrogen injections
during continuous operation. With this idea, the concept of gas
interchangeability resilience is proposed in this subsection.

The resilience of gas interchangeability is a dynamic concept,
which is similar to the resilience in the power system. In power
systems, resilience can be defined as the ability to defend, endure,
and recover from the impacts of a triggering event””. In the presence
of uncertain and fluctuating hydrogen injections, the resilience of
gas interchangeability 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. Compared with gas interchange-
ability, the resilience of gas interchangeability focuses more on the
gas system itself. It focuses on evaluating the ability of the gas system
to defend against or recover from potential gas interchangeability
violations during the operation. Apart from the violation of gas
interchangeability at a certain time point, it also focuses on the
maximum violation of the gas interchangeability during the oper-
ational period (e.g., the worst scenario), the duration of the dis-
turbance, recovering time, accumulated performance loss, etc.

Following this idea, here we define several metrics that measure
the resilience of gas interchangeability. An illustrative example is
shown in Figure 1. Suppose there is a spike in wind generation, as
shown in Figure 1(a). Then, the hydrogen production of PTG also
increases correspondingly. Figure 1(b) shows the travel of the
hydrogen content in the gas network. At different times (e.g., t,, ,,
and t,), the distribution of the molar fraction in the pipeline is dif-
ferent. As the peak of the hydrogen molar fraction curve gradually
moves from the injection point to distant locations, the gas inter-
changeability metrics at a specific location, e.g., x = x,, is shown in
Figure 1(d).

Several metrics are proposed to characterize the resilience of gas
interchangeability from multiple dimensions (we take WI as an
example. The resilience of other gas interchangeability metrics can
be derived similarly):

(1) Maximum gas interchangeability loss ¢,. This metric can
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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, and (d)
resilience metrics.

give information on the worst gas interchangeability due to the
stochastic hydrogen injection during the operation.

@, = |min{ WL, — WI"™,0}|,k € K (11)

(2) Settling time T'. This metric shows the “inertial” of the gas
system in defending the hydrogen injections. If the settling time is
long, it means the gas interchangeability in this gas network is dif-
ficult to be affected by hydrogen injection. It will take a longer
time to make the gas interchangeability violate the constraints. If
the settling time is short, it means that the gas interchangeability
in this gas system is prone to follow the fluctuation of wind power,
which is more likely to violate the constraints quickly. Settling
time is calculated by the time length between ' and *, as shown
in Figure 1(d). ¢ is the time point when the triggering event hap-
pens. The triggering event is the emergence of the wind speed
which will lead to the gas interchangeability violation based on
SOEF. #* is the time point when the gas interchangeability violation
happens. Then, the settling time can be calculated by:

T =t—1t (12)

i i i

(3) Length of the enduring phase T%. The length of the enduring
phase reflects the ability of the gas system to recover from a gas
interchangeability violation event. If T* is long, it means that the
gas system will take more time to recover from a gas interchange-
ability violation event. It is usually associated with the settling time
(or the “inertial” of the gas system). A longer settling time usually
suggests a longer time length of the enduring phase. T¥ is calculated
by:

T =t —t (13)

i i i

(4) Accumulated gas interchangeability violation @,. This metric
indicates the accumulated gas interchangeability loss during the
hydrogen injection. It is calculated by:

, :Z(pi}k (14)

keK

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-IEGS will

take active measures to defend against gas interchangeability loss.
For example, if the hydrogen injection is high, the system operator
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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 interchangeability management
scheme, as shown in Figure 2. In the first stage, the SOEF is solved
first to determine the desired operating state of H-IEGS with min-
imum 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).
During the operation, the solution of the first-stage SOEF opti-
mization problem is passed to the second-stage DGCT to set the
boundary conditions, as shown in Figure 2. The solution of the
second stage does not pass information back to the first stage.
Owing to this one-directional information exchange, the error will
not be accumulated.

