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Multi-Energy Management to Facilitate
Hydrogen Injection with Renewable Uncertainty

Pengfei Zhao, Student Member, IEEE, Chenghong Gu, Member, IEEE, Zechun Hu, Senior Member, IEEE,
Da Xie, Member, IEEE, Ignacio Hernando-Gil, Member, IEEE and Yichen Shen

Abstract—Power-to-gas (P2G) can convert excessive renewable
energy into hydrogen via electrolysis, which can then be transported
by natural gas systems to bypass constrained electricity systems.
However, the injection of hydrogen could impact gas security since
gas composition fundamentally changes, adversely effecting the
combustion, safety and lifespan of appliances.

This paper develops a new gas security management scheme for
hydrogen injection into natural gas systems produced from excessive
wind power. It introduces four gas security indices for the integrated
electricity and gas system (IEGS) measuring gas security,
considering the coordinated operation of tightly coupled
infrastructures. To maintain gas security under an acceptable range,
the gas mixture of nitrogen and liquid petroleum gas with hydrogen
is adopted to address the gas security violation caused by hydrogen
injection. A distributionally robust optimization (DRO) modelled by
Kullback-Leibler (KL) divergence-based ambiguity set is applied to
flexibly control the robustness to capture wind uncertainty. The KL
divergence-based ambiguity set defines uncertainties within a
measured space which limits the shape of probability distributions.
Case studies illustrate that wind power is maximally utilized and gas
mixture is effectively managed, thus improving gas security and
performance of IEGS. This work can bring many benefits: i) ensured
gas security under hydrogen injection ii) low system operation cost
and iii) high renewable energy penetration. It can be easily extended
to manage injections of other green gases into IEGS.

Index Terms—Distributionally robust optimization, gas security
management, integrated electricity and gas system, integrated
energy system, power-to-gas, renewable uncertainty.

NOMENCLATURE
A. Indices and sets
t, T Index and set for time periods.

n, N Index and set for nodes in gas system.
ig, I, Index and set for traditional distributed
generators (DG).
ig: Ig Index and set for natural gas sources.

j, J Index and set for wind turbines.

lo, L, Index and set for power lines.
lg, Ly Index and set for gas pipelines.
ke, K, Index and set for electric loads.
kg, Ky Index and set for gas loads.

ky, Ky, Index and set for heating loads.

B. Parameters (P2G)
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Electrical efficiency for electrolyser.
Reaction coefficients for required carbon
dioxide and methanation output.

Gross calorific value (GCV) for hydrogen,
liquid petroleum gas (LPG), nitrogen,
methane and mixed natural gas.

Gas density of hydrogen, liquid petroleum
gas, nitrogen and methane.

Combustion potential index (CPI) of
hydrogen, liquid petroleum gas, nitrogen and
methane.

Oxygen index.

Maximum limit for GCV, specific gravity,
wobbe index (WI) and Combustion Potential
(CP) of mixed gas.

Minimum limit for GCV, specific gravity
(SG), WI and CP of mixed gas.

Maximum and minimum volume for mixed

gas at node n.
Constant in Boyle’s law.

C. Parameters (System)
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Maximum and minimum output of natural
gas source i, at time t.

Maximum and minimum gas pressure of gas
pipeline I;.

Weymouth constant for pipeline [.
Maximum gas flow of pipeline ;.

Compressor’s compression factor at pipeline
lg.
Gas and heating load at time t.

Maximum active and reactive power
injection at substation from upper level.
Maximum and minimum output of
traditional DG i,.

Resistance, reactance of power line [,.
Maximum active and reactive power flow of
power line [,.

Power and gas load at time t.

Cost coefficients of traditional DG i,.

Cost coefficients for electricity purchase at
substation and natural gas source ig.

Cost coefficients for nitrogen and liquid
petroleum gas.

Forecasted output of wind turbine j at time t.

