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ABSTRACT 

The electric power generation relies increasingly on the natural gas supply system 

as additional natural gas-fired power plants are installed in restructured power systems. In 

this context, the economics and the reliability of electric power and natural gas systems 

will impact one another. This dissertation addresses the interdependency of electricity 

and natural gas systems and proposes integrated approaches for the operation and the 

scheduling of the coupled energy systems. 

This dissertation considers combined-cycle gas turbine units (CCGTs) as key 

elements for linking electric power and natural gas systems and proposes mode and 

component models for representing CCGTs. The two models are used in scheduling of 

CCGTs by mixed-integer programming (MIP). 

This dissertation proposes two integrated short-term scheduling models. The first 

one is from the viewpoint of the ISO (Independent System Operator) which proposes a 

security-based methodology for the unit commitment solution when considering the 

natural gas transmission system and contracts. The proposed solution applies a Benders 

decomposition method to incorporate the natural gas transmission feasibility check 

subproblem in the security-constrained unit commitment (SCUC) solution. The second 

integrated model considers a joint-operator for the coordinated scheduling of the 

interdependent power and natural gas systems. The integrated operator utilizes an 

augmented Lagrangian relaxation (LR) based model for the coordinated least-cost 

allocation of natural gas resources to individual gas loads and power plants. 

The natural gas flow exhibits remarkable differences from the electric power flow 

because of the slow response of the former system and storage nature of pipelines. This 

xx 



dissertation also proposes an integrated short-term scheduling model with the transient 

state natural gas flow formulations which is represented by a group of partial differential 

equations and nonlinear algebraic equations. The implicit finite difference method is 

adopted to approximate partial differential equations into algebraic difference equations. 

The scheduling coordination problem is described as a bilevel programming formulation. 

The objective of the upper-level problem is to minimize the operating cost of the electric 

power system while the lower-level optimal natural gas scheduling problem is nested as a 

constraint. Based on Benders decomposition methodology, a coordination scheme is 

proposed and corresponding optimization algorithm is developed. 
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CHAPTER 1 

INTRODUCTION 

1.1 Research Background 

Environmental and economic factors play ever-increasing roles in the energy 

production, transportation, and consumption. The development of sustainable, affordable, 

and clean sources of energy are generally considered as a prerequisite for today's 

economic strength and will benefit the tomorrow's society. Under the impetus of 

competition in the energy industry, the unbundling of electricity sector has introduced 

new technologies for the generation and the delivery of electricity which signify less 

pollutant, highly efficiency, and less costly ways of supplying the electricity. Such 

technologies would highlight the applications of gas-fired combined cycle plants and 

renewable sources of energy. 

In recent years, a new trend in power generation has emerged as combined cycle 

gas turbine units (CCGTs) have been introduced to power systems and installed in 

increasing numbers throughout the world. CCGTs demonstrate their advantages based 

on four principles [Boy02 Cha Keh91 Lu04]. First, gas-fired generating units have 

lower environmental impacts. NOx, C02, and S02 emissions from a CCGT could be 

reduced to be significantly less than those of other types of thermal plants. Second, 

CCGTs demonstrate higher economic competitiveness over fossil units. CCGTs 

integrate two thermal cycles for improving the total energy conversion efficiency. Third, 

CCGTs can be quite instrumental in hedging rapid fluctuations in electricity and fuel 

markets because of their fast ramping and quick start capabilities. Fourth, CCGTs have 

relatively lower investment costs and require shorter installation periods. The natural 
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gas has been the primary choice for expanding the fossil fuel power generation. 

The trend is expected to continue over the next several years by further increasing the 

proportion of natural gas power generation in the electricity industry. 

Besides natural gas-fired power generation, renewable sources of energy such as 

wind and solar have become more common in electric power systems. Especially, the 

wind energy in the United States is projected to represent 20% of consumption by 2030 

[Dep08]. The large scale integration of volatile and intermittent renewable units into 

power systems would require additional reserves and fast response generating capacity, 

while the installed coal and nuclear units continue to supply the base load. Natural gas-

fired generating units including CCGTs, single gas-turbine units and fuel-switching units 

have a remarkable fast response performance. Thereby, the natural gas-fired generation 

units will continue to play an indispensable role in power systems with volatile renewable 

power generation units. 

According to the published data in United States by the Energy Information 

Administration (EIA) [Eia], natural gas-fired units generated 496,058 Gigawatt hours in 

1995. The number increased to 920,378 Gigawatt hours in 2009 accounting for 23.3% of 

the total U.S. electricity consumption. Figure 1.1 shows the generation proportion by 

different sources in the last 15 years, which indicates the continuing and the rapid growth 

of natural gas used for electricity production. In certain U.S. regions (i.e., New England, 

New York, Texas, California-Arizona-Southern Nevada, and Alaska), the dependency on 

natural gas is much higher. For instance, the gas-fired generating units in ERCOT and 

Florida exceed 60% and 51% [Nor07] of the total capacity. The ISO New England 

installed 11,705 MW gas-fired units prior to 2008 that accounted for 38% of its total 
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installed generation capacity [ISO08a]. From the natural gas sector's view, power plants 

are considered as the fastest growing customer in U.S. In 2008, the natural gas used for 

the electric power generation account for almost one third of the total consumptions as 

shown in Table 1.1 [Eia]. 
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Figure 1.1. Annual Percentage of Resources for Generation in 1995-2009 in U.S. 

Around the world, natural gas-fired power plants represent a comparatively 

rapidly increasing capacity. Especially in Europe and South America, natural gas-fired 

power plants account for a half of the new installed capacity from 1990 to 2004 [Rub08]. 

In 2005, more than 26% of the total gas consumed in South American countries was used 

to generate electricity. More than 90% of the natural gas supply is delivered to power 

plants in Argentina, Brazil, Chile, Colombia and Venezuela [Iea07]. 

It is evident that the electric power sector relies highly on the natural gas supply 

to maintain its reliability and pursue economic operations. Besides, the natural gas system 



supplies an increasing level of demand in electric power systems. 

Table 1.1. U.S. Natural Gas Consumption in 2004-2008 (Billion Cubic Feet/Day) 

Consumption Sector 

Residential and Commercial 

Industrial 

Electric Power 

Lease and Plant Fuel 

Pipeline Use 

Vehicle Use 

Total Consumption 

2004 

21.84 

19.79 

14.93 

3 

1.55 

0.06 

61.17 

2005 

21.44 

18.07 

16.08 

3.05 

1.6 

0.06 

60.3 

2006 

19.72 

17.84 

17.05 

3.13 

1.6 

0.07 

59.41 

2007 

21.15 

18.21 

18.74 

3.36 

1.7 

0.07 

63.28 

2008 

21.88 

18.17 

18.2 

3.34 

1.77 

0.08 

63.44 

1.2 Electric Power and Natural Gas Systems 

1.2.1 Coupled Infrastructures. Electric power and natural gas infrastructures have 

common features but also pose significant differences. Both energy infrastructures can be 

divided into four major sectors including supply, transmission, distribution and 

consumption. Table 1.2 lists components of different sectors in each system and show 

their corresponding relationships. 