2.1 First stage: steady-state optimal electricity 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 Figure 2. The objective is to minimize the
total cost, including electricity generation and gas purchasing costs,
as shown in Eq. (15) (the notation of k is omitted for conciseness).
Theoretically in our framework, the time resolution in SOEF
depends on the state transition of wind, and thus does not have to
be the same as the time step in the PDEs of DGCT. The SOEF
only has to be performed when the generating capacity of the
wind farm changes. Practically in our study, because we have wind
data with high time resolution, and the computation time of
SOEEF is relatively small, we conduct the SOEF at the same time
resolution as in DGCT™.

min}, Y £ (@) + Y Y et

4 i s
i€l IQLZPP icl leL;

(15)

X =g gl gt 4 XX 4 ) P T 8 8 6
(16)
The optimization model is subject to:
(1) Gas system constraints:
GCV™gine = ginGCV™ 4 ¢ GCV™ (17)
g7 a1 = [% " 1(g™ + ™) (18)
Renewable k=1
generaion k=2
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(g5 + qu)z = ”2D§(FUVULUZUT‘g)7IYﬁ(P? ) (19)
1§’ el ’g, g - jg,q?f = (20)
I; e g - g’ g - ngy = @1
g = ; (y,— D2+ ’EZL;, a5 (22)
=) (y,—Vgy2+ Y 4ir (23)

j€li ,6]_5"%
sl = g a™1/(q +q™) (24)
1= P 4 P (25)
n=(y)r+a=y)r) 2 (26)
Xy = ((1 Ty +A- Y,-j)xj) /2 (27)
4" g™ >0 (28)
o™ < < g™ (29)
(v, —Dg;/2 < gy < (y,; +1)g;™/2 (30)
S pSpiFE (31)
Pre =p™ (32)
AL =10< [y <1 (33)

where Eq. (17) 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; Eq.
(18) indicates that the gas composition of the gas consumption of
gas demand should equal the gas composition at the exact gas bus;
Eq. (19) is the Weymouth equation for gas mixtures®; Eqs. (20)
and (21) are the nodal gas flow balances of natural gas and hydro-
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Initial
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Fig.2 Framework of two-stage gas interchangeability management scheme.
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gen, respectively; Egs. (22) and (23) are the calculation formulations
of nodal injections of natural gas and hydrogen at bus i,
respectively; Eq. (24) is the gas mixing equation; Eqs. (25) and (26)
are the calculation methods for the gas constants of the gas mixtures
atbus i and in the pipeline ij, respectively; Eq. (27) is the calculation
method for the gas composition in pipelines; Eqs. (28)—(33) are
the bounds for optimization variables.
(2) Electricity system constraints:

Zgi""+2gg +8 - L g -rg=0 (34)

leL? leLf*® J€li

8 = (0,—0))/X; (35)

& = (g GCV™ + g™ GCV™) (36)
el = gl GOV (37)

lgsl < g™ (38)

4 < g < g™ (9)

e < g < gl (40)

gL gt <gtm (41)
gt =0 (42)

qr" >0 (43)

where Eq. (34) is the nodal balance of electricity flow; Eq. (35) is
the DC electricity power flow equation; Egs. (36) and (37) are the
models of the gas-fired power plant and PTG, respectively; Egs.
(38)—(43) are the bounds for optimization variables.

2.2 Second stage: dynamic gas composition tracking

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, as shown
in Eq. (44). It is worth noting that because the gas system is a
dynamic system governed by PDEs, there may exist an overshoot
in the response to the hydrogen injection change. To better balance
the feasibility and optimality, the relaxation factor ¢ and corre-
sponding penalty coefficient y are introduced. By this means,
slight violations of the gas interchangeability constraints are
allowed at the beginning. With the increase of time step k, by
increasing the penalty factor yu, the slack variable ¢ will gradually
approach zero, and the gas interchangeability constraints can
finally be guaranteed.

ptghy pighyx
manZ llgns™ — g

i€l [erP'®

+uo (44)

pig ng,d
{qzka,]mk» Piimpos Qijmks rjmk’Xgmkn)Xx]mkn’qxlk’gxlk’ i ik >
hy.d _eppng _gpphy

@ an s 4 8 T Ok}
(45)
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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 horizontal pipeline can be written as":

