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A Unified Gas and Power Flow Analysis in Natural
Gas and Electricity Coupled Networks

Alberto Martinez-Mares and Claudio R. Fuerte-Esquivel, Senior Member, IEEE

Abstract—The restructuring of energy markets has increased
the concern about the existing interdependency between the pri-
mary energy supply and electricity networks, which are analyzed
traditionally as independent systems. The aim of this paper is fo-
cused on an integrated formulation for the steady-state analysis
of electricity and natural gas coupled systems considering the ef-
fect of temperature in the natural gas system operation and a dis-
tributed slack node technique in the electricity network. A general
approach is described to execute a single gas and power flow anal-
ysis in a unified framework based on the Newton—Raphson formu-
lation. The applicability of the proposed approach is demonstrated
by analyzing the Belgian gas network combined with the IEEE-14
test system and a 15-node natural gas network integrated with the
IEEE-118 test system.

Index Terms—Electricity infrastructure, natural gas infrastruc-
ture, Newton method, power flow analysis.

NOMENCLATURE

A. Indices
1,9 Index of electrical system nodes.
k,m Index of natural gas system nodes.
N, Nodes in the electrical system.
Npy PV -type nodes in the electrical

system.
Npg Nodes in the natural gas system.
Nk Number of pipelines connected at

D

kth node.

N¢ Number of compressors in the

natural gas system.

B. Constants

g 32.2178 gravitational constant
(ft/s?).

GHV 1015, gross heating value
(BTU/SCEF).
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10.7316 gas constant (PSI
ft* /Ibmol°R).

28.96, air molecular weight.

Gas-specific heat ratio
(dimensionless).

Gas heat capacity at constant
pressure (dimensionless).

Inner diameter of pipe linking nodes
km. (in).

Compressor’s parasitic efficiency
(dimensionless).

Pipeline’s efficiency
(dimensionless).

Pipeline’s inlet elevation (ft).
Pipeline’s outlet elevation (ft).

Pipeline’s length from node % to
node m (miles).

Pressure base (PSIA).

Compression ratio (dimensionless).

Base temperature (°R).

Heat transfer coefficient at pipe from
k to m (BTU/ft)

Supercompressibility factor
(dimensionless).

Compression process efficiency
(dimensionless).

Compressors gas consumption
coefficients.

Heat rate coefficients for coupled
nodes.

Joule-Thompson coefficient
(°R/PSIA).

Gas specific gravity (dimensionless).

Conductance of the nodal admittance
matrix (p.u.).

Susceptance of the nodal admittance
matrix (p.u.).
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D. Variables
BHPkm
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P gen

)
gen

Pi,O

gen

Apgen

ki
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Ploa‘d
Qi

load

i
Pca.l

i
cal

Lkm,i

comp

Energy consumption for the
compression station connecting
nodes km (HP).

Darcy—Weisbach friction factor
(dimensionless).

Vector of natural gas nodal balance.

Vector of compressors energy
consumption.

Vector of compression ratio
functions.

Vector of thermal equilibrium
functions.

Slope pipeline correction from & to
m (PSIA?).

Mass of natural gas (1h,, /s).

Gas average temperature for the
pipeline connecting nodes km (°R).

Final temperature of a mixture of
several natural gas injections (°R) at
kth node.

Gas temperature at node mth in the
natural gas flowing from & to m
(°R).

Average temperature of the
environment surrounding the
pipeline connecting nodes km (°R).

Generation of active power at ith
(p-w.).

Generation of reactive power at 7th
node (p.u.).

Set-point of active power generation
at ¢th node (p.u.).

Additional active power supplied by
slack nodes (p.u.).

Participation factor of the i
generation (dimensionless).

Demand of active power at :th node
(p-u)

Demand of reactive power at ¢th
node (p.u.).

Calculated active power injected at
tth node (p.u.).

Calculated reactive power injected
at ¢th node (p.u.).

Active power demanded by the
compressor motors (p.u.).

Alkl‘i' Gas load driven the ith electric
¢ generator (SCFD).

]V[[’f’” Pipeline’s natural gas flow (SCFD).

ME™ Compressor natural gas flow
(SCFD).

Lwévl Natural gas load at kth node (SCFD).

ngks Natural gas injection at kth node
(SCFD).

Mk, Total natural gas injected by

pipelines and compressors at kth
node (SCFD).

|Vi] Voltage magnitude at ith node (p.u.).

Tng State variables for the natural gas
system.

Lo State variables for the electric power
system.

X State variables for the coupled
systems.

Hkm Average pressure for the pipeline

¢ connecting nodes & and . (PSIA).
I1, Pressure at the £th node (PSIA).
TEm Gas extracted from the kth node by

the compressor connecting nodes %
and m (SCFD).

0; Voltage angle at +th node (rad).

pkm Gas density calculated for the
pipeline connecting nodes & and m
(Ibm/ft®).

I. INTRODUCTION

HE secure and reliable operation of an electric power
system depends not only on the availability and perfor-
mance of the electric generation and transmission facilities
but also on its interdependency with those infrastructures used
to produce, transport, and store the various forms of primary
energy that are transformed into electricity. Traditionally, all
of these infrastructures have been designed and operated sep-
arately from each other; however, the restructuring of energy
systems in several parts of the world has increased the interest
in evaluating in a coordinated manner the interdependency
existing between the individual primary energy and electricity
sectors in order to determine how the state of each infrastructure
affects the economic and secure operation of the overall energy
grid. Among all types of primary energy systems, electric
power generation relies increasingly on the natural gas supply
system as additional natural gas-fired power plants are installed
in power systems because of their low cost and environmental
impact [ 1], such that electric power and natural gas systems are
becoming increasingly interdependent.
There are several proposals for modeling the combined nat-
ural gas and electricity infrastructures by a single integrated for-
mulation to achieve an optimal operation of the coupled energy



2158

system. In [2], the interdependency of both structures is evalu-
ated in terms of the impact of the gas market prices on the unit
commitment and dispatch. Hence, the gas infrastructure is not
modeled directly, and the interdependency is only considered
through the production cost of natural gas-fired plants given
by the gas market price times their gas consumption. In [3],
both infrastructures are represented as networks composed of
nodes and arcs that possess capacity and efficiency constraints.
The economic efficiencies of the energy flows in the integrated
energy system are then evaluated. Appropriately chosen mul-
tipliers on the arcs represent energy losses, such that the tech-
nical operating parameters of the infrastructures are omitted in
the model.

