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Coordination of Interdependent Natural Gas and
Electricity Infrastructures for Firming the Variability
of Wind Energy in Stochastic Day-Ahead Scheduling

Ahmed Alabdulwahab, Abdullah Abusorrah, Xiaping Zhang, and Mohammad Shahidehpour, Fellow, IEEE

Abstract—In this paper, the coordination of constrained elec-
tricity and natural gas infrastructures is considered for firming the
variability of wind energy in electric power systems. The stochastic
security-constrained unit commitment is applied for minimizing
the expected operation cost in the day-ahead scheduling of power
grid. The low cost and sustainable wind energy could substitute
natural gas-fired units, which are constrained by fuel availability
and emission. Also, the flexibility and quick ramping capability
of natural gas units could firm the variability of wind energy.
The electricity and natural gas network constraints are consid-
ered in the proposed model (referred to as EGTran) and Benders
decomposition is adopted to check the natural gas network fea-
sibility. The autoregressive moving average (ARMA) time-series
model is used to simulate wind speed forecast errors in multi-
ple Monte Carlo scenarios. Illustrative examples demonstrate the
effectiveness of EGTran for firming the variable wind energy by
coordinating the constrained electricity and natural gas delivery
systems.

Index Terms—Day-ahead scheduling, natural gas, renewable
energy, stochastic security-constrained unit commitment.

NOMENCLATURE

Index:
s Index of scenarios.
i Index of generating units.
sp Index of natural gas suppliers.
l Index of natural gas loads.
br Index of power transmission branches.
b Index of buses.
t Index of hours.
m,n Index of nodes in natural gas network.
j, k Index of buses in electric network.
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Variables:
Ii Status indicator of generating unit i.
Pi Generation dispatch of a unit i.
Pw Generation dispatch of wind unit w.
DLb Loss of load at bus b at time t.
SRi Spinning reserve of a unit i.
SUi, SDi Startup/shutdown cost of a unit i.
Xon

i ON time of unit i, in hour.
Xoff

i OFF time of unit i, in hour.
F c
i Cost function of generating unit i.

F e
i Emission function of unit i.

F gas
i Fuel function of natural gas-fired unit i.

W gas
i Fuel cost of natural gas-fired unit i.

vsp Gas delivery amount of supplier sp.
Ll Gas load of load l.
ω Pressure of node.
fmn Natural gas flow from node m to n.
pfbr Power flow through branch br.
θ Bus voltage angle.

Constants:
Prs Probability of scenario s.
NS Number of scenarios.
NB Number of load buses.
NT Number of time periods.
NU Number of generating units.
NW Number of wind power units.
pfmax

br Power flow limits of branch br.
EG Set of units within same emission group.
Pmin
i , Pmax

i Minimum and maximum capacity of unit i.
Rup

i , Rdn
i Up/down limits for corrective dispatch of unit i.

T on
i , T off

i Minimum ON/OFF time of unit i.
aei , b

e
i , c

e
i Coefficient of emission function of unit i.

SUe
i , SD

e
i Startup/shutdown emission of unit i.

EMSmax Regional/system emission upper limit.
PWf

w Generation forecast for wind unit w.
DEb Load forecast at bus b.
DLmax

b Maximum load shedding level at bus b.
VOLL Value of lost load ($/MW/h).
R System spinning reserve.
NGS Number of natural gas suppliers.
NGL Number of natural gas loads.
GU Set of gas-fired generating units.
GP Set of node pair (m,n) for pipeline from node

m to node n.
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GC(m) Set of nodes connected with m.
α, β, γ Fuel function coefficient of natural gas-fired

unit.
Fmax Contracted amount for natural gas-fired unit.
ωmin, ωmax Minimum and maximum pressure.
νmin, νmax Minimum and maximum of gas injection.
A Node-gas supplier incidence matrix.
B Node-gas load incidence matrix.
C Bus-generator incidence matrix.
D Bus-electrical load incidence matrix.
E Bus-branch incidence matrix.

I. INTRODUCTION

N ATURAL gas and renewable energy are the two most
vital energy resources in the electric power industry’s

transition to an environmental-friendly operation. The use of
natural gas and renewable energy in electric power sector has
grown significantly in recent years. The U.S. natural gas con-
sumption by the electric power sector increased from 34% of
the total consumption in 2011 to 39% in 2012 [1]. Meanwhile,
the natural gas-fired units accounted for 40% of the total exist-
ing generating capacity in 2012. The attractive utilization of
shale gas has introduced the lowest natural gas prices in a
decade, which may further expand the investments on natural
gas-generating plants in electric power systems. Natural gas-
fired units are expected to serve more than 50% of the peak
electricity demand in the North America by 2015.