D. Variables (P2G)

P2G
Pt

Power consumed by the electrolyser.
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(;7’1‘3; , G#)g.me , Gas output for overall P2G process, direct
hy.d me hydrogen injection, hydrogen during
Gn,t 4 Gn,t

methanation process and methanation.
Gr% Required gas of carbon dioxide during
methanation process.
E. Variables (System)

Gyt Output of natural gas source i, at time t.
prl;'}ti , prli;’[ Gas pressure of initial and terminal nodes of
pipeline I, at time t.

figt Gas flow of pipeline [ at time t.

fETini gGTter  Gas flow at initial and terminal nodes of gas
lgt  Jigt

turbine.
(p;‘yt—me, ;‘yt—d Volume for hydrogen with methanation
LPG . ni mix Process, direct use, LPG, nitrogen, methane
Pt » Pt Pnt .
and mixed natural gas.
CGV, SG, WI and CP for mixed gas of node n
attimet.

o, SGTEE,
W, CP

e Gas flow from initial node and to terminal
node of pipeline [, at time t.

Poubtr Qsup t Electricity purchase of substation at time t.

P e Qi Traditional DG active and reactive power
output of i, at time t.
fide fioe Active and reactive power flow of power line

l, attimet.
fligng', flge[ Gas flow from initial node and to terminal
node of pipeline [, at time t.

. INTRODUCTION

HE increasing penetration of renewable energy is effective

for revolutionising energy mix and addressing the climate
crisis. However, the abundant renewable generation poses
operation and security challenges to power systems [1, 2]. At
present, battery storage is the main technique for mitigating the
over-penetration of renewables [3, 4]. In the U.S., 275 TWh
wind power was generated in 2018 while 6 TWh wind energy
was curtailed and wasted [5]. The main reason is that i) the
fluctuating and uncertain characteristics of wind power cause
unbalancing issues and ii) wind power cannot be fully
consumed in local areas but cannot be transported to other areas
due to network constraints.

As a promising solution to enable excessive renewable
energy integration, power-to-gas (P2G) enables the conversion
from electrical energy to hydrogen and synthetic natural gas.
Accordingly, the bidirectional energy flow is achieved for
tighter couplings between integrated energy systems (IES). P2G
has been extensively investigated in existing research,
particularly in network planning and operation problems [6-12].

One major research area is P2G planning in IES. A robust co-
optimization model is presented in [6] to determine the optimal
investment plan for installing investment candidates including
P2Gs and gas compressors. Wind uncertainties and reliability
are considered for economic and reliable solutions. Paper [7]
proposes a bi-level multi-stage stochastic programming to
minimize planning and operation cost of an integrated
electricity and gas system (IEGS) with P2G. A real options
model is designed for IEGS including P2Gs to determine the
optimal investment timing and capacity of P2G [8]. The

2

operating cost uncertainty is considered and the decision can be
made immediately or postponed waiting for the operation
opportunity based on real options.

P2G operation has also been well investigated to reduce
operation cost and carbon emissions and maximise profits [9-
12]. Paper [9] designs a decentralized IEGS with P2G
technologies and wind energy to save daily operation cost. A
linearized transient-state gas flow model is developed and the
alternating direction multiplier method is used to solve the
proposed problem. A stochastic optimization (SO) based day-
ahead economic dispatch model for IEGS considering
renewable uncertainties and contingencies is proposed in [10].
A second-order cone relaxation is developed to address the
nonconvexity caused by uncertain gas flow direction.

Hydrogen is produced by electrolysers of P2G and then
injected into gas systems, which can inevitably affect gas
composition. The variation in gas composition will impact the
security of gas pipelines, gas engine performance, emissions as
well as the gas security of end-users [13]. In gas distribution
systems, Wobbe index (WI1) is the most common parameter in
the existing literature to measure gas security [14-17]. Paper [14]
analyses gas interchangeability using WI on domestic
appliances. The results demonstrate that WI associated with
flashback and thermal output are important constraints to
consider. A distributed injection of alternative gas with a steady-
state method is presented in [15] and the paper also assesses the
impact of utilizing various gas supply sources by WI. A small-
scale renewable hydro methane production system is designed
in [16] considering WI as a key security index.