Other proposals concerned with optimal power flow studies
in combined natural gas and electricity networks explicitly
take into account the former infrastructure [4][5][6][7][8].
These proposals consider equality constraints associated with
the balance of the injected power and injected gas, which
must be satisfied at each node in the electrical and natural gas
systems, respectively, considering the nodal voltages and nodal
pressures as state variables. The static security constraints
associated with the operation of both infrastructures are related
to nodal voltage magnitudes, thermal limits in transmission
lines, generation limits of active and reactive powers, nodal
pressures and compression rates, as well as the injection and
consumption of gas. Other constraints have also been consid-
ered: the maximum flow rate in natural gas pipes [5], natural
gas contracts and reserves [7] and the linepack of a pipeline [8].
In [6], the coupling of both infrastructures is explicitly studied
via an energy hub that represents the energy interaction through
coupling matrices whose elements correspond to efficiency and
conversion factors; no other quantities are used. The maximum
amount of energy that can be provided from the natural gas
system to each gas-fired electric generator is computed in [5]
by modeling these generators as natural gas loads; thus, the
electric transmission network is not considered in the study.
On the other hand, the electricity network is represented by a
direct current model in [7] and [8].

Several assumptions are adopted in all above-mentioned ref-
erences to simplify the gas flow calculations by using Wey-
mouth’s formula, which neglects changes in the altitude over the
pipeline, in the compressibility factor, and in gas temperature
along the pipeline among others [9], [10]. However, the gas tem-
perature must be determined in combination with nodal pressure
profiles to define suitable operational conditions that avoid the
hydrate formation in the inner-wall of a pipeline, natural gas
fluctuations, the excessive energy consumption in compression
stations and the condensation of gas [10], [11], as well as as-
suring the quality of the natural gas supplied at each gas-fired
generator in order to maximize the efficiency in the energy con-
version cycle [12]. Hence, the gas temperature must be consid-
ered as a variable in the gas flow equation.

In the context of electricity infrastructures, their daily
operation relies on extensive power flow studies to indicate
whether or not the nodal voltage magnitudes and power flows
in transmission components are within prescribed operating
limits. However, the power flow solution is obtained without
considering both the availability of primary energy supply
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and the primary energy network operating condition, i.e., the
natural gas infrastructure. Hence, apart from optimal power
flow studies, a crucial study to quantify the interdependency
of energy infrastructures is related to the computation of an
equilibrium point by using an energy flow algorithm, whose
results will provide the initial operating condition to perform
higher hierarchy level of power system studies. Therefore, in
order to address the challenge of analyzing the steady-state
interdependency between natural gas and electricity networks
and considering that the power flow analysis is the cornerstone
of power system studies, this paper proposes a unified approach
for the solution of the gas and power flow problem in both
infrastructures for a time horizon corresponding to a single
time period (snapshot). This problem is formulated individ-
ually for each system based on the balance of nodal flows,
representing the gas flow equations of the natural gas system
in a consistent manner with regards to their counterparts in the
electrical system, and a generic framework is then proposed
to execute the flow analysis in conjunction for both systems.
In this context, the gas temperature is viewed as a variable in
the gas flow equation based on the proposal detailed in [13]
in order to identify operating conditions with risk of hydrate
formation and to assess its effect on the energy consumed
by compressors. On the other hand, the conventional electric
power flow formulation assumes the existence of a slack gen-
erator that supplies the entire imbalance of active power in
the system, even when a sufficient spinning reserve exists on
other generators. However, as pointed out in [14], “a slack bus
is something artificial which has no relation to the physical
system since no such distinction exists among generators.” In
order to overcome this shortcoming, the concept of distributed
slack nodes is used in the proposed approach; thus, the active
power output of an arbitrary number of generators is adjusted
to achieve a total active power balance in the electric power
system. The use of this concept justifies the unified model
proposed to assess the equilibrium point of the overall energy
grid. In addition, it also increases the value of the proposed ap-
proach because the adjustments of active power generation as a
function of the gas supply and the electric energy consumed by
compressor motors are computed during the solution process in
a closed loop computation, more realistically representing the
interdependency between both infrastructures.

Finally, the set of nonlinear algebraic equations representing
both systems is solved by using Newton’s method in order to
assess the values of state variables that provide the steady-state
of the overall energy grid under a prespecified operating
condition.

The proposed approach is described in detail in the remainder
of this paper as follows. Section II presents a detailed gas flow
and thermal balance formulation for the natural gas infrastruc-
ture considering pipelines and compressor elements, Section II1
describes the electric power system modeling for steady-state
analysis considering distributed slack nodes and Section IV
presents the formulation to integrate both systems and the
unified solution of the whole set of nonlinear equations by
Newton’s approach. The application of the proposed approach
to two coupled energy systems is presented in Section V.
Finally, Section VI presents the conclusions of this work.
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II. NATURAL GAS SYSTEM FORMULATION

The steady-state modeling of a natural gas system is formu-
lated by the equations related to the gas flow and to the thermal
behavior of the gas in those elements composing the system.
The gas flow balance is also formulated to assess the equilib-
rium point condition at each system’s node. For the purpose of
this paper, the elements considered are pipelines, compressors,
sources, and loads. The storage elements are modeled as sources
or as loads depending on their operating condition.

A. Pipeline Equation

Several equations have been proposed to compute the gas
flow through pipelines [11], the main difference between them
being how the friction coefficient term and natural gas charac-
teristics are considered in the formulation. In this context, the
following equation is the most commonly used to compute the
gas flow in a pipeline between gas nodes % and m [10], [15] and
is the one employed in this paper:

77.547T;
kmo __ km b 2.5
MF™ = sgu, (I L., HE™) <7> D

b

2 - 12, — [k °‘5E 1
x LkIrL,-YGTJCmZaf p ( )

where sgn,, (I, I, , HF™) = 1if (II] — 112, — H¥™) > 0 or
sgn,, (g, L, HF™) = —1if (117 — 112, — H}™) < 0.