Power plants produce electricity by converting different primary sources of 

energy to electric power. In natural gas systems, gas wells are main suppliers which are 

commonly located at remote sites which are far from load centers. After processing, the 

natural gas is injected into the pipeline network. Unlike electricity, natural gas can be 

stored in large ungrounded storage facilities or metal tanks as liquid state. During the 

peak demand hours, the gas storage located near loads, and liquefied natural gas (LNG) 

can supplement suppliers in natural gas system. 
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Table 1.2. Structures of Electric Power and Natural Gas Systems 

Sectors Natural gas system Electric power system 

Supply 

Transmission 

Distribution 

Gas wells, storages and 
LNG injection terminal 

Higher pressure network 
(Interstate pipelines, 
compressors, valves) 

Lower pressure network 

(Intrastate pipelines, 
regulators, valves) 

Power plants (Coal, natural 
gas, nuclear, renewable) 

Higher voltage network 
(Transmission lines, 
underground cables, 

transformers, breakers) 

Lower voltage network 
(Transmission lines, 
underground cables, 

transformers, breakers) 

Consumption Large and small consumers Large and small consumers 

The transportation network can be classified into transmission and distribution 

sectors according to their pressure level and voltage level, respectively. The transmission 

network delivers bulk energy into regional demands or large customers. The distribution 

part mostly owned by utility links small customers to junctions of the transmission 

network. In electric power systems, a network consists of transmission lines, cables, 

breakers, and transformers, while a natural gas network is represented by pipelines, 

valves, and compressors. The network components can be modeled as either distributed 

or lumped parameters. 

The load sectors in both electric power and natural gas systems include large and 

small customers. Most of residential and commercial customers are supplied by 

distribution networks. Industrial customers are usually large which are linked directly to 

transmission networks. 
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Natural gas-fired power plants are linkages between the two infrastructures as 

shown in Figure 1.2. They belong to the load sector in the natural gas system while 

represent suppliers in the electric power system. 

The most distinctive difference between the two energy infrastructures is the 

traveling speed of energy flow through the respective networks. Electricity moves at the 

speed of light. However, natural gas travels much slower through pipelines. In addition, 

pipelines themselves can store natural gas which relates to line pack resource for 

maintaining the above normal pressure in pipelines. 

Natural Gas Fired 
Power Plant 

Hydro Power 
Station 

QHSy 

©-<£>-
Coal Power 

Plant 

Interstate 
Pipelines 

Transformer Distribution 
networks 

Figure 1.2. Coupled Electricity and Natural Gas Infrastructures 

1.2.2 Competitive Market and Restructured Environment. Electric power systems 

are rapidly becoming market-driven. In a competitive electricity market, the traditional 
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vertically integrated monopolies are restructured into generation, transmission and 

distribution entities as shown in Figure 1.3 and competition is introduced through open 

access. The introduction of restructuring is to reduce energy charges through competition, 

provide customers with more choices by creating open access, price different levels of 

service reliability for customers, and create more business opportunities for new products 

and services. However, restructuring is not synonymous with deregulation. The self-

interested entities including GENCOs (Generation companies), TRANSCOs 

(Transmission companies) and DISCOs (Distribution companies) constitute optimal 

strategies to maximize their profits by performing price-based unit commitment and 

scheduled maintenance outage planning based on forecasted market prices of energy and 

ancillary services, 
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Figure 1.3. Restructured Electric Power Systems 
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An ISO (independent system operator) coordinates market participants for 

supplying the real-time load demand, and satisfying limited fuel and other resource 

constraints, environmental constraints, and transmission security requirements [ShaOl, 

Sha02, Sha03]. 

In competitive electricity markets, customers expect a least-cost and high-quality 

supply of electric energy that requires the solution of security-constrained unit 

commitments and other sophisticated techniques executed by the ISO (such as the PJM 

ISO or the New York ISO) to minimize the system operation cost and enhance the power 

systems reliability. Security-constrained unit commitment refers to the strategic choice 

for determining the ON/OFF status and dispatch of available generators with minimum 

cost for all available generators while preserving the network security and satisfying the 

load demand forecasted by an ISO. 

In general, the electricity energy market operated by ISO includes a Day Ahead 

Market (DAM) and a Real Time Market (RTM) as well as bilateral contracts arranged 

independent of RTM and DAM. The DAM is an hourly forward market for scheduling 

electricity demands and resources. To ensure the reliability of power systems the 

production and consumption of electric power would have to be balanced in real time. 

The RTM is designed to compensate differences between the day-ahead scheduled 

electricity and the actual real-time load requirements. 

There is also reserve market (ancillary service market) where reserve products are 

cleared and procured through a system-wide or zonal-based auction to prevent the loss of 

system reliability due to contingencies. Besides, certain ISOs operate a forward capacity 

market for long-term reliability and a financial transmission right market to deal with 
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transmission congestion. 

Market participants either pay or are paid the real-time locational marginal price 

(LMP). LMP is a price incentive for capturing the impact on operating cost of locational 

variations in supply, demand, and transmission limits at related bus in power systems. 

[Sha02] 

Under the Natural Gas Wellhead Decontrol Act (NGWDC) of 1989, the natural 

gas supply is a deregulated business which allows the market to determine the price of 

natural gas at the wellhead. There is a remarkable difference between the electricity and 

natural gas markets. The electricity market has hourly and real time pricing in DAM and 

RTM. In contrast, the natural gas market is based on daily pricing of its commodity with 

nominations for transportation. 

Natural gas transmission sectors are regulated by two entities. Interstate gas 

pipelines are regulated by the Federal Energy Regulatory Commission (FERC) while 

intrastate pipelines are regulated by State Public Utility Commissions. In 1985 and 1987 

respectively, the U.S. FERC issued "Open Access Orders" 436 and 500 that took the first 

step toward allowing pipeline customers the choice in the purchase of natural gas and 

only transportation services. The interstate pipelines were regulated to offer 

nondiscriminatory services to all transportation requests. The transportation service 

gradually became the primary function and business of interstate pipelines. The FERC 

Order No. 636 took further steps towards unbundling of transportation and sales so that 

all pipeline customers could select their gas sales, transportation, and storage services 

from any provider in any quantity. A variety of gas purchase and transportation patterns 

appeared during market evolutions. 
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There are different classes of gas transportation services that are defined by 

[ISO08a]: 

No-Notice: The customer can use gas whether nominated or not on a daily basis 

up to its firm entitlement without incurring any balancing or scheduling penalties. 