On the other hand, renewable energy has long held the
promise of making significant contributions to the future of
electric power systems. In addition, technological advance-
ments in distributed control, off-grid generation and micro-
grid applications, and various government incentives have
demonstrated a rapid growth in renewable energy deployments
and utilizations throughout the world. The renewable energy
accounted for about 5% of the total installed capacity by 2011,
which mainly included wind, geothermal, biomass, and solar
[2]. The installed wind capacity in the United States grew
five times between 2005 and 2012 to approximately 50 GW.
However, wind energy (including offshore) remains to be a
critical part of electricity supply over the next decades [3].

Natural gas and renewable energy operations appear to be
complementary in many respects concerning fossil fuel price
and availability, environmental impacts, variability of renew-
able resources, and accessibility of such resources in load
centers. Hence, the coordination between natural gas and
renewable energy in integrated resource planning would need
to be reinforced.

1) Natural gas has experienced significant price variations,
which would directly affect the cost of commitment and
generation of generating units [4]. Also, a growing level
of natural gas consumption by the electric power sec-
tor has increase challenges associated with natural gas
transmission network planning and operation. A pres-
sure loss or interruption in natural gas pipelines could
lead to the loss of multiple natural gas-fired generators
and raise the power system security concerns. On the
contrary, variable renewable energy units have zero fuel

costs and relatively fixed operating cost when adequately
distributed throughout a geographic region [5].

2) Additional environmental emission regulations are being
proposed to promote the further use of clean energy in the
near future [6]. Renewable energy will not be subject to
certain environmental constraints which offer additional
benefits to long-term electric power system operations.
Accordingly, the proliferation of natural gas-fired and
renewable energy units in electric power systems could be
heightened as more stringent low-carbon thresholds are
enforced globally.

3) While the renewable generation does not incur fuel costs
or emission caps, it experiences resource variability and
low-capacity factor values. These uncertain characteris-
tics of renewable energy introduce new challenges and
additional costs to the power system operations [7]. The
variability of large-scale wind energy may have intense
impacts on power system operations. The natural gas
units can offer flexible dispatch and quick ramping capa-
bility in such cases for firming power system operations.

The interdependency of electricity and natural gas is
addressed in [8]–[11]. The natural gas flow network is modeled
in [8] by daily and hourly limits on pipelines, subareas, plants,
and generating units for assessing the power system security.
An approach for solving the seasonal operation planning prob-
lem of a hydrothermal system was discussed in [9] where part of
the thermal capacity consists of energy-constrained natural gas
flow. The short-term scheduling of integrated natural gas trans-
mission and hydrothermal power system was considered in [10]
by applying Lagrangian relaxation and dynamic programming.
The augmented Lagrangian relaxation method was adopted in
[11] for solving the coordinated scheduling of interdependent
hydrothermal power and natural gas systems.

The impact of uncertainties on power system operation
caused by variable wind energy was discussed in [12] and [13].
A stochastic model of wind energy was proposed in [12] for
the optimal operation of energy storage units in which hybrid
genetic algorithm and neural network methods were employed
to solve the uncertain problem. A stochastic optimal schedul-
ing model for treating hourly wind energy and load forecasts
as variables was considered in [13] for studying the impact of
high wind energy penetrations on the Irish power system opera-
tion. Other system uncertainties including components outages,
load forecast errors, and water inflow are considered in [14]
for a midterm stochastic security constrained unit commitment
model to optimize water and natural gas supplies.

The main contribution of this paper is to discuss the coordi-
nation between the electricity and the natural gas infrastructures
based on an integrated stochastic model (referred to as EGTran)
for firming the variability of wind energy. EGTran consid-
ers natural gas transmission constraints and the variability of
wind energy in the optimal short-term operation of stochas-
tic power systems. The scenario-based approach considers the
autoregressive moving average (ARMA) time series for repre-
senting wind energy variations. This integrated EGTran model
minimizes the total expected operation cost of all scenarios
while satisfying electric power system security and network
constraints. The scenario reduction is adopted in EGTran as a
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tradeoff between the calculation speed and the solution accu-
racy. A decomposition approach is applied so that the natural
gas allocation problem considering nonlinear natural gas trans-
mission constraints can be solved by the Newton–Raphson
substitution method. The system operators can use the pro-
posed EGTran model for the short-term scheduling of energy
assets with a high penetration of renewable energy in which
the pipeline-constrained natural gas units offer the required
ramping flexibility.

The rest of this paper is organized as follows. The integrated
stochastic formulation is presented in Section II. Section III
presents the solution methodology to handle the nonlinear natu-
ral gas network constraints. Section IV presents the case studies
in a 6-bus system and the IEEE 118-bus system. The conclusion
drawn from the study is provided in Section V.