APy 1 P s+ Pt ™ Piiic 1) (46)
2Atp, (q,)mk - qij,m—l)k) =0

2Ax7! (Pi)‘,m—l,k + Pij,m,k) (pijjm:k - Pijymfljk)+
(P[j,m—l,k + P,’j,m,k)Pﬁp (AGA) ™ (Gimk — Giimkr + Gk — ipm-rk1)+
Y505 (@im 1+ Qjni)* =0
(47)

AGAX (P, P ) K= Xivir F Xk = X )
ZAtpo(qij,m—l,k + qij,myk)(Xli},ym,k—l - X?j,ym—l.k—l) =0,ijjePp,
m=23.,.,Mk=23..,K
(48)

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 Figure 2:

Pim1 = P;m: k=1 (49)

Pimik = Pymic vk >1 (50)

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:

Pisk = Pix = Piyaw Vj €, (51)
Pisk = Pix = Prjsio Vi €L (52)
(s + DX = 05 T D3k (53)
(5 = D = (v — D (54)

The boundary condition for the gas flow is given by the nodal
gas flow balance equation, similar to Egs. (20) and (21).
(3) Gas state equation:

pij,m,k = Zij,m,k rxj,m,k T]gpijmjk (55)
Due to the variation of hydrogen injection, the gas constant
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becomes variable subject to the gas composition. Thus, the gas
pressure no longer has a linear relation with the gas density. Thus,
the motion equation and advective transport equation become
more nonlinear than the case with constant gas composition,
which greatly affects the gas system dynamics.

(4) Other constraints: The DGCT problem should also follow
constraints Egs. (2)—(4), (17), (18), and Egs. (20)—(43).Because the
DGCT problem is formulated on each time step, the state variables
at the last time step (e.g., pjmi_1> Ljmi1> €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 method

In the first stage SOEF problem, the nonlinearities exist in the: (1)
the nodal consumption of gas demand Eq. (18); (2) the Weymouth
equation (19); (3) the nodal gas mixing equation (24). They are
reformulated to:

@ =@ g + k@ 4 + 3@ + ™)
(56)

¥y (Pi— )’ D5 (FyriLyz; )™ (57)

voij

(@ +4a7)@5 +a5) =

in,hy ~hy Ainhy

am = BEmE A + xn @+ ) + 3@+ 4

(58)
In the second stage problem, the nonlinearities exist in the: (1)

motion equation (47); (2) advective transport equation
(48); (3) gas state equation (55). They are reformulated as™:

2(8%) " (Pys T Pijn) Pk = Piim-rk — Piimi1 + P11+
(P,]m 1+ Py ) Po(AGA) ™ (i = G + Ggn1k — Gimrir) +
(%m—l + Qi) Qi1+ Diimk = Gimrh1 — Gimir) =0
(59)

Aiij(/Ajzj,mfl + ﬁlj,m) (Xxj,m—l,k - Xij,m—l,k—l + Xxj,m,k - Xij,m,k—l)+ (60)
ZAtpo (qijymfl + quvm)(Xij,m,k—l - ij,m—l,k—1) =0

The reference point is initially selected according to the solution

in the first stage SOEF problem (e.g, p,, = p;,) when k=1.

When k >1, the following criterion is set to determine whether
the reference point should be updated:

(61)

X x| > e

If Eq. (61) is satisfied, then update the reference point of x as
x=x".

3.2 Solution procedure

The whole solution procedure is elaborated as follows:
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Step 1: Initialize the system data, including the wind speed, sys-
tem structure, energy demands, physical data of components,
etc™ ., Set the total time steps K, and the time and space resolutions
for PDE problems Ax and At.

Step 2: Solve the SOEF problem by replacing the gas production
of PTG with natural gas according to Ref. [9]. Set the solutions as
the reference points (e.g., q;) for k = 1.

Step 3: For each wind level, solve the first stage SOEF problem
based on Egs. (2)-(4), (15)-(17), (20)-(23), (25)—(43), and
(56)—(58).

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 Egs. (49)—(50).

Step 5: For each time step k, solve the DGCT problem according
to Egs. (2)—(4), (17), (18), (20)—(46), (49)—(55), (59), and (60).

Step 6: Set the solution in Step 5 as the initial condition for the
DGCT problem at k+1. See if the criterion Eq. (61) 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.