Primary Firm: The customer should have no interruptions (except for force 

majeure) but is responsible for paying the penalties for using more gas then their 

nominated amount. This service can bump interruptible customers. 

Secondary Firm: Similar to Primary Firm except the customer nominates at a 

location other than the primary point that was specified in their contract or nominates at a 

value that was greater than what they were entitled to at specific points. 

Interruptible: The customer can be interrupted with little notice and can be 

bumped by higher priority services. 

With unbundling environment and competition, however, the natural gas 

transmission sectors are no longer responsible for assuring sufficient supplies on 

interstate pipeline for noncore interruptible customers such as electric generators. These 

customers will have to acquire interstate pipeline capacity while locational gas 

distribution companies (LDCs) or utilities are responsible for assuring that the intrastate 

gas system is adequate to draw the flow from the interstate pipelines. 

Natural gas sectors usually run an optimization program to make short term or 

long term schedule for natural gas system operation. The objective function is usually to 

minimize energy consumed cost of compressors, gas allocation cost, or maximize their 

revenues while satisfying premium of network constraints and pressure requirements of 

receiving points. 
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1.3 Electricity/Natural Gas Interdependences 

Natural gas-fired power plants erect a bridge between the electric power system 

and the natural gas system. The interdependent relationship between the two systems is 

examined and described as follows. 

1.3.1 Market. The natural gas price fluctuation profile in gas markets is a key driver of 

electricity price movements in electricity markets. Natural gas-fired units usually serve 

intermediate and peak electricity demands, so a gas price hike could push up their 

marginal cost of generating electricity. In a competitive environment, the gas price will 

directly affect a GENCO's bidding strategies which is one of factors in market clearing. 

Figure 1.4 shows the monthly average electricity and natural gas prices at the New 

England region in the day-ahead market in 2006 and 2007. 
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Another important price factor in electricity markets is natural gas supply 

disruptions during critical gas operating hours or seasons. Gas LDCs traditionally sign a 

no-notice or firm transportation service contracts to guarantee the supply of their core 

customers. In some regions during the winter, LDCs buy almost the entire capacity of 

pipelines in order to supply space heating demands of residual and commercial customers. 

However, most of gas-fired generators do not utilize firm transportation contracts for 

economic reasons because the expected price in electricity markets is relatively low. 

Interruptible natural gas transportation contracts could lead to bumps or delays of 

ongoing natural gas supply and the disruption of electricity generation by gas-fired units. 

To balance electricity generation and demands, the electric market would need to switch 

from gas-fired units to less efficient units which utilize other types of fuel such as coal 

and oil, which would translate into higher market prices for electricity. 

The gas-fired units participate in both the electricity market and the natural gas 

market. On the one hand, GENCOs can seek to arbitrage the price difference between 

electric and gas markets in real-time at particular locations. When the market implies 

higher natural gas prices and lower electricity prices, the power generator could buy 

electricity, rather than producing it, and sell natural gas to the spot market [Che07, 

Iso08a]. On the other hand, the risk management for gas-fired units is likely more 

complicated than those units with other types of fuel, because gas-fired units face a gas 

consumption balancing issue in the real time generation, gas nomination in dynamic 

forward natural gas market, and gas transportation via pipelines. Owners or operators of 

gas-fired generation units must constantly deal with hourly, daily, weekly or monthly 

imbalance resolutions. In the winter, uncertainty threat of gas supply in gas markets and 
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gas transportation may impact the market participants' profit and behavior when they 

play in DAM, RTM and reserve markets. 

1.3.2 Operation. Gas fuel adequacy and availability will directly affect a generation 

unit's commitment, dispatch, and generation cost. Gas adequacy has two components, 

supply (gas well and storage) and the infrastructure to transport it. Thus, the natural gas 

transmission congestion or the gas well maximum output can impact the schedule and 

the operating status of power systems. 

In natural gas operating center, gas-fired units with interruptible transportation 

contract are usually treated as the top curtailment candidate. Once the congestion has 

occurred in natural gas transmission systems or the gas well has reached its maximum 

output, the natural gas drawn by gas-fired units with non-firm transportation contracts are 

expected to be limited or bumped. Moreover, operating new gas turbine units or CCGT 

usually depends on high gas pressure based on their specific design, so electric generators 

are more susceptible to the pressure drops in their delivery point than other gas load. 

Even gas delivery service priority of gas-fired units is same as other gas loads, weaker 

bearing ability of pressure drops make gas curtailment of gas-fired units more possibly 

happened. 

From another point of view, the scheduling of natural gas transmission systems 

will be based on the unit commitment and the dispatch of gas-fired units in electric power 

systems. Gas-fired units usually serve intermediate or peak electrical loads, which would 

lead to fluctuating gas consumptions. The natural gas system would have to schedule 

compressors, line-pack resources as well as gas wells in advance to satisfy the constraints 

on gas-fired units and other gas loads within a reasonable pressure range. 
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It is inevitable that forced outages occur in both power and natural gas systems. In 

contingency cases, potential interactions between the two systems are expected to be 

strengthened. There are two scenarios to be considered as follows: 

1) Contingencies in power systems. Direct loss of a gas-fired generating unit would 

result in a step change in gas demand, while the power system frequency would 

drop. Then, the other power system units will be rescheduled to pick up the lost 

power. The loss of non-gas-fired units or transmission lines will also call on 

reserves to maintain the security and to balance the power in real time. Lines pack 

resource in a pipeline is crucial to deal with large swings in gas demand. To 

ensure the integrity of gas pipelines in winter, some pipelines will not allow gas-

fired units to come online to absorb their curtail line pack resource unless their 

fuel nomination has been confirmed. This in effect, turns these quick start gas-

fired units into the ones with longer response times and can prevent them from 

providing quick spinning and operating reserves to power systems. 

2) Contingencies in natural gas systems. Due to the proliferation of new gas-fired 

units supplied by a common source or regional gas pipelines, the sudden loss of a 

gas supply, compressor or pipeline may cause the loss of several gas-fired 

generators. This case may be beyond the traditional N-l planning standards and 

could seriously jeopardize the security of power systems. The electrical load 

shedding may possibly happen in order to balance the real time demand and 

maintain the security of power system. When a contingency occurs, certain gas 

units can quickly switch to burn and others without dual-fuel capacities must be 

taken off the online to switch burners. 
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1.3.3 Maintenance and Planning. The midterm and long-term economics and 

reliability of power systems are impacted by the installation of new generation resources, 

transportation network expansions, long-term load profile, scheduled outages as well as 

unscheduled outages. 