II. EGTRAN FORMULATION

The EGTran formulation procures the wind energy fore-
cast by incorporating the power curve of wind turbine and
wind speed time series at wind energy sites. The wind speed
forecast follows the Weibull distribution function using the
Weibull constant and the average wind speed. The ARMA time-
series model is applied to simulate wind speed variations [15].
Specifically, the wind speed forecast errors are represented by
a time series in which the present observations are decreas-
ingly dependent on past observations as traverse back in time.
A lower order ARMA (1,1) time series is defined for simulating
wind speeds as

X(t) = αX(t− 1) + Z(t) + βZ(t− 1)

where X(t) is the wind speed forecast error in t-hour fore-
cast, α and β are constant parameters, and Z(t) is the random
Gaussian variable with mean equal to zero and standard devia-
tion σz . A unique set of the three parameters α, β, σz describes
an ARMA(1,1) time series. The real hourly wind speed V (t) is
calculated as the sum of the wind speed forecast and the wind
speed forecast error, i.e.,

V (t) = Vf (t) +X(t).

We assume that historical wind data are available at each
wind site. The standard deviation is represented by the trun-
cated Gaussian distribution function [−σ,+σ] in which the
range of σ increases linearly in the forecast horizon.

The hourly wind speed is converted to energy by a typi-
cal power output curve of wind turbine as shown in Fig. 1.
No power is generated at wind speeds below cut-in speed
VC ; at wind speeds between rated wind speed VR and cut-out
wind speed VF , the output is equal to the rated power of the
generator; above cut-out wind speed, the turbine is shutdown.

Using the ARMA (1,1) time-series model, we create mul-
tiple scenarios (say u) to derive the boundary level by the
maximum deviations in wind speed scenarios from forecasted
values. The corresponding scenario tree has u scenarios and
each scenario can be considered as a path with a possibility
of 1/u. The computational requirement for solving scenario-
based scheduling problems ascends rapidly with the number of

Fig. 1. Typical power curve of wind turbine.

scenarios. Therefore, a scenario reduction method is adopted
as a tradeoff between the computation efficiency and the mod-
eling accuracy [16]. The scenario reduction technique is a
scenario-based approximation with a smaller number of sce-
narios representing a reasonably approximation of the original
system by measuring a distance of probability distributions as
a probability metric. After the scenario reduction, each sce-
nario represents a possible wind energy profile, in which Prs
is assigned as weight to reflect the possibility of occurrence of
each scenario.

The proposed stochastic model of EGTran is used to deter-
mine the hourly security-constrained schedule for minimizing
the expected cost of supplying the electrical load over the
scheduling horizon while satisfying various system constraints.
The objective function is defined as

min

NS∑
s=1

Prs

{
NT∑
t=1

∑
i∈GU

(
W s,gas

i,t + SUi,t + SDi,t

)

+

NT∑
t=1

∑
i/∈GU

(
F c
i (P

s
i,t) · Isi,t + SUi,t + SDi,t

)

+ VOLL ·
NT∑
t=1

NB∑
b=1

DLs
b,t

}
. (1)

The first term in the objective function (1) is the natural gas
contract cost and startup/shutdown costs for natural gas-fired
generating units. The second term is the generation cost of other
units, which includes fuel and startup/shutdown costs. The third
term is the estimated cost of load shedding. The load shedding
price is the value of lost load (VOLL), which is expressed in
$/kW/h.

A. Power System and Unit Constraints

For each period t in scenario s, the power system and unit
constraints are expressed as follows.

System load balance constraints

NU∑
i=1

P s
i,t · Isi,t +

NW∑
i=1

P s
w,t =

NB∑
b=1

(DEb,t −DLs
b,t) ∀t, ∀s. (2)

System spinning reserve constraints

NU∑
i=1

SRs
i,t · Isi,t ≥ Rt ∀t,∀s. (3)
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Generating unit constraints: The physical constraints of gen-
erating units include unit capacity limits (4), ramp rate limits
(5), and minimum ON/OFF time (6)

Pmin
i Isi,t ≤ P s

i,t ≤ Pmax
i Isi,t ∀t,∀s (4)

P s
i,t − P s

i,(t−1) ≤ [1− Isi,t(1− Isi,(t−1))]R
up
i

+ Isi,t(1− Isi,(t−1))P
min
i ∀t,∀s

P s
i,(t−1) − P s

i,t ≤ [1− Isi,(t−1)(1− Isi,t)]R
dn
i

+ Isi,(t−1)(1− Isi,t)P
min
i ∀t,∀s (5)

(Xs,on
i,(t−1) − T on

i )(Isi,(t−1) − Isi,t) ≥ 0 ∀t,∀s
(Xs,off

i,(t−1) − T off
i )(Isi,t − Isi,(t−1)) ≥ 0 ∀t,∀s. (6)

Load shedding constraints: Load shedding is considered
in the EGTran objective to provide a feasible solution under
extreme situations when the coordinated system cannot meet its
load. The load shedding at each bus is limited to a predefined
amount which is given as