The utilization of renewable as the source for P2G is
influenced by the uncertain characteristics and existing research
mainly uses SO [9, 10] and RO [17, 18]. SO assumes the
decision making is either based on an explicit distribution
knowledge or a large number of samples. The former solution
is not always practical and the latter is prone to errors since it is
difficult to estimate the accurate probability distribution when
the dataset is not sufficiently large. Alternatively, RO finds the
optimal solution under the worst-case scenario based on the
uncertainty set, which is over-conservative. To overcome their
shortcomings, distributionally robust optimization (DRO) is
developed to balance the deficiencies of SO and RO with minor
robustness guaranteed through partial distribution information
[19-21].

A risk-based optimal gas flow is presented and solved by
DRO [22]. Paper [23] designs an economic dispatch model for
IEGS considering renewable and load uncertainty. An IES at the
building level is proposed considering PV output uncertainty
and DRO is used to mitigate the conservatism [24]. In summary,
existing research has extensively assessed the gas security of
hydrogen-gas admixture but the coordinated operation of
energy infrastructures in IES is ignored. There is also a lack of
an effective method to model renewable uncertainty.

Similar to the uncertainty set of RO, the ambiguity set of
DRO is used to characterize uncertainties with certain known
information of distributions. Constructing a proper ambiguity
set is crucial to DRO, which must be sufficiently rich to
accommodate the real distribution and small enough to exclude
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distributions that may cause over-conservatism. Generally, two
main approaches to construct the ambiguity set are moment-
based ambiguity set and discrepancy-based ambiguity set [25,
26]. Moment-based ambiguity set is the most common type due
to its tractability and easy second-order cone program (SOCP)
or semidefinite program (SDP) reformulations. For instance,
Markov ambiguity set and Chebyshev ambiguity set rely on first
and second-moment information from the historical data [27].

Discrepancy-based ambiguity set use more distributional
information to shape real distributions compared with moment-
based ambiguity set [28]. It measures the discrepancy between
the candidate distribution and reference distribution. The
discrepancy can be controlled to either decrease or increase the
conservatism depending on the reliability requirement of the
optimization. Kullback-Leibler (KL) divergence is a common
#-divergence to measure the distance between two distributions.
Estimation of uncertainty distributions can be obtained by
statistical fitting [28, 29]. KL divergence-based ambiguity set
models uncertainty requiring the candidate distribution within a
predefined distance from the nominal distribution.

To fill the research gap, this paper designs new co-
optimization for both gas security and system operation in an
IEGS. Renewable uncertainty is captured by DRO approach
with KL divergence-based ambiguity set to ensure both
robustness and tractability. The key indices to quantify gas
security, including gross calorific value (GCV), specific gravity
(SG), WI, and CP, are included in the model. Apart from
ensuring standard satisfaction, the injected gas from P2G is
mixed with nitrogen and Liquid Petroleum Gas (LPG) to
maintain overall gas security. The uncertainty of wind power
output is handled by KL divergence-based DRO, which can be
transformed into a tractable deterministic model.

The main contributions of this paper are as follows:

1) This is the first work to include four key indices in the
economic operation of IEGS to ensure gas security with
the injection of hydrogen generated from P2G, which
can contribute to the combustion performance and
lifespan of gas equipment.

2) This paper develops a novel co-optimization model to
both minimize system operation costs and maintain gas
security within an acceptable range, achieved by mixing
with nitrogen and LPG.

3) A KL divergence based DRO is developed to model
renewable uncertainties. Compared to SO and RO, it is
less data-dependent and conservative. Compared to
moment-based DRO, the robustness of the proposed
ambiguity set can be controlled by adjusting divergence
tolerance in the algorithm.

The remainder of this paper is organized as follows. Section
II proposes the modelling for the gas security indices. Section
I presents the objective function and constraints for IEGS
including P2G facility modelling and gas security management.
The KL divergence-based DRO methodology regarding and
associated reformulations are given in Section IV. Section V
demonstrates case studies and performance of the problem.
Finally, section VI concludes the paper.

3

Il. GAS SECURITY

To assess gas security, gas adaptability and interchangeability
are the two most significant indexes. The adaptability of gas is
referred to as the ability of the gas-fired appliances to work
properly when the gas composition is changed due to gas
injection. The gas interchangeability refers to that, during the
mix of various gas compositions, the operational performance
of gas equipment is still acceptable in terms of safety, efficiency
and emissions. For gas turbines and pipelines, only limited
change of gas composition is tolerated.