The addition of new component will impact the natural gas supply system. For 

instance, a new interstate pipeline could alleviate the burden on existing pipelines. In 

such cases, the curtailment of natural gas supply to power generation units may be 

diminished and the reliability of power system could be enhanced, even if gas-fired units 

still hold interruptible contracts that are subordinate to residual and commercial gas loads. 

On the contrary, the scheduled outage of a compressor may reduce the natural gas 

transportation capacity and result in a lower reliability of power system if the supply to 

gas-fired units is interrupted. 

In addition, the planning of additional gas-fired power plants in electric power 

systems would require an adequate supply of natural gas. In general, the pipeline 

expansion which is in response to the load growth is regulated by FERC. FERC will 

generally not authorize new pipelines or facilities to improve the existing capacity unless 

customers are already obliged to such expansions. Thus, in an optimal situation, the gas-

fired power plant planning should be bundled with the gas pipeline expansion planning. 

1.4 Integrated Modeling of Interdependent Systems 

In the previous section, we discussed the interdependency of electricity and 

natural gas. For pursuing the economic efficiency and increasing the reliability, it is of 

paramount necessity to incorporate the natural gas system model into the reliability 

evaluation, operation, and optimization of electric power systems. In this regard, new 
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integrated models and novel solution methodologies would be required. 

1.4.1 Literature Review. The reliability assessment report [Nor02] put forward in 

2002 the interdependency of electricity and natural gas. In [Nor04, Sha05], the security of 

interdependent gas and electricity infrastructures were addressed. [Rub08] surveyed the 

interdependency of electricity and gas systems in South American and analyzed the latest 

research and development on this topic. [ISO08a] introduced a case study on the 

interactions of electricity market and natural gas market in New England. These reports 

and chapters focus on the proposed problem but lack much of detailed models and 

analytical solutions. 

In [An03, Uns07a] a nonlinear continuous optimization model was proposed by 

merging the traditional optimal power flow and the natural gas optimal flow. However, 

the model is based on a single hour horizon. The objective function of [An03] is to 

maximize the social welfare. The case studies show the difference between the 

independent model for the two systems and the proposed integrated model. The natural 

gas pipelines are modeled as non-linear components at steady state, but the compressor 

station is not included. [Mel06 Mun03] present the two-phase integrated models to 

calculate the maximum generation output of an electric power plant subject to natural gas 

system constraints. Active and passive arcs are used to represent natural gas pipelines and 

compressors. 

The short-term scheduling of hydrothermal power systems with linear gas 

transmission constraints was considered in [Uns07b] where the problem is formulated as 

a multi-stage scheduling in which the objective function is to minimize the total operating 

cost to meet electricity demand forecasts. The heat-rate curve of gas-fired units is based 
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on the simple proportional function. The unit commitment problem was decomposed into 

subproblems for each unit by relaxing the electricity load balance and reserve constraints. 

Linear natural gas transmission constraints with a pipeline loss factor are modeled into 

subproblems for gas-fired units. In [Li08], a security-constrained unit commitment 

(SCUC) model with hourly and daily natural gas usage limits, instead of gas network 

constraints, are proposed. The detailed mixed-integer programming formulation of 

combined-cycle gas units and fuel switching units are incorporated into the unit 

commitment (UC) model. [Sha05] also gave a SCUC model with relatively simple gas 

network considerations. The piecewise linear approximation of nonlinear gas flow-

pressure is modeled in the UC problem [Urb07]. [Gei07] introduces a general 

optimization approach for power dispatch that included multiple energy carriers such as 

electricity, natural gas, and district heating. Additionally, the optimality conditions for the 

multiple energy carrier dispatch were derived for a simplified natural gas transmission 

system. 

For a long-term model, [Gil03] proposed multi-period generalized network flow 

model of the U.S integrated energy system with natural gas, coal, and power 

infrastructures. [Que06 Que07] further developed this model by proposing nodal prices in 

an integrated energy system. The application focused on long-term macroscopic analyses 

for the national economic and large-scale disruptions. However, this model is an 

approximate because of assumptions on virtual infrastructure topology and linear network 

flows. [Bez06] presented a methodology that modeled the natural gas supply, demand 

and transmission network in the stochastic hydrothermal scheduling. The objective 

function is to minimize the expectation of operating cost for a several year horizon. The 
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natural gas is also modeled as linear equations, and storage facilities are not taken into 

account. 

A stochastic optimization model for electric utility was proposed in [Che07]. The 

model maximizes utility benefits by considering financial risks associated with the gas 

supply portfolio of electricity utility. The impact of natural gas transmission system on 

power markets was discussed in [Mor03]. 

The long-term integrated planning is analyzed in [HecOl Uns07c] as decisions are 

highly interdependent in natural gas and power transmission systems. These approaches 

are based on a multi-period deterministic optimization in which the objective function is 

to minimize the gas-electricity investment and operating costs. However, gas prices are 

stated as input parameters, while in the practice they exhibit a stochastic nature and 

would depend on the gas pipeline expansion decisions. 

1.4.2 Challenges and Unsolved Problems. The integrated modeling of interdependent 

electricity and natural gas systems is relatively new and previous models discussed earlier 

are imperfect. There are several unresolved problems and difficult modeling issues that 

we would need to address: 

1) Modeling of natural gas-fired units. Natural gas-fired units represent key linkages 

between natural gas and electricity infrastructures. In the new operating 

environment, natural gas-fired units may generate electricity and heat products 

with flexible operating modes by burning either gas or oil. The modeling of such 

systems especially for newly emerged CCGTs would require further 

investigations. 

2) Natural gas steady state model. From the literature review, the natural gas 
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transmission network in most existing models is considered as a linear system or 

simplified nonlinear equations. In power systems, simplified linear power flow 

equations are applicable because branch flows are approximated as a linear 

function of the voltage angel difference between two linked buses. However, the 

simplified natural gas flow model lacks a similar theoretical support. In addition, 

unlike power systems, there are storages facilities in natural gas systems which 

can not be ignored. Thus, the exact nonlinear steady-state model of natural gas 

system should be adopted which may introduce more difficulties in the solution of 

the integrated model. 

3) Natural gas transient. Since natural gas flows travel slowly and some of interstate 

pipelines have line pack capacity, the steady-state flow assumption may lead to 

inaccurate results. Rigorously, in short-term integrated operation model, it is 

required to consider pipeline distributed parameters and a transient model. 

4) Coordination schemes. Different coordination schemes between natural gas and 

electric power sectors may bring about different objective functions and model 

structures. For instance, electric power and natural gas systems can be modeled as 

an integrated system to pursue their overall benefits. Also, two systems can be 

considered individually with respective contracts and constraints. An iterative 

coordination and communications is executed until they obtain respective feasible 

solutions acceptable by both systems. For diversity, further research on different 

coordination schemes would be needed. 