Note from (1) that higher natural gas flows with lower pres-
sure drops occur in those pipelines which are colder, shorter, and
more efficient [15].

Based on the knowledge of the network and the experience of
engineers that operate the gas infrastructure, the physical char-
acteristics of each pipeline and the gas composition in (1) can
be expressed by a single constant C,,, given by

T7.54T,\ g5 1 08
Cim = Do K,
* ( I, ) (Lk"wanmZaf) g

The term H*™ considers the effect of changes in the altitude
over the pipeline and is calculated by

2

« e 2
o 0.0375g(H,,, — Hy) (TI5™)
p ZaTakm,

3

where the average pressure IT5" is calculated by (4), which con-
siders the nonlinear pressure drop with distance [15]

L e T

The average temperature 7™ used in (2) and (3) is computed
considering the nonlinear effect of distance and the weather to
which pipelines are exposed [10]
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The friction factor value strictly depends on the inner diam-
eter of the pipeline for high pressure networks working in the
fully turbulent flow region [4] and is given by

0.03
—.

D3

f= Q)

B. Compression Station Equations

Compression stations are installed in gas pipelines to com-
pensate for the loss of pressure due to both the friction of pipes
and the heat transfer between the gas and its environment, as
well as to provide the pressure needed to transport gas from
one location to another [10]. A compression station connected
between nodes £ and rn is mathematically represented, respec-
tively, by its energy consumption and by its compression ratio
as follows:[4]

(:kfl
Mka, . Hm [
ol | N | (11 R (7)
Ecne || cr—1 10

®

The energy required by the compressor to increase the pres-
sure level can be provided by an electric motor or a gas-fired
turbine; in the former, the energy could be supplied from the ith
node of the electric power system and is calculated by

(0.000007457)

BHpP*™ :().08542{

I, R =11,,.

Lkm,,i — BHPkm,

comp

3600 ©)

while the gas required for the gas-fired turbine is extracted from
the natural gas network as given by

Té'm _ aé’m + /3gmBHPk"L 4 ,ygrn (BHPk”L)2. (10)

C. Nodal Gas Balance Equation

A nodal gas flow balance must be satisfied at each node of
the gas infrastructure to assure that the sum of the gas entering
and injected is equal to the sum of the gas leaving the node and
the total gas withdrawal, as given by

AM,;, = Z M]f"” + Z sgn, (k, m)ME™ + Z TEM
mek meEk mek
— M} 4+ My =0

Vhk =1, (N, — 1) (11)

where X,,cx is the set of nodes adjacent to node £k,
sgu,.(k,m) = 1 if the compressor unit has its inlet at node &;
otherwise, sgn(k, m) = —1.

Note that at least one nodal pressure must be specified in order
to perform the gas flow analysis. A known-nodal pressure is
taken as a reference to compute all other unknown nodal pres-
sures, and the gas injection computed at this node will provide
the gas flow balance in the network by compensating for the
gas consumed by compressors. In this case, the corresponding
gas balance equation associated with this slack node is not in-
cluded in the mathematical formulation, but is solved separately
by finding the gas injected at this node once the steady-state of
the overall energy grid has been computed.
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Fig. 1. Hydrate formation chart [16].

D. Thermal Formulation

The knowledge of gas temperature at each node of the net-
work permits the definition of the heaters’ location to prevent
hydrate formation or gas condensation, the gas inlet temper-
ature for compressors, and the minimum gas flow values in
the network [10]. The hydrates could originate critical oper-
ating problems, because they could be deposited in the inner
wall of a pipeline and block the gas flow. The solution of this
problem represents great technical difficulties and high mainte-
nance costs [10], [16].

Several methods to evaluate formations of hydrates have been
reported in the literature [10], one of the most used approaches
being the chart proposed in [16] and shown in Fig. 1. Natural
gas is composed mainly of methane, and, as reported in this
chart, higher operation pressures require higher gas temperature
conditions in order to keep the gas composition in a safety zone
(the right-hand side of the curve) to avoid formation of hydrates.
By way of example, the risk of hydrate formation increases for
gas temperatures below 14 °C considering an operation pressure
of 10 MPa.

The temperature at node & of gas flowing in a pipeline con-
necting nodes & and m is computed by

km __ _ km 77J_T Hk7 - Hm, _alkFm™
T = {Tk [TS + (1) (—Lkm >] } e
. I, — 11,
Tkm (M) m 12
+|: s + a kam ( )

based on the proposal detailed in [13], which considers that the
gas temperature starts at the inlet pipe’s temperature and tends
to the surrounding pipe’s temperature as the gas flows through
the pipeline, where

7rDlrmUlrm

= 13
¢ magCp (13)

11 T 1
km b k km

- V() Zo [ 14
me =@, (Hk> (Tb> (864()()>pc (14)

Mve MW,
km VG air

= 15

When gas injections with different temperatures arrive to a
given node from different pipelines and compressors, a calcula-
tion of the thermal equilibrium of the nodal gas mixture based on
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the heat transfer theory is necessary [17]. Therefore, the thermal
equilibrium at the k£th node is given by

mk

M
— » mk § Jk —
T’“_ZMHI " ttlT R N
mek ota. ota.
(16)

where X,,e1(X;er) is the set of nodes adjacent to node & from
which the gas is flowing into node & through a pipeline (com-
pressor). In this case, the same temperature value at both ends
of the compression stations is assumed.

E. Natural Gas State Variables

Equations (7), (8), (11), and (16) are used to assess the
equilibrium point of the natural gas network by computing
the values of nodal pressures, nodal temperatures, as well
as energy consumption and gas flowing in compressors,
[#ng] = [II,T, BHP, Mc]*, for given values of nodal pres-
sures in known-pressure nodes and of nodal gas injections in all
other nodes that do not supply energy to gas-fired power plants.
In this formulation, IT € RWs—1 T ¢ RN« BHP € RVc,
and Mo € RN respectively.