DLs
b,t ≤ DLmax

b,t ∀t,∀s. (7)

Power transmission flow constraints: Constraint (8) shows
the power balance at each bus. Constraint (9) represents the
power flow from bus j to bus k, which is limited by the trans-
mission line capacity (10). Constraint (11) sets the voltage
angle of the reference bus to zero

E · pfs = C · P s
i,t −D · (DEb,t −DLs

b,t

) ∀t,∀s (8)

pfs
br = (θsj − θsk)/xjk(j, k ∈ br) (9)

|pfs
br| ≤ pfmax

br (10)

θref = 0. (11)

Constraints (2) and (8) are used in master unit commitment
problem and power transmission network feasibility subprob-
lem, respectively. The master unit commitment problem would
determine the unit commitment status and dispatch consider-
ing the system and load balance equation in constraint (2).
Constraint (8) represents the power balance at each bus of
the power system, which would be used in the subproblem
to calculate and check the power flow along with constraints
(9)–(11).

B. Wind Generation and System Emission Constraints

Wind generation constraints: The dispatched wind power
generation for each period t in scenario s is limited by the
hourly wind energy output, which is calculated based on the
power curve and hourly wind speed

P s
w,t ≤ PWf

w,t ∀t,∀s. (12)

System emission constraints: The operation of fossil-fueled
thermal units (i.e., coal and oil) could be curtailed by emission
constraints. Composed primarily of methane, the byproducts of
natural gas combustion are carbon dioxide and water vapor.
Therefore, natural gas-fired units often meet the existing SO2

and NOx emission constraints while still facing carbon emis-
sion constraints. In each scenario s, the regional/system carbon
emission during the scheduling horizon for a group of gener-
ation units i ∈ EG must not exceed the emission allowance
represented by

∑
i∈EG

NT∑
t=1

[F e
i (P

s
i,t) · Isi,t + SUe

i,t + SDe
i,t] ≤ EMSmax ∀s

(13)
in which

F e
i (P

s
i,t) = aei + beiP

s
i,t + cei (P

s
i,t)

2 ∀t,∀s (14)

and ae, be, ce are the coefficients of the carbon emission func-
tions for unit i. The startup/shutdown emission levels are
represented by SUe, SDe in i ∈ EG.

C. Coupling Constraints for Electricity and Natural Gas

1) Fuel Constraints for Gas-Fired Units: Natural gas-fired
power plants would interface natural gas and electricity infras-
tructures. As the largest industrial consumer of natural gas,
electric generators usually rely on interruptible gas transporta-
tion services to meet their fuel requirements. The interruptible
service representing the lowest service priority is usually priced
solely on a volumetric basis. For each period t in scenario s,
the fuel cost for a natural gas-fired unit is determined by its
natural gas consumption and the price of natural gas contract
(15). The natural gas consumption F s,gas

i,t is determined by the
hourly dispatch of natural gas-fired unit (16). Each natural gas
supply contract is considered as load (obligation) for the natu-
ral gas network (17), which cannot exceed the natural gas day
contract (18)

W s,gas
i,t = (ρgas)F

s,gas
i,t (i ∈ GU, ∀t,∀s) (15)

F s,gas
i,t = α+ βP s

i,t + γ(P s
i,t)

2 (i ∈ GU, ∀t,∀s) (16)

Ls
l,t = F s,gas

i,t (i ∈ GU, ∀t,∀s) (17)
NT∑
t=1

F s,gas
i,t ≤ Fmax

i (i ∈ GU, ∀s). (18)

2) Natural Gas Transportation Constraints: Natural gas is
transported from natural gas suppliers to end customers through
an extensive natural gas transportation system [17]. The natu-
ral gas transportation system consists of a complex network of
pipelines, storage, and compressors which transport the natural
gas from wellheads or suppliers to local distribution compa-
nies or directly to large commercial and industrial users. The
natural gas supply system usually consists of natural gas wells
and storage facilities. The natural gas extracted from gas wells
is processed at the gas processing plant near the wellhead
and released to the natural gas transmission system. Similar
to the electricity system, the natural gas system is composed
of transmission (high-pressure) and distribution (low-pressure)
pipelines. The transmission pipeline transports the processed
natural gas from suppliers to regions with natural gas demands.
The distribution pipelines operate at lower pressure levels,
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which are adjusted by the associated pressure regulators for the
local delivery of natural gas.

As one of the most complex nonlinear systems, the natu-
ral gas transmission system can be represented by its steady
state and dynamic characteristics. The transient state of natural
gas flow through a pipeline is described as a one-dimensional
(1-D) dynamics along the axis of the natural gas pipeline, which
requires distributed parameters and time-varying state variables
[18]. The dynamic characteristics would introduce additional
challenges in both the modeling and computation of our pro-
posed problem. Therefore, we present a steady state natural
gas flow model composed of a group of nonlinear equations
in this work. From the mathematical viewpoint, the steady-
state natural gas problem will determine the state variables
including nodal pressures and flow rates in individual pipelines
based on the known injection values of natural gas supply and
load.