4 Case studies

In this section, the IEEE 24 bus reliability test system and Belgium
gas system are used to validate the proposed method. The topo-
logical structure of the two coupling systems is presented in Figure
3. The detailed data of the two systems can be found in Refs. [33,
34], 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 Mm'/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 10000 m, respectively. ¢ is set to 0.01.

4.1 Validation of proposed method

First, we validate the proposed method in terms of both compu-
tation efficiency and credibility. We assume only the PTG at elec-
tricity 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
to2 Mm®/day.

We compare our method with a general nonlinear solver (e.g.,
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 errors, are compared
in Figure 4. As we can see, the relative error between the proposed
method and the IPOPT is tiny (the calculation method of the rel-
ative error can be found in the Appendix). 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 hydro-
gen-natural gas mixtures are mixed). At other gas buses, the errors
are almost neglectable.

Moreover, we conduct a sensitivity analysis on the penalty factor
p to validate the effectiveness of our proposed DGCT framework.
Four scenarios are set. In S1, y = 0; in S2, g =10°; in S3, y =10%;
in S4, y=min{10 x 5*,10°}. The optimization results of the
molar fraction of hydrogen at the injection point gas bus #8, and
the value of ¢, are shown in Figure 5.
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As we can see, different values of y lead to different results of
the molar fraction of hydrogen and ¢. Comparing S1, S2, and S3,
we find that the increase in y will lead to the decrease of 0. As a
result, the molar fraction of hydrogen will be lower with a lower
value of o. The relative differences of the molar fractions of
hydrogen when & >2 can be up to 7.85%. However, we should
note that selecting a large penalty factor at the beginning is not
always the best option. Although it will strictly guarantee gas
interchangeability, it will increase the computation time, and lead
to a local optimum and loss of optimality. For example, although
the ¢ in S3 and $4 both end up in zero after k = 2, the hydrogen
productions are 1.83 and 1.85 Mm’/day, respectively. The
hydrogen production of PTG in S4 is 1.09% higher than in S3.
Therefore, our selection method of y can better balance the feasi-

bility and optimality.

4.2 Gas interchangeability resilience of different gas buses

In this subsection, we investigate the gas interchangeability
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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.

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 Figure 6.
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 Figures 6(a) and 6(b). This is
because the suddenly injected hydrogen can be stacked near the
injection points. These spikes are not caused by numeral simula-
tions, 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/m’, 0.049 MW/m’, 49.07 MJ/m’, and
88.20 MJ/m?’, respectively. The ICF and SI present similar patterns
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time.

as WI. However, they are far from their upper bound (1.47 and
0.6, respectively). Thus, the violations of these two metrics are not
the main conflict in the H-IEGS with the hydrogen injection.

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
Figure 6(e), the nodal natural gas injections at gas buses #10, 11,
12, and 13 increase dramatically near the injection time point.
Figure 6(f) 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.

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 $4, 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 S3 are also 36.68% and 36.38% lower than in $4,
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.
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Observing these scenarios, we can find that the gas interchange-
ability 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 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 inter-
changeability. 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

In this case, the proposed gas interchangeability resilience evalua-
tion method is further applied to daily operations. The wind speed
data are obtained from National Oceanic and Atmospheric
Administration (https://www.noaa.gov/). All the PTGs are com-
mitted in this case. The operating conditions of the H-IEGS are
presented in Figure 7.

From Figure 7(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 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 con-
nected 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 Figure 7(b). The distribution pattern of the flame
speed factor along that route verifies the theory that we developed
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Table1 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) 38.5 4 93 85
Maximum Wobbe index sloss (MW/m?) 0.027 0 0.048 0.063
Accumulated Wobbe index loss (M]J/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 671.9 0 1217 1913
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Fig.7 Daily operating conditions. (a) Wind speed, electricity generation of
the wind farm, and gas production of PTGs, (b) nodal flame speed factors, (c)
accumulated loss of flame speed factors.

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 Figure 7(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 #5, and the gas
interchangeability resilience is also inferior.