III. ELECTRICITY SYSTEM FORMULATION

An ac power flow model is used to represent the electricity
network, which is already well documented in [18]. The steady-
state operation of a power system is formulated by stipulating
that, at each system’s node, the power injected by generators,
the power demanded by loads, and powers exchanged through
the transmission elements connected to the node must add up
to zero. This applies to both active and reactive powers. These
equations are termed mismatch power equations and take the
following form at node ¢ [18]:

AP Pgl,on Plind Plal—o VL:L Ty jve (17)
AQ ngn Qload Q(‘al 0, Vi=l,---, (JVH*NPV) (18)
where

= > {ViGii + ViV [Gij cos(8; — 0)
Jj€r
+B;;sin(6; — 6;)]} (19)
Qtar = Z {~V?Bii + ViV, [Gi;sin(6; — 6;)
J€L
—Bz‘,j (‘,OS(HL‘ - HJ)]} . (20)

The equilibrium point of the power system is obtained by
solving the set of (17) and (18) for the voltage magnitudes
and phase angles at all nodes in the network [z,] = [V, 6] by
knowing the generations and loads in the system. The active
and reactive power flows throughout the transmission system
are then determined according to (19) and (20). Since the power
transmission losses cannot be calculated without knowing the
power flow through the transmission elements, one of the
generator nodes is designated to pick up this slack in power
generation, which is referred to as slack node, with its voltage
magnitude and phase angle assumed to be known. The latter is
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chosen as the reference against which all other voltage phase
angles in the system are measured.

In order to overcome the shortcoming of only adjusting the
active power of a single slack generator to achieve a total active
power balance, the concept of distributed slack nodes is used in
this paper [ 14]. In this case, the active power output of a selected
number of generators is regulated during the power flow solu-
tion, based on their assigned participation factors, to supply the
generation required to satisfy the entire active power imbalance
in the system. Hence, the variable active power of regulating
generators is defined as

Pz _ PLO 4 kl

gen gen gen

Z kgen =1

1EN,,

AP, VieN. (I

(22)

where APycy is the unknown additional generation of active
power required to satisfy the existing imbalance between the
set-point system generation and the total active power demand
plus transmission losses.

In this approach, the slack node is considered to be like any
of the other system’s nodes, with corresponding active and reac-
tive power mismatch equations, and the reference voltage phase
angle can be arbitrarily selected at any of the system nodes. In
addition to the standard classification of system nodes into gen-
erator voltage-controlled (PV'), generator voltage-uncontrolled
(PQ) and load (PQ) nodes [18], two new node types are de-
fined: a generator PV node with variable active power gen-
eration and a generator P() node with variable active power
generation. In these nodes, the active power output constraints
imposed on regulating gas-fired generators correspond to the
generators’ own operational limits and to the amount of nat-
ural gas that can be extracted from the gas network. If any reg-
ulating generator reaches one of its active power generation
limits, its active power output is fixed at the offended limit for
the remaining of the power flow solution process, and the ac-
tive power balance of the system is provided by the rest of reg-
ulating generators. On the other hand, even though the reactive
power mismatch (18) of a PV node is not considered in the for-
mulation, it is solved at each iterative step to assess whether or
not the generator reactive power is within limits. If the gener-
ator cannot provide the necessary reactive power support to con-
strain the voltage magnitude at the specified value then the reac-
tive power is fixed at the violated limit and the voltage magni-
tude is freed. Finally, the unknown vector of state variables that
determine the power system’s equilibrium point is now given
by [z.] = [V.6, AP,], where V € R(Ne—Nrv) g ¢ pVe-1),
and AP, € K.

IV. COMBINED NATURAL GAS AND ELECTRIC POWER
FLoOW FORMULATION

A. Heat Rate Curve

The relationship between the natural gas and electricity net-
works is provided by the gas-fired turbines’ generators, which
act as energy converters. This coupling is mathematically for-
mulated by

HR = o, + ﬁ;Pg‘w + 74 (P;m) (23)
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referred to as the heat rate curve, which represents the efficiency
conversion of the energy contained in natural gas at the £th node
into electrical energy injected at the ¢th node of the electrical
network

Additionally, the gas flow required for the energy demanded
by the heat rate curve is computed by

vi  HR

My' = G (24)

Note that the gas consumed by a gas-fired turbine is a function
of the active power generated by the unit and the natural gas
available at the extraction node.

B. Unified Gas and Power Flow Solution

The integrated gas and power flow formulation of the natural
gas and electricity infrastructures is obtained by combining the
stated flow models considering the link between both infrastruc-
tures through gas-fired power plants connected to gas pipelines
and compressors using electrical energy. Hence, the set of non-
linear equations that has to be solved for the state variables of
both infrastructures is given by

AM, = Z_M’”"—l—Zbgn k,m) ]W Z
mek mek mek
— M+ MY+ MY =0
Vk - 1, (]an ) (25)
Mmk
_ P mk
ATk —Tk — Z ]\/["’ Tk,
mek total
+Z T]k Vk:L"'ang (26)
jEk totdl
Mk'm.T, .
AHPE™ = BHP*™ — 0.0854Z, [ c k} [ o ]
Ecnc cr—1
- ep—1
( ) —1| VCOE€N¢, ke Ny,
11,
me& Npg, k#m @7
H”TL o
ARé«m:H——ka:O VCENC7 keNnga
k
m € Nny k 7é m. (28)
AP, = (ngn + l';,enAPgen) - P]i;ad - cal Llfgllll; =0
Vi=1,--,N. 29
AQi gen Qload ial = 0
Vi=1,-,(N. — Npy). (30)

The proposed unified solution approach consists of ap-
plying Newton’s method to provide an approximate so-
lution to the total set of equality constraints F(X) =
[AM,AT,,AHP,AR,AP,AQ.,]* = 0, where AM ¢
RVo 1), AT, € RV, AHP € RVe, AR € RN,
AP € SR“ and AQ € SR(N “Nev) by solvmg for AX =
[Ating, A.’Le] in the linear problem JfAX’ —F(X*), where
J is known as the Jacobian matrix and is given in expanded
form by (31), shown at the bottom of the next page. For given

initial values of X* = [z, x £]°, the method updates the
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Fig. 2. Belgium natural gas transmission system [20].

solution, [#4F1 =z, + Azl 2lTt = z{ + Az’]", at each it-
eration £ until F'(X*) satisfies a predefined tolerance. The need
to efficiently solve the large set of sparse linearized equations
JEAXE = —F(X?) requires the use of sparsity techniques,
where the ordering for sparsity factorization of the Jacobian
matrix is carried out according to the Tinney-2 scheme [19].