5) Algorithms and decomposition strategies. The integrated model is frequently a 

mixed-integer nonlinear programming problem with large-scale complex 
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transmission network constraints. It is hard to solve the entire system as one piece. 

Most references do not concentrate on developing appropriate algorithms to solve 

the integrated model. Their studied cases are usually small and simple. 

Optimization techniques applied to the operation and planning of a single energy 

carrier system have been well developed. It is convenient to utilize decomposition 

techniques to separate the integrated model into several subproblems which can 

be handled more easily. 

6) Integrated model in midterm and long term time scale. Midterm and long-term 

integrated models require stochastic representations and appropriate 

simplifications based on the short-term model. More research is required on this 

subject. 

1.5 Proposed Research 

This dissertation focuses on short-term studies and deals with standing issues 

described earlier. The outline of this dissertation and its main contributions are presented 

as follows. 

First of all, natural gas-fired units consist of traditional single-cycle gas turbine 

units, fuel switching units and combined-cycle gas turbine units. Either single-cycle gas 

turbines or fuel switching units can be considered as special forms of CCGTs with 

simplified configurations. We develop mode and component models of CCGTs based on 

the mixed-integer linear programming (MIP) formulation in Chapter 1. Cogeneration and 

various enhancement tools can also be represented by the proposed model. 

Second, the natural gas transmission system is modeled by various methods in 

this dissertation. Chapter 3 presents the steady-state nonlinear natural gas transmission 
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model which is based on the node and branch topology and the nodal mass flow balance. 

Gas wells, LNG, pipelines, compressors as well as storages are represented as nonlinear 

equations and inequalities. Moreover, Chapter 4 adds discrete variables to the gas 

transmission model presented in Chapter 3 which would result in a more reasonable 

representation of practical natural gas system operations. Chapter 5 adopts a natural gas 

transient model to instead steady state model due to considerations of line pack of 

pipelines and slow traveling speed of gas flow. Transient model is a group of partial 

differential equations and nonlinear algebraic equations. Partial differential equations are 

transformed into difference equations by introducing implicit numerical methods. 

Third, coordination schemes in Chapters 3 and 5 are different from that in Chapter 

4. Chapter 3 presents a security-based methodology from the ISO viewpoint for the 

solution of SCUC when considering the impact of natural gas transmission system and 

respecting gas contracts. The objective function of the model is to minimize the operating 

cost of a power system. Chapter 5 further develops the coordination scheme. Based on 

the SCUC solution, the ISO would submit gas fuel demands to gas transmission sectors. 

The gas transmission operator examines the feasibility by checking gas network 

constraints and gas transportation contracts. If there are no violations, the natural gas 

sector will confirm the gas demand level and optimize its operation schedule based on the 

confirmed gas usage. Otherwise, the natural gas sector will return energy constraints 

generated by sensitivity analyses to the ISO. A distinct coordination scheme for a 

comprehensive scheduling of gas and electric operations is presented in Chapter 4, where 

the objective function is to minimize the social cost or maximize the social welfare 

during the time horizon. The social cost that is the sum of operating costs of natural gas 
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system and electric power system. The integrated operator will coordinate its operation 

schedules and allocate natural gas resources optimally to either serve gas loads or 

generate electric power. 

Furthermore, the dissertation applies Benders decomposition and dual 

decomposition based on the augmented Lagrangian relaxation to solve different 

integrated models respectively. The Benders decomposition method separates the natural 

gas transmission feasibility check subproblem and the power transmission feasibility 

check subproblem from the hourly UC in the master problem. The subproblems are 

nonlinear continuous optimization models which are solved by successive linear 

programming. The Lagrangian dual decomposition separates the optimization problem 

into a SCUC subproblem and the gas allocation subproblem. Both subproblems can be 

mixed-integer nonlinear programming problem. The related formulations can be found in 

Chapter 3 and Chapter 4. 

Finally, the proposed models in this dissertation will provide a foundation for 

long-term reliability and planning studies. 
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CHAPTER 2 

MODE AND COMPONENT MODEL FOR SHORT-TERM SCHEDULING OF 
COMBINED-CYCLE UNITS 

2.1 Introduction 

Benefiting from a quick start-up capability in competitive markets and public 

outcry for cleaner energy production, CCGTs have mushroomed in the past 20 years and 

become an important generation technology in today's power system operation. 

A CCGT consisting of multiple combustion turbines (CTs) and steam turbines 

(STs) can operate at multiple operating modes. Figure 2.1 depicts a CCGT with 2 CTs 

and 1 ST. The scheduling of CCGTs will determine the hourly on/off status of CTs and 

STs based on operating constraints of individual components and combined modes. 

Accordingly, the scheduling of CCGTs becomes a cumbersome and more complicated 

optimization problem when compared to the scheduling of traditional thermal units. 

Fuel 
Supply 

Generator 

Generator fcompressor Gas 
Turbine 

Air Heat Recovery 
Steam Generator 

Figure 2.1. CCGT with 2 CTs and 1 ST 
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The combined-cycle mode (CCM) model for scheduling problem includes a 

certain number of modes based on operating practices and constraints. The combined-

cycle mode (CCM) model includes a certain number of modes based on operating 

practices and constraints. The CCM model was applied in [Lu04 Li05] to solve the unit 

commitment of CCGTs in which the problem was to find the optimal operating mode for 

minimizing operating costs. Each mode was considered as a pseudo unit with its own 

characteristics and parameters such as minimum on/off time and ramping constraints. 

There were additional constraints for transitions between certain modes. In this case, the 

scheduling of CCGT was equivalent to the scheduling of multiple pseudo units with 

coupling constraints. Previous unit commitment studies applied Lagrangian relaxation to 

the scheduling of CCGTs which was decomposed into a set of subproblems for 

representing individual modes [BjeOO Coh96 Lu04]. The individual subproblems were 

solved by dynamic programming to calculate the optimal hourly commitment based on 

state transition diagrams. The mixed-integer programming (MIP) formulation of CCGT 

and fuel switching units, based on the mode model, was given in [Li05]. 

In this chapter, we present a combined-cycle component (CCC) model for the 

unit commitment of CCGTs, and compare the results with those of the CCM model. The 

basic idea in the CCC representation is to model each CT and ST individually in the 

optimization problem rather than lumping them into modes. We apply the MIP approach 

to model and solve the unit commitment problem because of its advantages over the LR 

approach including global optimality, direct measure of the optimality of a solution, and 

more flexible and accurate modeling capabilities [Bix07 Str05 W1199]. 

The rest of the chapter is organized as follows. The characteristics of CCGTs are 
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given in Section 2.2. Section 2.3 presents the MIP formulations of CCM and CCC 

models. Comparison between the two models is also given in Section 2.4. Section 2.5 

gives illustrative numerical examples. The conclusions are provided in Section 2.6. 