44 Validation of proposed metrics

To validate the effectiveness of the proposed metrics, a more general
case is set. The generator # 12, 23, 25, and 26 are replaced by wind
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farms of the same capacities (100, 400, 50, and 50 MW, respec-
tively). They are located at electricity bus # 13, 18, 22, and 22,
respectively. The three PTGs are located at electricity bus # 23, 21,
and 17, respectively, connecting to gas bus #1, 8, and 5, respec-
tively.

Fig. 8 shows the operating conditions of the H-IEGS with mul-
tiple wind farms. From Figure 8(a), we find that the gas production
of the PTGs also follows the wind speed generally. However, com-
pared to the last case, this case shows the spatial differences in the
gas production of PTGs. PTG #1 almost does not produce any
hydrogen. PTG #3 only produces hydrogen during the wind peak
hours, while PTG #2 produces a large amount of hydrogen
throughout the operation. This is owing to the locations of the
PTGs. Although these PTGs are all at the electricity buses that are
different from those of wind farms, the PTG #2 is very close to the
wind farm at electricity bus #18. In contrast, the location of PTG
#1 is very distant from any of these three wind farms. This phe-
nomenon proves the importance of location for PTGs.

From Figures 8(b) and 8(c), we can see the resilience of gas
interchangeability of gas buses. In Figure 8(b), almost all the gas
buses violate the FS upper bound. However, it is obvious that the
resilience of gas interchangeability increase, as the distance to the
hydrogen injection point increase. For example, gas buses #12 and
13 are more resilient than others. With the same hydrogen injection
pattern, gas bus #8 violates the FS constraints immediately at 9:00

Wind speed for:
—— Gen #12 —— Gen #13
Gas production of:

Gen #25 —— Gen #26

PTG #1 PTG #2 PTG#3
4 N
2 2F
El £z
1 125 &
g S s
: -
£ 1'gg
§ )
1. 1. 1. 1. 0
0 5 10 15 20 25

Time (hour)

(c)

165 165177 414 — 415 — #16

162 162

#2159 £ 159

156

6T e 49 — 410

53—l #2413 sz Y Y M
0 5 10 15 20 25 0 5 10 15 20 25

Time (hour) Time (hour)

Fig.8 Operating conditions of H-IEGS with multiple wind farms. (a) Wind

speed and PTG gas production, (b) FSs of gas buses #8-13, (c) FSs of gas buses
#14-16.
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and 11:00 just after the hydrogen injection increase. In contrast,
the gas bus #12 successfully defended the hydrogen injection at 9:
00, and its FS does not violate the constraint. Even facing the
hydrogen injection starting from 11:00, the FS of gas bus #12 is
still controlled within the normal range before 20:00, and the vio-
lations are very slight. For the gas buses #14-16, their gas inter-
changeabilities are controlled within the normal range throughout
the operation.

Moreover, to demonstrate the advantages of the proposed met-
rics, we compare the operating condition of H-IEGS with/without
the proposed metrics. Two scenarios are established. In S1, the gas
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interchangeability resilience is not considered. In S2, these con-
straints are considered.

The operating conditions of the H-IEGS are compared in Figure
9. We find that with the consideration of gas interchangeability
resilience, the hydrogen productions of PTGs are reduced, espe-
cially in peak hours. The gas productions of PTG #2 and #3 are
reduced by 2.75% and 38.0%, respectively. Consequently, the FSs
during the whole operation are then controlled within the upper
bound, as shown in Figures 9(c) and 9(d). Especially at gas bus
#12, due to a large amount of hydrogen injection, the FS constraint
is violated by up to 0.52% in S1. While in S2, the ES is reduced
significantly.
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Fig.9 Operating conditions of H-IEGS with/without gas interchangeability constraints. (a) Gas production of PTG #2, (b) gas production of PTG #3, (c) FS at

gas bus #12, (d) FS at gas bus #16.