Calorific value is defined as the amount of released heat
during combustion. GCV represents the amount of released heat
by unit volume of fuel when the temperature of the gas is equal
before and after the combustion, which means the water vapour
is entirely condensed and heat recovered during the combustion.
GCV must be within a range which determines the available
amount of energy. The GCV for hydrogen is given in (1), where
04 and 2y, are the GCV for the mixed gas and hydrogen and
@py is the volume of hydrogen.

02=04+ (2ny — Q) Pny 1)

SG is the ratio of gas density to air density at the same
pressure and temperature. It is used for limiting hydrocarbon
content, given in (2), where pg, py, and p,;, are gas density,
hydrogen and air. A high hydrocarbon content will cause serious
combustion problems, e.g., engine knock, carbon monoxide
emissions and spontaneous ignition of gas turbines, etc.

_ Pg + (phy B pg)(phy (2)
Pair

The WI for gas equipment can vary within a small range,
which is defined by (3).

_2 3)
Wi NG
The most frequent used WI in the world is set within 5-10%

of the standard setpoint. Otherwise, non-optimal gas
combustion appears, which will lead to inefficient and unstable
equipment working conditions and high greenhouse gas
emissions. A significant change of WI can even result in
emergency shutdowns of gas turbines due to the adverse impact
on control issues, affecting the lifespan. In addition, the
combustion performance is also influenced by the varying gas
composition, e.g., flame stability, ignition properties and
flashback. Ensuring equal WI can obtain the same energy input
under the same gas pressure. CP is used to measure gas
combustion stability, which can reflect combustion
characteristics, including combustion flame and yellow flame,
etc. CP is one important index for interchangeability of gas
admixture that requires the CPs of mixed gases are close.
Equation (4) defines CP.

Phy + 0-6((Pcm + (phc) + 0-3§0me (4)

VSG

where @cm >, ©ne and @ represent the volume of carbon
monoxide, hydrocarbon except methane.

SG

CP=0;

I1l. IEGS MODELLING

This section models P2G facility and IEGS, followed by the
operation objective function. It is assumed that the entire IEGS
is owned by a single system company, who has the full control
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of DGs, power lines, wind generators, gas sources, pipelines,
P2G facility, compressors and other equipment.

A. P2G Modelling

P2G facility enables redundant wind power to be recovered
and transported by the gas system. Firstly, electrolysers split the
water (H20) into hydrogen (Hz) and oxygen (O2z) by using
excessive wind power. Then with the interaction with carbon
dioxide (CO2), methane (CH4) can be obtained through
methanation. Meanwhile, the produced Hz from the first step can
be directly transported by the gas system. The relationship
between the input and output of electrolyser is described in (5).
According to Sabatier reaction factors , equations (6)-(8)
present the requirement of CO2 and production of CH4 in the
process of methanation.

" =, ’;f%G (5)

hy
Gt ™ + G = G ®)
GE% = Mhy—calny ™ )
G;rlr,lte = nhy—meGrfll,);_me (8)

B. Modelling of Electricity and Gas Systems

The modelling of natural gas system is presented from (9) to
(24). Equation (9) limits the gas production by natural gas
source ig. Gas pressure is limited in (10) and (11). It is noted
that the pressure of initial gas nodes is always higher than that
of terminal nodes in distribution gas systems. Weymouth gas
flow equation is used to describe the relationship between gas
pressure and flow in (12). Equation (13) limits gas flow. The
inlet and outlet gas pressures of the compressor are constrained
in (14). Equations (1)-(4) describing gas security with hydrogen
are modified considering the mix of methane, LPG and
nitrogen, given in (15)-(18). Equation (19) is used to ensure all
gas security indices are within a certain range for each gas node.
The volume deviation between two consecutive time periods
cannot be too big due to gas travelling speed in pipelines, which
is presented in constraint (20). The total gas volume and its limit
are given in (21) and (22). Constraint (23) presents the
relationship between gas pressure and volume based on Boyle’s
law [30]. The nodal gas balance constraint is presented in (24).