C. Initialization

The attractiveness of using Newton’s method is that it arrives
at the solution with local quadratic convergence regardless of
the network size if all state variables involved in the study are
suitably initialized and the Jacobian matrix is nonsingular at the
solution point [20].

For the electric power system, the voltage magnitudes are ini-
tialized at 1 p.u. at all uncontrolled voltage magnitude nodes,
while the controlled PV nodes are initialized at specified values
that remain constant throughout the iterative solution if no gen-
erator reactive power limits are violated. The initial voltage
phase angles are selected to be 0 at all buses [21]. The unknown
additional generation of active power APy, is initialized in
Zero.

In contrast to the electric power systems, special caution
should be taken to initialize the state variables of the gas
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TABLE 1
NATURAL GAS FLOWS AT PIPELINES

Gas flow
Pipeline Crm From To (SCF¥hour)
(SCF/PSIA) la) 1.b) 1.c) 1.d)
1 6566436 1 2 10.80 10.81 10.80 10.81
2 6566436 1 2 10.80 10.81 10.80 10.81
3 4912482 2 3 15.62 15.62 15.62 15.62
4 4912482 2 3 15.62 15.62 15.62 15.62
5 4326324 3 4 25.47 2549 | 2547 | 2549
6 240319 5 6 0.562 0.561 0.562 | 0.562
7 1175149 6 7 -5.373 -5.373 | -5.373 | -5.373
8 764054 7 4 -13.10 -13.10 | -13.10 [ -13.10
9 1728699 4 14 11.67 11.67 11.67 11.67
10 1144991 8 9 26.76 26.76 | 26.76 | 26.76
11 123179 8 9 2.879 2879 | 2879 | 2.879
12 4907626 9 10 19.75 19.75 19.75 19.75
13 2457651 9 10 9.892 9.892 | 9.892 [ 9.892
14 3641178 10 11 12.45 12.45 12.45 12.45
15 2285681 10 11 7.820 7.820 7.820 7.820
16 2869666 11 12 17.75 17.75 17.75 17.75
17 3497039 12 13 14.028 14.02 14.02 14.02
18 5874893 13 14 19.31 19.30 19.31 19.30
19 3500118 14 15 33.05 33.05 33.05 33.05
20 2491576 15 16 22.97 2297 | 2297 | 2297
21 109941 1117 2.522 2522 | 2522 | 2522
22 160430 17 18 2.522 2522 | 2522 | 2522
23 304984 18 19 2.522 2522 | 2522 | 2522
24 204329 19 20 2.823 2.823 | 2.823 2.823

infrastructure. By way of example, the gas flow through the gas
infrastructure is a function of the difference of pressures at the
pipeline’s ends such that initialization of pressures gives rise
to an ill-conditioned Jacobian matrix if a flat initialization is
adopted when changes in the pipeline’s altitude are not taken
into account. In such a situation, the linearized mass flow
equation yields a null diagonal element in the Jacobian.

The strategy adopted to remedy this situation consists of se-
lecting the initial values for nodal pressures at the pipeline’s
ends considering a difference of pressures of 5 ~ 10% between
the receiving and sending nodes, taking as a reference value the
specified pressure at the slack node. This initialization process
is adopted independently of how the changes in the pipeline’s
altitude are being considered.

Since the gas temperature tends to the environmental tem-
perature surrounding each pipeline, the nodal temperatures are
initialized at the value 7%™. The gas flowing in all compres-
sors is initialized at the same value given by the average value

r OAM OAM OAM OAM 0 0 OAM
oIl oT OBHP oM 8APge,)
AT,  BAT, DAT,
BN T 0 DM 0 0 0
JAHDP OAHDP OAHDP OAHDP 0 0 0
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J=| 2ar 0 0 0 0 0 0 €2))
oIl
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OBHDP a8 av BAPgen
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TABLE 11
NATURAL GAS SUPPLY, DEMAND, AND NODAL PRESSURES