2.2 Characteristics of CCGTs 

2.2.1 Components of CCGT. Most combined-cycle plants represent the integration of 

Brayton cycle gas turbine and Rankine cycles steam turbine for achieving efficient, 

flexible, reliable, and economic power generation and cogeneration. The Brayton cycle is 

a topping cycle with a higher temperature and the Rankine cycle is a bottoming cycle 

with a lower temperature. After the integration of two cycles, the total energy conversion 

efficiency of combined-cycle plants can reach 55% which is 20%-30% higher than that of 

traditional single-cycle thermal plants [Keh91]. 

A CT consists of an axial compressor, combustion chambers, and a turbine. At the 

initial stage, air is drawn into the compressor and compressed air from the compressor is 

mixed with natural gas in a combustion chamber, where the combustion process takes 

place. The hot gas resulting from the combustion process is expanded through a turbine 

to drive the generator and the compressor. The ST in most combined-cycle applications is 

similar to that in a conventional steam plant, transferring the energy of steam to kinetic 

energy. As large CCGT plants frequently generate steam at multiple pressure levels, STs 

could include dual or triple pressure sections so as to operate at a higher thermal 

efficiency level [Boy02 Pou03]. 

In order to reach a higher thermal efficiency and utilize the total enthalpy 

produced by the combustion process in Brayton cycle, a heat exchange takes place 

between the two cycles. Therefore, the two cycles are coupled by a linking component 
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called heat recovery steam generator (HRSG), which can effectively transfer a part of the 

energy in the exhaust gas emitted by CTs to produce steam for STs [Keh91]. 

2.2.2 Multiple operating modes. The operating flexibility is another paramount 

advantage of CCGT plants over traditional thermal units [Cha]. Most CCGT plants can 

operate in several modes by configuring CT and ST components. Generally, distinct 

modes have their own parameters and generation characteristics. A CCGT plant 

optimizes its modes in real-time. However, a limited number of CT and ST combinations 

will represent feasible modes. Usually, CTs can operate without STs, while STs cannot 

operate independently. Figure 2.2 shows the possible modes and state transitions diagram 

for the CCGT with 2 CTs and 1 ST depicted in Figure 2.1. In this case, mode 1 would 

transit to either mode 2 or 3 before its transition to mode 4. 

Figure. 2.2. State Transition Diagram for CCGT with 2 CTs and 1 ST 



27 

2.2.3 Power enhancement and cogeneration. The power enhancement for CCGT 

plants will increase the capability of the plant to provide additional power above its base 

capacity during peak hours. A variety of methods are available for enhancing the peak 

power output of CCGT plants [Jon]. 

The output of a CT corresponds to the mass flow rate and firing temperature. 

Therefore, there are two ways to enhance the output of CT. First, inlet cooling methods, 

which include the installation of foggers and injection steam, are useful options for power 

enhancement as they decrease the air flow temperature and increase the mass flow rate. 

In addition, CTs operating in a peak firing mode can increase their firing temperature 

above the base rating despite shorter inspection cycles and increased maintenance [Jon]. 

It is noted that CT enhancements can influence the output of bottoming ST cycle. 

The exhaust from CT contains a certain level of oxygen for the bottoming cycle 

which is not consumed in the combustion process. Duct burners increase the ST output 

by supplementary fuel firing before or within HRSG for increasing the steam production 

rate [Boy02 Jon]. 

CCGT plants can operate as cogeneration plants which produce electricity and 

supply heat to industrial or domestic facilities at the same time [Gao05]. In most 

combined-cycle cogeneration plants, the supplementary firing equipment such as duct 

burners are installed in HRSG in order to control the steam production process and 

increase the thermal efficiency by regulating the fuel input to duct burners [Boy02]. 

According to the required steam pressure and temperature, the low pressure steam 

extracted from ST and HRSG can be sold out. 
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2.3 Modeling of CCGTs. 

2.3.1 CCM model. . 

1) Operating cost of CCGT. The objective of short-term scheduling problem is to 

minimize the total operating costs. For CCGTs, the operating cost is composed of 

production cost and mode transition costs as shown in (2.1). 
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Figure 2.3. CCM Model for A CCGT with Five Exclusive Modes 

In Figure 2.3, each exclusive mode is modeled as a pseudo unit. The fuel 

consumption of CCGT unit / at hour t, when the fuel-MW curve is defined as a 

convex piecewise linear function, is represented as (2.2) and (2.3). For a non-

convex fuel-MW curve, (2.4) will be included in the CCM model. 

NS„ 
FfM= Z I ^ ' ^ + O T * - ^ ) ] 

xeNM,,x*0 

_ T 4. V pY
s 

- ixt Jmin,oc 1ixt'r *-• r-Kixt 

5=1 

P. = P Vi,Vx*0,Vt 

(2.2) 

(2.3) 
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I ^Xiax/i ' °ixt ~ PXixt - PXmaxjx ' *at S ~ * Q 4) 

I Pxs • 8s < Px" < Pxs • Ss~l 2 < s < NS 
l/Araax,u vixt — rxixt — rxmxnjx Uixl *• — * — J V J « 

In (2.4), S^t is equal to 1 if Px^t has reached Px^^^ ; otherwise, S^t 

equals to 0. 

2) Transition fuel constraints. When the CCGT unit operation would transit from one 

mode to another, the transition fuel consumption from mode x at hour t - 1 to 

feasible mode y at hour t is enforced as 

TFit-CTFi>xy>-M-[2-1^^-1^] Vx^eFS^yt (2.5) 

In (2.5), M is a large number so that constraint (2.5) for given modes 

x,jycan be relaxed if Iix{t-\)
or hyt *s z e r o- The v a m e of M should also be small 

for a good MIP formulation [W1199]. In this case, M is set to CTFixy for a given 

pair of modes x,y. Each feasible transition defined by the state transition diagram 

such as Figure 2.3 should correspond to one constraint (2.5) at each hour. 

3) Transition and state coupling constraints. The CCGT modes (pseudo units) are 

mutually exclusive. So 

Z / t o = l V/.Vf (2.6) 
xeMSi 

As illustrated in Figure 2.3, the mode x of unit / at hour t can only 

transit to a set of feasible modes defined by FSix at the next hour. It is noted that 

mode x itself is included in FS^. The feasible transition rule is formulated as 

1- Z Iiy(t+l)+ I / ^ + 1 ) <2[1-4J Vz,Vx,W (2.7) 
yeFSu yelFS,, 
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4) Ramping constraints. Ramping constraints in the CCM model is divided into two 

cases: ramping within a mode and ramping between modes. The ramping 

constraints within the same mode are represented as 

Pu«+i) - Put < ̂  + M • [2 - Iixt - Jix(t+X) ] Vi, V* * 0, \/t (2.8) 

Pixt ~Pix{t+X) ZDRt+M-ll-1M - /& ( ,+ 1 ) ] Vz, Vx * 0, V; (2.9) 

In (2.8) and (2.9), M is a large number so that constraints can be relaxed 

if Iixt or I^t+i) is zero. In this case, M can be set to ^max^ which is the 

maximum generating capacity of mode x. 