Gig,min < Gig,t < Gig,max (9)
2 2 2
Prlg,min < Prlg,t < Prlg,max (10)
Pr,’;g > Priet (11)
2 _ ini? _ ter? ) 12
figt" =7y (Prlg,t Pry e (12)
0 S ﬁg,t S flg,max (13)
Pricf < CF Pri" (14)
-Q?,;x = Qny((l’r}g'me + <Py’:,3t]'d) + 0pe i + Dol (15)
+ 008
SGI = [pny (Pnr™ + o) + ProcPERE + pripll (16)
+ Pe O] (0nd™ + Oy + QERE + it
+ ont
: - ; 17
Wizl =z Jsany 4
—— Ep (@ + ) + Eupot” + i, + Emey— (18)
n,

/sc,q'}gx

4
{'}n‘u'n < {} = {'}mam ) (19)
{3 = Q0% SGIY , WYY, CP™
_A(pr{L.,}max < (pr{z}t - (pg,}t—l < A(pr{L.,}max (20)
{} = hy_me, hy_d,LPG,ni,me
hy, hy,d i i
Pt O+ ORES + F + Qi = oi" (21)
(p:zr,lrlrjzcin < go??éx < (pxrlrfax (22)
(pn?lx =
n,t P
D G+ D G Y f = N e (24)
ig€ly neN lg€Lg lgELg
= Z Gyt + Z Giept
kg€Kg Kn€Kp

The electricity distribution system is modelled from (25) to
(30). Equation (25) is the constraint for the active and reactive
power of substations. The generation limits for traditional DGs
are presented in (26). In the distribution system, the DistFlow
equation is used with the linearization as presented from (27) to
(29). Equation (27) is obtained assuming i) losses are negligible,
ii) bus voltage is close to 1.0 p.u. and iii) reference bus voltage
is 1.0 p.u. . Voltage and flow constraints are given in (28) and
(29), respectively. In (30) and (31), the power balance
constraints for active and reactive power are given respectively.

0< {'}Sub,t < {'}sub,max' {} =P,Q (25)

Pie,min = Pie,t < Pie,max (26)

Vet =V = (flem, + filexi,)/Vo (27)

V,i;}m < Vb{t} < Vn{l',}lx, {-} = ini, ter (28)

0< fli}t < fl:];nax, {}=ar (29)

Pape+ ) Pty afpt Y o= N g = N p o (30)

ie€lp Jj€J le€Le le€Le ke€Ke

Qune+ ) @t ) S =Y =0, G

i€l, 1.€L, 1,€L, ke€K,

C. Objective function

The injection of hydrogen into natural gas pipelines will
inevitably change gas compositions and might cause gas
security issues, such as heat value, combustion potential,
pressure. In order to maintain the 4 gas security indices within
an acceptable statutory range, it is required to inject other gases
with hydrogen into gas pipelines. Accordingly, the optimal gas
mixture is required to determine the proper amount and timing
of the injection of other gases. In this paper, LPG and nitrogen
are used to blend with hydrogen to keep satisfied gas security.
Nevertheless, the cost of purchase and injection of LPG are
expensive compared with nitrogen. Accordingly, the key gas
mixture process is to use the minimum LPG with gas security
satisfied. The objective in (32) is to minimize system operation
cost while ensuring gas security, considering the impact of
uncertain wind power output.

AL Pie,tz + 27 Py ¢ + A+ AsunPoune

e

min I' = min
ic€le,ig€lg tET
+ )ligpig,z + An@nk + Appe it
The first three terms are the cost function for traditional DGs.
The fourth one is electricity purchased from the upper electricity
market. The gas production cost of natural gas sources is shown
as the fifth term. The last two terms are the cost for purchase
and injection of LPG and nitrogen during gas mixture process.

(32)
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IV. METHODOLOGY

The uncertainty of wind power output is captured using DRO
approach, reflected in the uncertain forecast error in (33).
Equations (34) and (35) are the inesecurity constraints of (29).