Source; Demand; Electric; lLa) 1.b) l.¢c) 1.d)
Node| Name (MSCF%/hr) (MSCF¥hr) (MSCF%hour) Press Press Press Temp Press Temp
Lo/l | Lbyid Laic | 1n)/1d) | sty | sy | esiy | er) | sy | eR)
1 | Zeebugge 21.613 21. 6256 0.000 0.000 0.000 942.7 942.7 942.7 515 942.7 515
2 Dudzele 9.632 9.632 0.000 0.000 0.000 942.0 942.0 942.0 515 942.0 515
3 Brugge 0.000 0.000 5.7666 0.000 0.000 939.2 939.2 939.2 | 514.69 939.2 514.69
4 |Zomergem 0.000 0.000 0.000 0.6973 0.7037 929.8 929.8 929.7 | 513.65 929.6 513.65
5 | Loenhout 0.5620 0.5620 0.000 0.000 0.000 841.2 841.2 840.8 515 840.8 515
6 | Antwerpe 0.000 0.000 5.9358 0.000 0.000 839.6 839.6 839.1 | 504.80 839.1 504.80
7 Gent 0.000 0.000 7.7339 0.000 0.000 845.9 8459 845.4 | 504.44 845.4 504.44
8 Voeren 29.6466 29.6466 0.000 0.000 0.000 782.2 782.1 785.1 515 785.0 515
9 | Berneau 0.000 0.000 0.000 0.000 0.000 942.7 942.7 942.7 515 942.7 515
10 Liege 0.000 0.000 9.3672 0.000 0.000 938.3 938.3 938.3 | 514.51 938.2 514.51
11 | Warnand 0.000 0.000 0.000 0.000 0.000 935.2 935.1 935.0 | 514.16 935.0 514.16
12 Namur 0.000 0.000 3.1194 0.6094 0.6159 924.7 924.7 924.5 | 513.00 9244 513.00
13 | Anderlues 5.2824 5.2824 0.000 0.000 0.000 920.3 920.3 920.0 515 920.0 515
14 | Peronnes 2.0703 2.0703 0.000 0.000 0.000 917.3 917.3 917.0 515 916.9 515
15 Mons 0.000 0.000 10.0764 0.000 0.000 892.4 892.3 891.6 | 512.23 891.6 512.23
16 |Blaregnies 0.000 0.000 22.978 0.000 0.000 867.9 867.9 866.9 | 509.53 866.9 509.53
17 Wanze 0.000 0.000 0.000 0.000 0.000 779.7 779.6 781.0 | 497.33 781.0 497.33
18 Sinsin 0.000 0.000 0.000 0.000 0.000 856.2 856.2 859.0 515 859.0 515
19 Arlon 0.3016 0.3016 0.000 0.000 0.000 835.7 835.7 838.3 515 838.2 515
20 | Petange 0.000 0.000 2.8237 0.000 0.000 775.7 775.6 777.9 | 508.39 777.8 508.39
TOTAL 69.108 69.121 6.801 1.306 1.319

of all specified gas loads divided by the number of compres-
sors. Based on all of these initializations, the initial values of
the energy consumed by compressors and the compression ratio
are computed by using (7) and (8), respectively. However, the
former computation can be avoided since the gas tapped by each
compressor is significantly less than the gas flowing through the
network, such that a null initial value for the energy consumed
by compressors is also possible.

V. CASE STUDIES

The suitability of the proposed approach for conducting
steady-state flow studies of an electric power system coupled
with a natural gas infrastructure is tested on two energy systems
as described below.

A. Case ]

The proposed approach is applied to analyze an integrated
gas-electricity infrastructure composed by the Belgian gas net-
work [22], shown in Fig. 2, and by the IEEE-14 bus test system
[23]. The 20-nodes natural gas network is composed of eight gas
nonelectric loads, seven sources, 24 pipelines, and two compres-
sors driven by an external energy source, as shown in Tables I
and II. The pipelines’ constants are calculated according to (2)
and are given in Table I. The node referred to as Zeebugge
in Table II is considered the slack node. On the other hand,
the electricity infrastructure has the electric energy demand re-
ported in Table I1I, and it is assumed there are two gas-fired gen-
erators at nodes 2 and 3 which are supplied from nodes 4 and
12 of the gas network, respectively. For the purpose of anal-
ysis, the gas and power flow solution was first obtained consid-
ering the gas temperature constant at 506.7 °R at all natural gas
nodes and assuming the following two cases of slack nodes in
the electricity infrastructure: /.a) a single slack node and /.b)
distributed slack nodes. In the former, generator 2 is selected
as the single slack generator to produce sufficient power for any

unmet system load and for system losses, while holding all other
active power generation at the set values reported in [24]. This
single slack node option is simply obtained by setting kéen =1
with all other participation factors k%, = 0,¢ =1, 3, 6, as indi-
cated in the second row of Table IV. In the latter, all generators
regulate their active power according to the assigned participa-
tion factors reported in the third row of Table IV. A second set of
flow analyses in both infrastructures is also performed consid-
ering the slack node options mentioned above but supposing a
constant gas temperature of 515.0 °R only at those nodes where
compressors and gas sources are connected, while for the rest of
nodes the temperature is considered a state variable to be com-
puted during the iterative solution process assuming an environ-
mental temperature of 500 °R and a heat transfer coefficient of
0.025 BTU/ft* for every pipeline of the network. These cases of
studies are referred to as /.c) and 1.d) for the single slack node
and distributed slack nodes, respectively.

The state variables were initialized according to the guide-
lines given in Section IV-C for all case of studies, performing
two simulations for each case to consider the initialization of
DB HP at null values and at values computed by (7).

For each case, the same gas flow solutions were obtained in-
dependently of the BHP initialization. For cases /.a, 1.b, I.c,
and 1.d, the solutions were obtained in 7, 10, 7, and 10 itera-
tions, respectively, to a mismatch tolerance of 10~ % in the gas
network and a 1072 in the electricity network. From a phys-
ical point of view and according to the proposed formulation,
a tolerance of 10 ~% in the natural gas state variables represents
a nodal mismatch balance of ;zSCF, and in order to set a com-
parable framework, a tolerance of 10712 in the electrical state
variables corresponds to a nodal mismatch balance of 100 ;#VA.

The results obtained for all cases are reported in Tables I and
II for natural gas flow in pipelines and natural gas nodal vari-
ables, respectively; the electric network results are shown in
Table III. For purposes of validation of the proposed approach,
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TABLE III
ELECTRICITY SUPPLY AND DEMAND
Generation; (MW/MVAR) Demand;

Node l.a)/l.c) 1.6)/1.d) (MW/MVAR)
P 0 P 0 P %

1 63.43 21.89 61.19 22.49 0 0
2 94.79 4.29 95.66 3.84 21.7 12.7

3 82.84 -6.44 83.71 -6.73 94.2 19
4 0 0 0 0 47.8 -3.9

5 0 0 0 0 7.6 1.6

6 21.64 7.84 22.07 7.76 11.2 7.5

7 0 0 0 0 0 0

8 0 17.35 0 17.35 0 0
9 0 0 0 0 29.5 16.6
10 0 0 0 0 9 5.8
11 0 0 0 0 3.5 1.8
12 0 0 0 0 6.1 1.6
13 0 0 0 0 13.5 5.8

14 0 0 0 0 14.9 5
TOTAL| 262.71 44.94 262.67 44.72 259.0 73.5

the results obtained in case /.a are compared with the optimal
equilibrium point reported in [24], both being practically the
same results. Note that in the formulation proposed in [24] both
networks are solved sequentially, compressors are not included
explicitly in the mathematical formulation and the gas tempera-
ture is always considered constant. In the sequential solution,
Newton’s method is used to solve the power flow equations
of the electric power system, and an interior-point linear pro-
graming approach is used to solve the gas flow problem.