The natural gas flow between node m and n through a
pipeline that does not utilize a compressor is stated as a
quadratic function of the pressures at the two end nodes

fmn = sgn(ωm, ωn) · Cmn

√
|ω2

m − ω2
n| (19)

sgn(ωm, ωn) =

{
1, ωm ≥ ωn

−1, ωm < ωn
(20)

where the constant Cmn depends on pipeline characteristics
(temperature, length, diameter, friction) and natural gas com-
positions. The direction of natural gas flow is determined by
the incremental pressure between the two nodes (20).

The natural gas flow through pipelines is driven by the
pressure difference between the two adjacent nodes. So, com-
pressors usually installed at 40- to 100-mile intervals along the
pipeline would ensure that the natural gas flow through any one
pipeline is maintained at the desired pressure level. The natural
gas flow through a pipeline with compressors is stated as (21),
in which the pressure at the incoming node is lower than that at
the outgoing node. The introduction of compressors for increas-
ing the transmission capacity along a pipeline would heighten
the pressure difference between the two end nodes

fmn ≥ sgn(ωm, ωn) · Cmn

√
|ω2

m − ω2
n|. (21)

Similar to the power transmission lines in which bus voltages
are limited, the desired pressure at each node is bounded by its
lower and upper limits as

ωmin ≤ ω ≤ ωmax. (22)

The flow conservation (23) would preserve the nodal bal-
ance for the natural gas flow. Mathematically, the nodal balance
equation is stated as

NGS∑
sp=1

Avsp −
NGL∑
l=1

BLl −
∑

n∈GC(m)

fmn = 0. (23)

Natural gas storage facilities in the natural gas transporta-
tion system would usually link transmission and distribution
pipelines. Storage facilities would ensure adequate supplies of
natural gas for seasonal demand shifts and unexpected demand

surges. Both gas wells and storage facilities are modeled as
positive injections at related nodes with lower and upper limits

vmin
sp ≤ vsp ≤ vmax

sp . (24)

Natural gas end users are commonly classified as residential,
commercial, and industrial. While some large industrial, com-
mercial, and electric generation customers receive natural gas
directly from high-capacity interstate and intrastate transmis-
sion pipelines, most other users receive natural gas from a local
distribution company. Natural gas consumption at any nodes is
considered as a gas load, which is stated as

Lmin
l ≤ Ll ≤ Lmax

l . (25)

D. Stochastic Optimal Solution Methodology for EGTran

Equations (1)–(25) represent a multistage stochastic opti-
mization problem integrating the variable renewable energy
with the natural gas network model. The unit commitment solu-
tion represents decision variables corresponding to time periods
1, . . . , NT . In the multistage setting, the quantity of random
wind energy is known in the respective time period. The sce-
narios that have the same history would not be distinguished,
once we introduce nonanticipativity constraints, which unifies
the decision variables Isi,t in different scenario s within the same
period t.

In order to handle the nonlinear constraints of natural gas
pipeline flow, Benders decomposition [19] is applied to unbun-
dle the proposed problem into a master problem (stochastic unit
commitment) and natural gas network subproblem as shown in
Fig. 2. Here, the input data corresponding to the hourly wind
speed forecast and wind turbine output curve are used to gen-
erate wind energy scenarios in which ARMA(1,1) time series
is applied to simulate wind speed variations. Fewer scenarios
are then identified by the scenario reduction method in which
each scenario represents a possible state of wind energy out-
put. Then, a stochastic master unit commitment problem will
be solved without considering electric power transmission net-
work constraints (8)–(11) and coupling constraints representing
electricity and natural gas systems (15)–(25).

Using the commitment solution, the power transmission net-
work subproblem will check the electric power flow based on
the unit dispatch. If any power flow violations are found, the
feasibility cuts will be added to the previous master problem
for recalculating the new commitment solution. Here, the feasi-
bility cuts is generated from a dc power flow model [constraints
(8)–(11)], which will eliminate the overloaded lines by enforc-
ing limits on corresponding generating unit output. After the
power transmission feasibility check, the hourly natural gas
consumption is determined by the hourly dispatch of natural
gas-fired units. Then, the natural gas network subproblem will
check the availability of natural gas resource and whether it
can satisfy natural gas transmission limits and the gas demand
required by the natural gas-fired units that are committed by the
unit commitment problem in each scenario.