;' + i (33)
S rs e S Y - Y o @9
[T jeJ leELe leELe ke€Ke
Z Pie,t+za) Z flalm Z flater Z Pke,t S O (35)
o€l j€J lo€ELe lo€ELe ke€K,

Constraint (34) is used as the representative of reformulations
in the later section, which is transformed into (36) since DRO
considers the worst distribution of uncertain forecast error.

minY Pyt Yager 3 g Y g - Y B0 (36)

ig€le jeJ le€ELe le€ELe ke€EKe
Equation (37) measures the discrepancy between two
probability distribution P and reference distribution P,..r based
on ¢-divergence through the divergence tolerance 5. Equation
(38) defines the KL divergence between P and P, ¢, where f (§)

and f..¢(&) are the probability density functions.

P ={P e D|D(P||Pres) s( 1;} 37)
B f¢ (38)
D(PlPrer) = [ (6 tog 2 a5

DRO considers the worst distribution scenario and thus the
expectation of constraint (36) is based on all the possible
uncertainty distributions are considered, which is given in (39).

min Ep [H(x,§)] 2 0 (39)

Based on the change-of-measure method, (40) is obtained

according to [28], where L(§) = f(§)/frer(§). By applying the
change-of-measure method to (39), (41) is obtained.

D(P||Prey) = f £ log ff fé) d (40)
= B, L) log L(O)]
Bl D) = [ 1) ff (Z)fref(a d (41)

= Ep, [H(x, L]

To incorporate uncertainty within the constraint (36), it needs
to be treated as an inner optimization problem with sub-
objectives and constraints.

min Ep, , [H(x, )L(E)]
st. Ep, L) logL(E)] <n

The original optimization problem is reformulated into (43)
as follows with the expectation of the constraints. Noted that is
the divergence tolerance

min I’
s.t. Constraints (5)-(31)
s.t. T;lei;l Ep,,, [H(x,8)] =0

P ={P € D|D(P||Pre) <7}

According to [28], when strong duality holds, (43) can be
transformed into (44).

min T
s.t. Constraints (5)-(31)
st.max alog Epref[eH("’f)/“ +an| =0

Then, the explicit expression of constraints of (44) according

to (30) can be obtained in(45).

(42)

(43)

(44)

5

maxalogEp, . [ezieele Pt Tieg @+ et S50~ igete S = Dieger, Proe/ & 4
PeP re

an| = 0 (45)

The logarithmic expression under expectation is a moment
generating function with distribution P,..r, which can be
transformed into a deterministic formulation. In this paper,
kernel density estimation (KDE) in (46) is used to estimate the
reference distribution, where &’ represents error data, N is the
number of error data, hy is a positive smoothing parameter, and
H() is the kernel function (non-negative and the integral of the
probability distribution is 1) . Assuming H() follows the
normal distribution, (47) is formulated from (46) with the mean
value &' and variance hy>.

C (68
() = NhNZH< - )

1 ~((&-€)"/2n})
=— —e
Finally, (30) can be transformed into (48) based on [28].
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2 :

hy 1 i
+max<an + 2— +aln— Z e((fp(t)/a)) >0 (48)
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(46)

(47)

i=1

V. CASE STUDIES

The proposed gas security management for IEGS is
demonstrated on a modified IEEE 33-bus system with a 10-node
gas system [31]. The IEGS contains three traditional DGs, three
renewable DGs and two natural gas sources. The wind DG at
bus 10 is the power supply for the P2G facility with 1MW
capacity. The parameters for natural gas sources and DGs are
given in TABLE 1 and II respectively. In this paper, P2G
efficiency is 50% [32]. The ambiguity set is controlled by a
divergence tolerance (#=2.3026 and $=0.1) for the DRO.
TABLE III shows the limits of the considered four security
indices. The GCV and combustion potential index (CPI) for
hydrogen, methane, LPG and nitrogen are given in TABLE V.
Four case studies in TABLE V are implemented based on
optimization methods, hydrogen injection schemes, and gas
mixture management strategies, which are presented.