Finally, the use of the chart proposed by Carroll [16] shows
that, for cases /.c and I.d, three nodes (6, 7, and 17) of the
gas network have a relation of nodal pressure and temperature
within the unsafe operating zone with a risk of hydrate forma-
tion in the inner-wall of pipelines, as shown in Fig. 3. Based on
these observations, reducing the level of pressure along the net-
work in order to operate in the feasibility region free of hydrate
formation is necessary.

B. Case 2

The analyzed energy infrastructure consists of the 54-ma-
chine, 118-bus IEEE electric power system [23] and a 15-nodes
natural gas network [4]. The infrastructures are coupled via
eight gas-fired generators as shown in Fig. 4. The gas network
has five gas nonelectric loads, two sources, and four compres-
sors. Two compressors are driven by gas turbines, and the gas is
tapped from the inlet node of the compressor station, while the
other two compressors are driven by electric motors supplied
from the electric network.

The node NG-1 serves as the slack node in the gas net-
work. The parameters of the heat rate curves are given in
the Appendix, while the pipelines’ and compressors’ data are
reported in [4]. In order to assess the temperature effect on the
equilibrium point associated with the natural gas network, the
following two scenarios were simulated: 1) the first scenario
assumes a constant temperature of 550 °R at all natural gas
nodes and considers two types of slack nodes in the electrical
network, 2.a) a single slack node as defined in the second row
of Table V and 2.b) distributed slack nodes with participation
factors as reported in the third row of Table V and 2) the gas
temperature is considered as a state variable to be computed
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TABLE 1V
PARTICIPATION FACTORS OF ELECTRIC GENERATORS
Nodes 1 2 3 6
Single
slack node 0.0 1.0 0.0 0.0
Distributed
slack nodes 0.5 0.2 0.2 0.1
1200
—John Carroll proposed curve
= Belgium tutorial system
'<_E 1000
[2] Risk of hydrate
& formation
ol
2 800
o
o
©
o
S 600
400
490 495 500 505 510 515 520
Nodal temperature (°R)
Fig. 3. Operating condition of the natural gas network for case /.c.
NG—SI '\n Ng—é NG—Q- ¥ﬁT\u Ng—lﬂ NG-13]
=T =T
E—v25 Ell E—'lD E—le
NG-1 NG-3 p—>NG-15
p,essluzroeorsgel;:"‘e E NG.7: NG‘-B NG-’JI? T\Vn NG?-H NG-14
NG-2 E-49 E-103 E-59 E-69
Fig. 4. The 15-node gas network coupled with the IEEE-118 network.
TABLE V
PARTICIPATION FACTORS OF ELECTRIC GENERATORS (CASE 2)
Nodes 10 16 25 49 59 61 69 103
Single 00 | 00 | 00 |00 ]| 00 |00] 10| 00
slack node
Distributed | 55 1 002 | 0.1 | 0.1 | 0.07 | 0.08 | 035 | 0.03
slack node

during the iterative solution, except at nodes of compressors
and gas sources where a constant gas temperature is set at 550
°R. In this second scenario, an environmental temperature of
500 °R and a heat transfer coefficient of 0.025 BTU/ft* for
every pipeline of the network are assumed. Similarly to the first
scenario, a single slack node and distributed slack nodes have
been considered in the electricity infrastructure, as reported
in Table V, to perform the steady-state analysis of the overall
energy grid. These study cases are referred to as 2.c) and 2.d),
respectively.

Power flow solutions converged in seven, six, nine, and eight
iterations for scenarios 2.a, 2.b, 2.c, and 2.d, respectively, to a
mismatch tolerance of 107% and of 1072 for the natural gas
and electricity systems, respectively.

Table VI summarizes the results for the natural gas network
associated with the natural gas supply, gas demanded by gas-
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TABLE VI
NATURAL GAS SUPPLY, DEMAND AND NODAL PRESSURES