Natural gas usage cuts are generated from the solution of a
natural gas allocation problem with nonlinear equations, which
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Fig. 2. Stochastic infrastructure coordination model of EGTran.

is solved by Newton–Raphson substitution method [20]. In the
natural gas network feasibility subproblem, we will add a non-
negative natural gas load-shedding variable at each delivery
point, which represents the virtual load shedding of natural
gas, to ensure that the gas allocation problem is feasible. If the
cumulative amount of load shedding is larger than the speci-
fied tolerance, which means that the solution is infeasible, the
corresponding cuts for natural gas usage violation will be gen-
erated and fed back to the unit commitment problem for the
next iteration. The cuts representing the shortages of natural gas
supply will limit the gas consumption (F s,gas

i,t ) by certain natu-
ral gas-fired units and resort to other options for supplying the
electrical load. This iterative process will be repeated until we
get the final optimal solution when all violations are eliminated.

III. NUMERICAL SIMULATIONS OF EGTRAN

We use two case studies consisting of a 6-bus power system
with a 6-node natural gas system and the IEEE 118-bus system
with a 10-node natural gas system to demonstrate the effective-
ness of the stochastic EGTran model. The pipeline-constrained
natural gas units are utilized in EGTran to firm the variabil-
ity of wind energy as grid operators minimize the day-ahead
operating cost.

Fig. 3. Six-bus power system.

Fig. 4. Six-node natural gas system.

A. Six-Bus System

The six-bus system, depicted in Fig. 3, has three gas-fired
units (G1, G2, G3) and one wind farm (W), seven transmission
lines, and three loads. The six-node natural gas system is given
in Fig. 4, which has five pipelines, one compressor, two natural
gas suppliers, and five natural gas loads. Natural gas loads 1,
3, 5 represent the hourly generation dispatch of three gas-fired
units. Natural gas loads 2 and 4 represent other types of natural
gas end users. DLmax

b is assumed to be 20% of the load forecast
at each bus as we assume that the demand cannot be com-
pletely curtailed for the sake of the customers. The electrical
and natural gas system data are given in motor.ece.iit.edu/data/
Gastranssmion6_2.xlsx.

We consider the following cases.
Case 1: The impact of gas price volatility and fuel availabil-

ity on natural gas-constrained system (with/without a
fixed 20-MW wind energy).

Case 2: Effect of emission constraints on the EGTran solu-
tion (with/without a 20-MW wind energy system) is
considered.

Case 3: Variable wind energy is considered in a deterministic
case (i.e., wind forecast errors are not considered).

Case 4: The stochastic EGTran solution with variable wind
energy and wind forecast errors is considered.

These cases are discussed as follows.
Case 1: In order to analyze the effect of zero fuel cost wind

energy operation on the EGTran solution, we take into account
two cases with/without a fixed 20-MW wind energy system.
The capacity of G1 is decreased to 200 MW, when 20 MW
wind energy is considered, in order to retain the same total sys-
tem capacity of 320 MW. Wind energy forecast errors are not
taken into account in this case. In Table I, the cheapest unit
G1 is always committed. The expensive unit G2 is committed
between hours 10 and 22 and Unit G3 is committed between
hours 8 and 24 when the wind unit is not utilized. The daily
operation cost is $97 104. However, when the fixed 20-MW
wind energy system is introduced, the expensive units G2 and
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TABLE I
HOURLY SCUC IN CASE 1: 6-BUS SYSTEM

TABLE II
COMPARISON OF RESULTS IN CASE 1

Fig. 5. Comparison of gas flow from pipeline node 2 to node 5.

G3 are committed less and the operation cost is decreased to
$87 190 because wind energy does not incur any fuel costs.

In Case 1, we also analyze two EGTran scenarios for the
natural gas price volatility and the natural gas availability.

Scenario 1: Increase the natural gas price for unit G1 by 20%.
In Table II, the daily operation cost without wind energy is

$111 197 in Scenario 1, which is lowered to $98 710 when we
add 20 MW of wind energy. The operation cost of Scenario 1
is higher than that of the base case (in Table I) because the gas
price for G1 is increased and G1 is the largest unit with 68% of
the total system capacity. The system operation cost is directly
affected by the volatility of natural gas prices.

Scenario 2: Increase the residential natural gas load L4 by
500 kcf/h (i.e., reduce the natural gas availability to plants).

In Scenario 2, the residential natural gas load L4 is increased
by 500 kcf/h, which could represent severe weather condi-
tions. In the 6-node natural gas system, pipeline extending from
node 5 to node 2 plays a critical role in interconnecting the
two natural gas suppliers. As shown in Fig. 5, the natural gas
flow through this pipeline that supplies G2 would be reduced

Fig. 6. Comparison of daily operation costs.