A. Economic Performance

The economic results for all cases are investigated, including
operation cost and gas mixture management cost, as is shown in
TABLE VI. The IEGS operation cost is the sum of operation
cost of power system and gas system. It shows that case 1
($601922) has the highest IEGS operation cost and case 3
($337889) has the lowest. The IEGS operation strategy for case
1 and 4 are the same which both consider hydrogen injection
support for the gas system and gas mixture management for
maintaining gas security. Case 1 derives $135710 more
operation cost in the power system since RO limits the uncertain
wind power output with a higher degree of robustness, which,
yields $120445 less gas system operation cost. The reason is that
the hydrogen injection is strictly limited, which reduces the need
for additional LPG and nitrogen to maintain acceptable gas
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TABLET TABLEV
PARAMETERS OF NATURAL GAS SOURCES CASE ILLUSTRATION
P;_ min P max A Optimization Hydrogen  Gas mixture
Node No. (kgcf/h) (kgcf/h) 16 /]fcf) Case No. method injection management
1 20 5 22 1 Robust Yes Yes
8 15 2 2 2 DRO No Yes
3 DRO Yes No
TABLETI 4 DRO Yes Yes
GENERATOR PARAMETERS
TABLE VI
ECONOMIC PERFORMANCE FOR ALL CASES
Bus Pie,mux Pie,min Ri+v R a; b; Ci
No. (MW) (MW) (MW) /mMw2) - ($/MW) ®
13 12 03 0.2 6000 7100 5200 Economic result Casel Case2 Case3 Case4
21 12 0.3 0.2 4500 10500 4000 Power system operation cost (§) 479340 329065 337044 343630
28 1.0 0.1 0.2 4500 10500 4000 .
Gas system operation cost ($) 133651 11443 845 243027
TABLE III IEGS operation cost ($) 612991 340508 337889 586657
ALLOWABLE RANGE OF GAS SECURITY INDICES Purchase cost of nitrogen ($) 1266 1003 0 2424
GCV SG Wi CP Purchase cost c.)f LPG ($) 120350 9760 0 240020
Upper value 50 1 50 80 Cost for gas mixture 13301 10763 0 242444
management ($)
Lower value 10 0 35 40
TABLE VII
TABLE 1V
GCV AND CPI FOR DIFFERENT GASES ECONOMIC PERFORMANCE UNDER DIFFERENT CONFIDENCE INTERVALS
Confidence Divergence
H CHq LPG N2 interval (5) tolerance (1) Case 2 Case 3 Case 4
GCV 10 40 115 0 0 1 337855 334510 583271
chl 100 50 42 0 0.05 2.9957 339720 337025 585084
o . 0.1 2.3026 340508 337889 586657
security indices. Overall, case 1 results in $15265 more IEGS 05 0.6065 343700 373179 594518
operation cost compared with case 4. 1 0.3679 345082 344291 596454

Without considering hydrogen injection from the power
system to the gas system, the two systems are operated
separately in case 2. Accordingly, the power system only
requires to supply electricity load in case 2 whose power system
operation cost is 4.3% less than that of case 4. The purchase cost
of nitrogen and LPG in case 2 are $1003 and $9760 respectively,
which are $1421 and $230260 less than case 4. Since the
original natural gas without hydrogen addition is more
accessible to obtain acceptable gas security. Due to the
disconnection between power and gas systems, the overall
operation cost of case 2 is $246149 less than case 4. In case 3,
hydrogen injection is considered without gas mixture. The gas
system operation cost, i.e., $845, is purely the generation cost
of natural gas sources. Without the blend of LPG and nitrogen,
the gas volume is less than case 4 and the gas pressure is higher
than case 4, which reduces the hydrogen injection from P2G
facility. Thus, the wind power provides more supply to the
power system and the power system operation cost is reduced.