Source; Demand; Electric; 2.a) 2.b) 2.¢) 2.d)
Node (MSCF%/hr) (MSCFYhr) (MSCF3hour) Press Press Press Temp Press Temp
2.a)/2.c) 2.b)/2.d) 2.a)2.c | 2.b)/2.d) | (PSIA) | (PSIA) | (PSI4) (°R) (PSIA) (°R)
1 6.2494 6.1805 0 0 1200.0 | 1200.0 | 1200.0 | 550.0 1200.0 550.0
2 8.0000 8.0000 0 0 12983 | 1301.6 | 1294.0 | 550.0 1297.3 550.0
3 0 0 0.838 0 10344 | 1038.3 | 1037.8 | 530.6 1041.6 530.9
4 0 0 0.218 0 1039.6 | 1043.7 | 1042.5 522.5 1046.4 | 5226
5 0 0 0 1.2556 1.2617 806.3 814.5 | 8179 550.0 825.7 550.0
6 0 0 0 0.8966 0.9002 14513 | 1466.1 | 14723 550.0 1486.3 550.0
7 0 0 0 1.1537 1.1594 806.1 813.6 | 8149 550.0 822.1 550.0
8 0 0 0 0.2256 0.2259 1531.6 | 15459 | 1548.3 550.0 1561.9 | 550.0
9 0 0 0 2.6938 2.7253 13725 | 13899 | 1396.5 540.0 1413.0 540.0
10 0 0 0 0.0578 0.0578 1372.5 | 1389.9 | 1396.5 540.0 1413.0 540.0
11 0 0 0 0.8675 0.8706 1275.6 | 1296.3 | 1301.0 | 520.0 1320.6 | 520.0
12 0 0 0 4.0416 3.9220 13393 | 1361.1 | 1366.1 520.0 1386.6 520.0
13 0 0 0.223 0 13424 | 1363.1 | 1368.7 | 537.0 1388.1 5373
14 0 0 0.274 0 1338.8 | 1360.1 | 13654 | 531.8 1385.5 530.6
15 0 0 1.501 0 13355 | 1356.6 | 13622 | 534.4 1382.1 534.0
TOTAL | 14.2494 14.1805 3.054 11.1921 11.1233
TABLE VII TABLE VIII
NATURAL GAS FLOWS AT PIPELINES AND COMPRESSORS ENERGY CONSUMED BY COMPRESSORS
Horse P r (HP
Gas flow Compressor| From To T OZ.Sbj —_ 2(_6) ) >
Pipeline|  Cpy From  To (SCF¥hour) 1 5 6 |1848] 1832 | 183.8 | 182.1
(SCF/PSIA) 2.a 2.b) 2.¢) 2.d) 2 7 8 |197.8| 196.6 199.0 197.8
1 2409328 | 1 3 1624] 618 | 624 | 6.18 3 9 10]0.00 | 0.00 0.00 0.00
2 241232.7 2 4 1800 8.00 8.00 8.00 4 11 12 ]|11.16] 11.06 10.63 10.54
3 289126.6 3 4 |-127] -1.30 | -1.24 | -1.27
4 242008.5 3 5 |6.68| 665 6.66 6.61
5 [ 2324591 | 4 7 | 650 648 | 654 | 6.51 TABLE IX
6 2253903 6 9 453 | 448 450 4.45 ELECTRICITY SUPPLIED BY GAS-FIRED GENERATORS
7 141801.1 8 11 | 512 | 5.09 5.16 5.12 Generation (VT ATVAR)
8 146427.1 10 13 | 1.78 | 1.70 1.75 1.67 Electric NG 2a)/2.¢) ! 20)/2.d)
9 135148.8 12 14 10.216| 0.30 0.25 0.33 P 0 p 0
10 152148.7 13 14 10.640| 0.58 0.62 0.56 T 5 750 - YO -
11 158598.1 13 15 10918 0.89 0.91 0.88 16 10 10 1834 10'39 1835
12 146339.1 14 15 10.582| 0.61 0.59 0.62 - - -
Compressor From To | 2.a) | 2.b) | 2.c | 2.d) 25 > 220 - 22196 ~
- - - - 49 7 204 8.72 205.96 7.55
1 > 6 15429} 538 | 539 1 535 39 1 155 | 99.66 | 15637 | 99.36
2 7 8 |[5351| 531 538 | 5.34
61 6 160 - 161.57 -
3 9 10 [1.839] 1.75 1.80 | 1.72
4 11 12 [4257] 422 | 428 | 425 69 12 645.38 x 632.25 .
103 8 40 17.04 40.59 16.84
TOTAL 1884.3 - 1883.9 -

fired plants, nodal pressures and nodal temperatures. The last
two set of results are reported in order to identify the operating
conditions with risk of hydrate formation according to Fig. 1.
The equilibrium point obtained for each case is located within
the safety zone of operation. Furthermore, these results pro-
vide information about how far the equilibrium point is from
the boundary of this safety zone. By way of example, the pres-
sure at node NG-4 has a value close to 1040 PSIA, such that
the risk of hydrate formation for this value of pressure occurs
for temperatures below 511 °R. As the data from columns 5 and
6 of this table show, the gas consumed by electric generators is
reduced when distributed slack nodes are considered in the elec-
trical network. However, this observation cannot be considered
as a general rule because the gas consumed by fired-gas plants
depends on the online regulating generators and their assigned
participation factors.

The natural gas flows through pipelines and compressors as
well as the energy consumption of compressors are reported
in Tables VII and VIII, respectively. The former set of results
numerically demonstrates that the selection of the type of the
slack node in the electrical network affects the flow through the
gas infrastructure, which clearly shows the interdependency be-
tween both networks. On the other hand, the results reported in
Table VIII demonstrate that the energy consumed by compres-
sors is affected by the gas temperature along the network. In
these study cases, compressors consume more energy when a
constant gas temperature of 550°RR is assumed at all nodes of the
gas network. These results are in accordance to (7), i.e., a higher
gas temperature along the network, the higher the energy con-
sumption in compression stations. Lastly, the power supplied by
gas-fired generators is reported in Table IX.
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TABLE X
GAS-FIRED GENERATORS’ HEAT RATE CURVES

Node Heat Rate (20)
Electric | Natural Gas o Be Y%
10 9 350000 10 2
16 10 16000 10 2
25 5 255000 10 2
49 7 240000 10 2
59 11 195000 10 2
61 6 200000 10 2
69 12 300000 10 2
103 8 60000 10 2

VI. CONCLUSIONS

This paper proposes an integrated energy flow analysis of nat-
ural gas and electric power systems. In the latter, it is assumed
that an arbitrary number of gas-fired generators have variable
active power as a function of gas supply to better represent
the interaction between both infrastructures. Since the environ-
mental temperature has an important impact on the design of
pipelines and the operation of the natural gas network, the con-
ventional modeling of this infrastructure has been expanded to
consider the gas temperature as a state variable in order to as-
sess the compressors’ energy consumption and to identify oper-
ating conditions that could lead to harmful hydrate formation in
pipelines. The set of nonlinear equations representing the com-
bined natural gas and electricity systems have been obtained
based on the nodal balance of gas and power flows, respectively.
This set of equations has been linearized and solved using the
Newton technique. Guidelines for the initialization of the state
variables associated with the natural gas network have been
proposed to circumvent the problem of an ill-conditioned Jaco-
bian matrix if nodal pressures are initialized at the same values.
Numerical examples have been presented to demonstrate the
prowess of the proposed approach to analyze the interdepen-
dency between both energy infrastructures, where the genera-
tion of gas-fired plants as a function of the gas supply and the
electric energy consumed by compressor motors are computed
automatically together with both gas and electric state variables
in a unified frame of reference.

APPENDIX

The parameters of the heat rate curves are given in Table X.
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