TABLE III
EMISSION EQUIVALENT CURVE OF UNITS

TABLE IV
HOURLY SCHEDULE OF CASE 1 OF SIX-BUS SYSTEM

because the residential gas load L4 has a higher priority. This
fuel shortage for operating G2 would further result in a 35-MW
curtailment of electricity load at bus 4 between hours 15 and
19, which would increase the daily operation cost to $130 921.
However, as wind energy is introduced at bus 5, the proposed
load shedding is reduced to 3.48 MW because wind energy
can supply loads at bus 4. This alleviation of supply shortage
would effectively lower the daily operation cost to $90 539 as
demonstrated in Fig. 6.

This case also demonstrates that the fuel availability would
greatly affect the operation cost of a natural gas-constrained
power system. However, wind energy does not experience the
same market-based fuel supply concerns and price volatility as
that of natural gas-fired generation. Therefore, the integration
of wind energy can play a complementary role in hedging the
risk of fuel-constrained generation uncertainty.

Case 2: The carbon dioxide emission coefficients of the three
natural gas units are shown in Table III. The system emission
threshold is set at 10.8∗105 lbs.

Without wind energy: Without emission constraints, the
expensive unit G2 is committed between hours 10 and 22 and
the daily operation cost is $97 104 as shown in Case1. When
emission constraints are considered, Table IV shows that unit
G2 is committed continuously since G1 is more pollutant. The
daily operation cost is increased to $126 426 when emission
constraints are considered.

With wind energy: The installed wind energy capacity at bus
5 is 20 MW, which represents 6.25% of the total system capac-
ity. The capacity of G1 is decreased to 200 MW to retain the
total generation capacity at 320 MW. The utilization of wind
energy in this case would reduce the system operation cost to
$106 744 by alleviating emission constraints. Fig. 7 shows that
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Fig. 7. Hourly dispatch of units G1 and G2.

Fig. 8. Load profile and wind energy forecasts.

TABLE V
HOURLY DISPATCHED WIND ENERGY

the cheaper and pollutant unit G1 is dispatched more, whereas
the expensive unit G2 is dispatched less. This is because zero-
emission wind generation free up emission load for cheaper
unit G1 that can be scheduled additionally considering the
same emission threshold. From the long-term perspective, the
wind energy integration is not subject to environmental compli-
ance criteria, which could bring additional revenue should the
emission regulation become increasingly stringent.

Case 3: In this case, the available wind energy is 96 MW,
which represents 30% of the system capacity. The hourly capac-
ity factor is the ratio of the wind energy forecast to the wind
energy capacity. Fig. 8 shows the available load and wind
energy forecast. In Table V, load shedding occurs when the
wind energy is below 20 MW at peak hours 16 and 17. G1,
G2, and G3 are dispatched at 124 MW, 80 MW, and 20 MW,
respectively, at hour 16 with an additional load shedding for
compensating the lower availability of wind energy.

The ramping capability of thermal units would accommo-
date the wind energy variability for maximizing the utilization
of wind generation. The base ramping rates for the three ther-
mal units are 55 MW/h, 40 MW/h, and 5 MW/h, respectively.
For comparison, we increase the ramping rates to 120 MW/h,
80 MW/h, and 20 MW/h, respectively. Fig. 9 shows that higher
rates of thermal ramping would accommodate a higher level of

Fig. 9. Hourly dispatched of wind energy unit.

wind energy. The ramping rate of G1 is crucial as this thermal
unit is committed more often.

In Table VI, we vary the wind energy penetration level from
5% to 30%. However, the total system capacity will remain the
same by lowering the G1 capacity. In Table VI, the daily opera-
tion cost decreases when the wind energy penetration is smaller
than 15%. This is because the wind energy would accommo-
date the power system with a quick ramping of thermal units
and without incurring any fuel costs. However, load shedding
would occur at a higher daily production cost when the wind
energy penetration reaches 20%. This is mainly caused by a
lower availability of wind energy at hour 16 and 17 when the
quick-ramping capability is insufficient for picking up the load
supplied by wind energy. While the variable wind energy does
not incur any fuel costs, it does experience dynamic resource
variability in an hourly or shorter time scales. This example
supports the notion that a balanced electricity portfolio with
conventional power (e.g., natural gas) and renewable energy
can result in a steady optimization of generation resource
availability, fuel cost, and environment requirement.

Case 4: In this case, the wind speed forecast follows a
Weibull distribution function with a Weibull constant of 2 and
the average wind speed of 6.5 m/s. The first-order ARMA (1,1)
time series is created to simulate wind speed forecast errors.
The Wind energy curve is procured based on the wind speed and
wind turbine power output curve. Fig. 10 shows that the wind
energy forecast error increases gradually with the forecasting
time period. Here, the instantaneous wind energy forecast error
at times is enlarged compared to the wind speed forecast error,
which is due to the nonlinear characteristics of wind turbine
power curve as shown in Fig. 1. We generate 3000 scenarios
and 10 are retained after scenario reduction.