The divergence tolerance # is used to characterize the size of
the ambiguity set which contains all the possible uncertainty
distributions and is associated with the conservatism of
numerical performance. According to [28], the divergence
tolerance influences the confidence interval, i.e., (8 =e™). B
is the confidence interval, which refers to the probability of the
violation of constraint (42). The divergence tolerance 7
represents the radius of the ambiguity set, which affects the
accuracy of estimating uncertainty distribution. The larger n
leads to an ambiguity set with higher robustness while the
smaller n leads to less conservative numerical results. When the

confidence interval is set as 0 (n =1), the confidence interval
turns into 100% and the candidate distribution is becoming the
same as the reference distribution. Accordingly, the original
DRO problem is equivalent to SO. With the variation of the
confidence interval, the total operation cost for IEGS is depicted
in TABLE VI. At the second column of the table, the divergence
tolerance is determined based on selecting the confidence
interval. Case 4 has the highest result with all the confidence
intervals while case 3 remains the lowest. With the increase of
the confidence interval, the total IEGS operation cost increases
slowly. In case 4, when g = 0, the DRO degrades to SO and
yields $583271 total cost. The considered largest ambiguity set
results in $596454 with g = 1, which is 2.3% higher than the
cost with the smallest ambiguity set.

B. Gas Security under Gas Management

The resulting WI and CP with different P2G operation
schemes are presented in this subsection. From Fig. 1 to Fig. 3,
it can be seen that case 2 and 4 have a similar WI range and
trend through the entire time period while case 3 shows a narrow
range of WI. The WI of case 3 ranges from 32.65 to 32.75,
which is 79% of the WI range of case 4. Besides, W1 in case 3
does not fluctuate much while maintaining a smooth trend
through the entire time period. The reason is that without the gas
admixture of LPG and nitrogen, WI cannot be ensured in an
acceptable range. In comparison with case 4, there is no
hydrogen injection in case 2. Compared with hydrogen and
methane, nitrogen and LPG have higher CGV, which lead to
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TABLE VIII
COMBUSTION POTENTIAL FOR ALL CASES

nG(?je Case 1 Case 2 Case 3 Case 4
N1 50.4 49.4 75.0 50.9
N3 54.5 52.4 75.0 55.2
N6 56.0 55.7 75.0 57.6
N8 56.9 55.8 75.0 57.8

higher WI in case 2 since case 2 has no hydrogen injected and
the other gas components contribute to a higher WI. For case 2
and 4, the WI remains at a high level from 7:00 to 17:00 and
peak at 49 in both cases. The WI of N3 and N8 are maintained
smoothly around 42. For N6, the WI remains around 41 before
15:00 and then decreases dramatically.

The CP for all cases at 12:00 is provided in TABLE VIIL
Case 3 yields the highest CP and case 4 has the lowest. Since
nitrogen and LPG have low CPI, which results in low CP.
Without the blend of nitrogen and LPG, the CP in case 3 is
relatively high considering only hydrogen and methane as the
gas composition. On the contrary, without the hydrogen
injection, case 2 has low CP. Compared with case 4, the CP of
N1 in case 2 is 30% less. In case 2, CP is slightly lower than
case 4 when solved by RO since the higher degree of robustness
leads to less P2G power output. Accordingly, the hydrogen is
produced less and the resulting CP is lower.

7

VI. CONCLUSION

A coordinated optimization for gas security management and
operation of IEGS in the presence of wind uncertainty is
proposed. The wind uncertainty is handled by DRO with KL
divergence for controlling the conservatism of numerical
performance. A tractable deterministic formulation is obtained
and the resulted linear programming model can be efficiently
solved. Through the extensive case studies, the key findings are:
= Gas security with hydrogen injection is not acceptable under
international standard without gas security management,
where GCV, SG, WI and CP should be considered.

= The P2G facility is useful for maximally utilizing the
excessive wind power and economically effective for
reducing the operation cost of IEGS.

= DRO provides less conservative results than RO in terms of
economic performance.

= Through applying KL divergence, the size of the ambiguity
set can be flexibly controlled based on confidence interval
set by decision-makers for risk concerns.

The proposed co-optimization for IEGS ensures both
economic performance and gas security via coordinating
traditional DGs, natural gas resources and P2G facility. It can
bring along many benefits: i) ensured gas security under hydrogen
injection ii) low system operation costs and iii) high renewable
energy penetration, thus facilitating high-security, affordable, and
clean energy supply. The novel framework can be easily extended
to cases for managing injections of other green gases into IEGS.
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