Ramping constraints between hours t and t + \ for transiting from mode 

x to mode y are represented as 

^ CURixy + M • f2 _ !ixt ~ Iiy(t+l) ] V'» Vx> y e FSix and y*X,Vt (2.10) 

Pixt-Piy^D^CDR^+M-Yl-Ito-I^^] Vi,\/x,yeFSixandy*x,\/t (2.11) 

In (2.10) and (2.11), M is a large number for relaxing constraints if Iixt or 

hy(t+\) is z e r o - I11 t m s c a s e ' M c a n be set to Pmaxi which is the maximum 

generating capacity of CCGT unit /. 

5) Minimum on/off time constraints. The minimum on time constraint of a mode is 

formulated in (2.12)-(2.14), which is similar to that for a conventional thermal 

unit. 

UT-
S " ( l - / t o ) = 0 VI.VJC.V* (2.12) 

t+T°" • -1 

T Iixx>T2nM-Yixt Vi,Vx,\/t = UTix+\,...,NT-T™njx+\ (2-13) 
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NT 
UIixT-Yixt)>0 ViyXyt = NT-TZ,ix+2,...,NT (2.14) 

T=t 

where UTix = m a x { 0 , m i r i e r , ( 7 ^ - XZ,ix)IM]} 

The minimum off time constraints is formulated similarly. 

6) Generation and reserve constraints. 

Put +SRit -Iu < i W ^tct Wy* * 0>V' (2-15) 

SRit < 10 S (MSR^ • / t o ) Vz, Vt (2.16) 
xeMStx*0 

ORit-SRit<QSCr[\- z / t o ] Vi,V/ (2.17) 

S P t o = i ? , Vi,Vf (2.18) 

7) Startup and shutdown indicators. (2.19)-(2.20) represents the relationship among 

unit status, startup and shutdown indicators. 

Yix(t+\) ~Zix(t+\) =Iix{t+\)~Iixt \/i,\/x,\/t (2.19) 

3&(/+l)+^«(r+l)^l Vi,Vx,Vt (2.20) 

2.3.2 CCC model. The CCC model represents CTs and STs as individual components 

instead of considering them in modes. Each CT and ST in the CCC model is regarded as 

a single unit with its own unit parameters, such as ramping rate limits, minimum on/off 

time limits, and startup/shutdown costs. A CCC model is depicted in Figure 2.4 for a 

CCGT unit with 2 CTs and 1 ST. Three input-output curves of components are included 

in the CCC model. Each CT has a fuel-MW curve, and a MW-generated steam curve 

which represents the amount of steam that will be produced by HRSG when the CT 

generates a certain MW of electricity. Each ST has a consumed steam-MW curve 
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representing the amount of electricity generated by the ST given a certain amount of 

steam. Steam coupling constraints between CT and ST components as well as state 

transition constraints specified as simply explainable constraints are included in the CCC 

model. Power enhancement, duct burners, and cogeneration are appropriately considered 

in the CCC model. The MIP formulation of CCC model is presented as follows. 

In Figure 2.4, FfCT(PCT) represents the fuel-MW curve of CT; FgCT(PCT) 

represents the MW-generated steam curve of CT; Fh ST(PST) represents the consumed 

steam-MW curve of ST. 

1) Operating cost of CCGT. It is shown in (2.21) that the total operating cost of a 

CCGT unit i is a function of production fuel consumption for generating power 

and startup/shutdown fuel of CTs. The fuel consumed by duct burners is also 

accounted for in the total fuel consumption. 
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Figure 2.4. CCC model with 2 CTs and 1 ST 
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The linearized fuel-MW curve of a CT is shown in Figure 2.5, with the 

power augmentation of CT. The curve is divided into two parts with different 

generation regions. Normally, a CT operates in the base area where the generation 

is less than Pm^ey • At peak hours, foggers and peak firing supplements can 

enhance the CT output above the base loading. Here, F,'f"g represents the 

additional cost for operating foggers or peak-firing. 

The fuel consumption for operating a CT is represented as 

NSy 

Ft*-,&}*?*•'** X"*'*-^ (2.22) 

NS, 
IJ . 

Pijt = Pnnn,ij "lIjt + 2 Px'yi + Px^ V l , V / , V* (2 .23 ) 
s=\ 

Pxs •• -SX < Px?- < Pxs •• • T- 9 = 1 
1 Amax,y uyt — l Aijt — 1 Amax,y * ijt •* l 

Px^m • Sfjt ^ Pxyt ^ Px™*,U • 4 " 1 2^s^ NSU 
(2.24) 

0 < Pxy < I%* • (PZlij ~ / & ) Vi, V/, W (2.25) 

(2.22)-(2.25) applies to both convex and non-convex fuel-MW curve. The 

MW-generated steam curve of a CT, corresponding to its fuel-MW output curve, 

which represents the steam produced by HRSG is given in (2.26). 

NSu Fg,iJt = . £ [FgJJ • Iijt + I (IFgJj • Pxijt) + Fgij • IiJt 
jeCTSf 5=1 ( 2 . 2 6 ) 

+ IF™f.Px™s] 
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rmax,ij max.ij 

Figure 2.5. Piecewise linear fuel-MW curve of a CT 

2) Steam coupling constraints. The exhaust gas from a CT can be utilized by STs, or 

released through the stack when the CT operates without STs (e.g. 1CT - OST 

mode). (2.27) simulates the heat exchange between CT-HRSGs and STs. The first 

term in the left hand side of (2.27) represents the amount of steam used by ST for 

producing electricity and the second term represents the MBtu heat load. The 

right hand side of (2.27) denotes the potential amount of steam that can be 

generated from the exhaust gas emitted by CTs (the first term) and duct burners 

(the second term). In (2.27), eft represents the burning efficiency of duct 

burners. 

I Fw+Wv* Z Fgffi+FfS-ef?* ^ ^ (2.27) 
keST$ jeCT$ 

The steam consumed by ST will not be included in the objective function 

since no additional fuel is needed for producing steam. The ST steam 

consumption is represented in (2.28) and (2.29) when the consumed steam-MW 
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curve is convex. For a non-convex consumed steam-MW curve, (2.30) will 

include additional integer variables. 

n NSik 

keSTS, 5=1 

MS* 

Pijt = * W -likt + 2 Pxs
ikt v,-,v/,v/ (2.29) 

5=1 

(2.30) 

3) Generation and reserve constraints. The 10-minute spinning reserve of a CT or ST 

is the unloaded synchronized generation that can provide sustainable upward 

ramp in 10 minutes, which cannot exceed the difference between its maximum 

capacity and current generation, as modeled by (2.31) for CT and (2.33) for ST. It 

is also limited by the 10-minute maximum sustained ramping rate, as modeled by 

(2.32) for CT and (2.34) for ST. 