The expected operation cost for the 10 scenario solution is
$88 952 and the forecast wind energy in the 24-h scheduling
horizon is 306 MW/h. The operation cost deviation in each sce-
nario is mainly caused by the amount of utilized wind energy
since it does not incur any fuel cost. As shown in Table VII,
Scenarios 2, 4, 6, 7, and 9 utilize more wind energy, thus requir-
ing less generation supplied by conventional natural gas-fired
units and lower operation cost.

B. IEEE 118-Bus System

The modified IEEE 118-bus system has 76 thermal gen-
erators including 54 fossil units, 12 gas-fired units, 7 wind
farms, 186 branches, and 91 load buses. The total capac-
ity of natural gas-fired units and wind energy are 1075 MW
and 720 MW, respectively, which account for 11% and 8%
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TABLE VI
RESULTS FOR WIND PENETRATION LEVELS

Fig. 10. Wind energy forecast.

TABLE VII
COMPARISON OF RESULTS FOR DIFFERENT SCENARIO

Fig. 11. Ten-node natural gas system.

of the total generation capacity. The natural gas network
consists of ten nodes, ten pipelines, and two compressors
as shown in Fig. 11. L1 through L8 are gas loads con-
sumed by natural gas Units 1–8, respectively. L9 through
L12 are fixed residential gas loads. DLmax

b is again assumed
to be 20% of the load forecast at each bus. The 118-bus
power system and 10-node gas system data are given in
motor.ece.iit.edu/data/Gastranssmion_118_10_1.xls.

At first, we assume that the wind energy forecast error is zero
and 10 862 MW/h of wind energy is utilized. The determin-
istic daily production cost is $1 918 361, which indicates that
the natural gas units cannot be fully committed because of the
gas shortage in the scheduling horizon. Next we consider the
stochastic nature of the system, while the system scale and the

TABLE VIII
RESULTS FOR SCENARIOS

number of scenarios will dramatically increase the computation
burden. Thus, the original 3000 scenarios are reduced to 5 with
a computation time that is 235 s for executing the five scenarios
in 118-bus system.

When the wind energy forecast errors based on first-order
ARMA (1,1) time-series model are introduced, the expected
operation cost for the 5th scenario solution is $1 847 539. As
shown in Table VIII, scenarios 1, 3, and 4 would adopt more
wind energy and correspondingly bring out lower scenario sys-
tem operation costs. Meanwhile, thermal units can provide the
necessary ramping capability to integrate the variable wind gen-
eration, which makes larger power system demonstrate more
robustness than the six-bus system.

IV. DISCUSSIONS

Based on the numerical results offered by case studies, we
list our observations as follows.

1) EGTran provides the optimal hourly schedule for pipeline
constrained natural gas units in electric power systems
with variable wind energy units.

2) The constrained natural gas availability and the natural
gas prices volatility would greatly affect the hourly ther-
mal unit commitment and the power system operation
cost. The wind energy with zero fuel cost can play a com-
plementary role in hedging the risk from fuel availability
and price volatility for conventional gas-fired generation.

3) The environmentally sustainable wind energy can help
alleviate emission constraints, which may result in a lower
cost considering the same emission threshold.

4) The flexibility and quick ramping capability of natural
gas-fired units make them ideal electricity resource for
firming the variability of wind energy.

In this work, we aim at discussing the coordination between
the electricity and the natural gas infrastructures for firming
the variability of wind energy. Therefore, in the proposed inte-
grated stochastic model, we only consider systems uncertainties
from the unpredictable wind energy in this step, while we
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assume that the system operates in a normal state. The con-
tingency analysis can easily be incorporated into this model by
introducing contingency constraints associated with the system
infrastructures [21].

V. CONCLUSION

In this paper, a short-term stochastic model is proposed to
study the coordination of constrained natural gas and wind
energy units in power systems. The proposed EGTran model
integrates the natural gas network constraints, emission limits,
and wind energy variability. The MIP approach is used to solve
the integrated model. The Benders decomposition is adopted
to separate the natural gas network feasibility check problem
from the master power system problem, whereas the natural gas
allocation problem is solved by the Newton–Raphson substitu-
tion method. The numerical results show that the wind energy
could help reduce the power system dependence on the con-
strained natural gas network. The wind energy is not subject
to the risk pertaining to the fuel availability, price volatility, or
low environmental emission measures, which can also lower the
operation cost and satisfy low-carbon compliance policies. On
the other hand, higher penetration of wind energy may lead to
the dispatch of more expensive units or even load shedding, if a
sufficient level of quick-ramping thermal units is unattainable,
to pick up the load when the wind speed drops rather quickly.
As shown in this paper, the higher flexibility of natural gas-fired
units would complement the additional integration of variable
wind energy in electric power systems.
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