5 Conclusions

This paper proposes a gas interchangeability resilience 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 manage-
ment scheme is proposed to improve the interchangeability con-
sidering 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 evalua-
tion 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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Nomenclature
A. Acronyms
DGCT Dynamic gas composition tracking
FS Weaver flame speed factor
GCV Gross caloric value
H-IEGS Hydrogen-blended integrated electricity and
gas systems
ICF Incomplete combustion factor
PDE Partial derivative equation
PTG Power to gas
SI Soot index
SOEF Steady-state optimal electricity and hydrogen-
gas energy flow
WI ‘Wobbe index
B. Indices
i,j Index for bus
jref Index of reference bus
k Index for time step

] Index for system components (gas source, gas-
fired power plants, etc.)
C. Sets, matrixes, and functions

e Set of gas-fired power plant at bus i

LY Set of gas sources at bus i

L Set of PTGs at bus i

L» Set of traditional fossil power plant at bus i
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Function of operating cost of traditional fossil

power plant [ at bus i
Set of decision variables in the second stage

optimization problem

Set of decision variables in the first stage opti-
mization problem

Set of state variables in time step k

Set of buses

Set of buses connected to bus i or j
Set of time steps
Set of pipelines

Molar fraction of hydrogen at bus i in time step
k

Molar fraction of natural gas at bus i in time
step k

Molar fraction of hydrogen in segment m of
pipeline #j in time step k

Threshold for reference value

Accumulated gas interchangeability loss at bus i
Maximum gas interchangeability loss during

operation at bus i

Gas density of the gas mixture in segment m of
pipeline 7j in time step k

Relaxation factor for gas interchangeability con-
straints

Voltage phase angle at bus i

Weaver flame speed factor at bus i in time step

Electricity generation of the wind farm at bus i
Electricity generation of gas fired power plant [
atbus i

Electricity consumption of PTG [ at bus i
Electricity flow in electric branch ij

Gross caloric value at bus i in time step k
Incomplete combustion factor at bus i in time
step k

Gas pressure at bus i

Gas pressure in segment m of pipeline ij in
time step k

Square of gas pressure at bus i

Hydrogen consumption of gas fired power plant

latbus i
Natural gas consumption of gas fired power

plant [ atbus i

Gas production of gas source [ at bus i
Hydrogen production of PTG [ at bus i

Gas flow in segment m of pipeline ij in time
step k

Hydrogen flow in pipeline ij

Natural gas flow in pipeline ij

Hydrogen demand at bus i

Nodal injection of hydrogen at bus i

Nodal injection of natural gas at bus i

Natural gas demand at bus i

Gas constant of hydrogen in segment m of
pipeline ij in time step k

Gas constant of the gas mixture in pipeline ij
Specific gravity at bus i in time step k

Soot index at bus i in time step k

Settling time at bus i

Enduring time at bus i

Wobbe index at bus i in time step k
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E. Parameters
(.)mm, (.)mux

x5, X

Lower and upper bound of variable (-)
Solutions of variable x in first and second

stages
- Molar fractions of propane and nitrogen in the
Ao Xi natural gas
Ax, At Length and time steps
Vi Direction of gas flow in pipeline ij
x Reference value of variable x
“ Penalty factor
P Nodal gas price at bus i
Gas density at the standard temperature and
i pressure condition
D, Fy Ly A, Dlamete?, ﬁ"lCtl(.).n factor, length, and section
area of pipeline #j
fse, s Flame speed factors of natural gas and hydrogen
g Electricity demand at bus i
GCVe, GCV™ GCVs of natural gas and hydrogen
M,K Numbers of pipeline segments and time periods
o Gas pressure at the reference bus
dngd Gas demand of bus i measured by original
4 natural gas (without hydrogen)
e, Y Gas constants of natural gas and hydrogen
Sre, §hy Specific gravities of natural gas and hydrogen
T Temperature of natural gas
X; Reactance of electric branch ij
- Compressibility factor of the gas mixture in
! pipeline 7j
Appendix

The relative errors in Section 4.1 are calculated based on the fol-
lowing equation:

_ 2 i — ™|

K(xi+xi™)
where ¢; is the relative error at bus i; x¥"" is the molar fractions
of hydrogen at bus i at time step k calculated by nonlinear
method (where the model stays nonlinear and is solved by
IPOPT). If y%% and y!¥™" are both less than 103, they are regarded
as zero, and are not included in the calculation of Eq. (62).

(62)
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