Generation and spinning reserve constraints for each component are 

Pijt +SRiJt <P^j -Iijt +P£*y-Ig* V/,V/-, V, (2.31) 

SRijt < 10 • MSRij • IiJt \/i, V/, \ft (2.32) 

Pikt + SRikt < Pm^ik • Iikt \/i, Vk, V* (2.33) 

SRikt <\0-MSRilc -Iikt V/,V*,Vf (2.34) 

Generation, spinning reserve, and operating reserve for a CCGT unit are 

modeled as 

2 Py,+ I Pikt = pit Vi.Vf (2.35) 
jeCTSj keSTSi 



36 

I SRm+ lSRikt=SRit Vi,Vt (2.36) 
jeCTSj keSTS, 

ORit-( Z SRijt + ZSRikt)<QSCr(\-Iit) V/.V/ (2.37) 

The commitment status of the CCGT unit I it is related to the commitment 

status of all CTs of the CCGT plant Iijt, as in (2.38) 

NCTr{Iit-\)< I Iijt \/i,\/t (2.38) 

4) Ramping constraints. Ramping up/down limits for are enforced as (2.39) for CT 

and (2.40) for ST. 

- DRy < Pij{t+X) - Pijt < URtj Vi, Vy, V^ (2.39) 

- DRik < Pik{t+l) - Pikt < URik Vi, \/k, Vt (2.40) 

5) Minimum on/off time constraints. The minimum on/off time constraints for each 

component (CT or ST) can be expressed in the same ways as in the mode model. 

6) Transition and state coupling constraints. The transitions between different 

operating modes of a CCGT unit can be specified as a group of simple constraints 

that depend on the specific characteristics of the unit. In this chapter, we consider 

two types of CCGTs: CCS\ represents the set of CCGT units with multiple CTs 

and one ST (nCT-lST); CCS2 represents the set of CCGT units with multiple 

CTs and two STs (nCT-2ST) including one high pressure steam turbine (HPST) 

and one low pressure steam turbine (LPST). The formulations of the two sets are 

given as follows. 

For both CCSX and CCS2: 
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Maximum number of CTs that can be started up simultaneously 

I YiJt<MaxCTNl%-(l-Yikt-Zikt) + MaxCm2%-Yikt 

jeCTS, (2.41) 

+ MaxCTNlft • Zikt Vi, VJfc, Vt 

Maximum number of CTs that can be shut down simultaneously 

I Zijt < MaxCTNVg • (1 - Yikt - Zikt) + MaxCTNl^ • Yikt 
J^CTSi (2.42) 

+ MaxCTN^ • Zikt Vi, Vk, Vt 

Minimum number of CTs that must be on for running all STs 

. I Iijt >MinCTN\°n •[ Zltkt-NSTi+l] V/.Vf (2.43) 
jeCTS, keSTS, 

Maximum number of CTs that can be on without operating any STs 

S Iijt<MaxCTN\°n +NCTr Xlikt Vi,Vf (2.44) 
jeCTSi yfceSTC,. 

A required number of CTs that must be on for a minimum number of 

hours before starting the first ST (HPST of nCT-2ST) 

2 IiiT>Yikt-MmCTN2°n Vi,Vt,k = \,r = t -MinCTTf" ,...,f-l (2.45) 
yeC7S, 

For CCS2: 

Minimum number of CTs that must be on for operating the HPST alone is 

I IiJt > MinCTNl? • [Ii{hp)t - Ii{lp)t ] V* e CCS2, Vf (2.46) 
jeCTSi 

Maximum number of CTs that can be on for operating the HPST alone is 

Z IiJt<MaxCim?n+NCTr[l-Ii{lip)t+IKlp)t] VizCCS2,\/t (2.47) 
jeCTS, 

Minimum number of CTs that must be on for operating the LPST alone is 
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Z Iijt > MinCTNA? • [Ii{lp)t - Ii{hp)t ] V/ e CCS2, Vt (2.48) 
j&CTSi 

Maximum number of CTs that can be on for operating the LPST alone is 

Z Iijt <MaxCTN3°n+NCTr[\-Imt+IKhp)t} VieCCS2,Vt (2.49) 
jeCTSt 

HPST must be operated for a minimum number of hours (at least 1) before 

starting LPST 

Z1 Ii{hp)T > MinHPT™ • Ymt Vi e CCS2, \/t (2.50) 
r=t-cnz,, 

HPST and the LPST cannot be started up and shut down at the same hour 

YiW+Zn!P)t+YHhp)t +ZKhP)t ^ VieCCS2,Vt (2.51) 

7) Others. The relationship among status, startup and shutdown indicators of each 

component can be modeled in the same ways as in the mode model. To run duct 

burners, the CCGT generation must be larger than a minimum value. 

ACT] NSTI 

I™ • PZi £ I ^ + S P*t Vi, V/ (2.52) 
7=1 k=\ 

2.3.3 Comparison of CCC and CCM models. CCM and CCC models represent two 

distinct ways of modeling CCGT units for solving the short-term scheduling problem. In 

this section, we present a comparison between the two models. 

1) Operating cost. The operating cost of a CCGT unit, as listed in (2.1) and (2.21), 

indicates different compositions in CCM and CCC models. 

The transition cost between modes in the CCM model is equivalent to the 

sum of startup and shutdown costs of the related components in the CCC model. 

Both costs depend on commitment rather than dispatch. However, if the startup 
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cost of a component is considered as a function of its shutdown time [Car06], it 

will be difficult to model the transition cost in the CCM model. In such cases, the 

modeling of transition cost may need some approximation startup and shutdown 

costs of related components. 

The production cost of a CCGT unit depends on the input-output curves 

and the generation dispatch of each mode or component. As discussed below, the 

inaccuracy of CCM input-output mode curves and component dispatch may lead 

to higher production costs. 

2) Input-output curves. There are three kinds of curves in the CCC model including 

fuel-MW curve for each CT, MW-generated steam curve for each CT, and 

consumed steam-MW for each ST. In comparison, a fuel-MW curve is considered 

for each CCM mode. 

The CCM fuel-MW curves are obtained by fuel consumption-power 

output tests, which are usually updated for major modes. During the test, a non-

optimal generation dispatch among components could result in an upward shift of 

fuel-MW curves (assuming MW on the horizontal axis and fuel consumption on 

the vertical axis). Accordingly, the CCGT scheduling based on these curves will 

result in higher production costs. In addition, CCGT operators would still have to 

map the total power dispatch into individual ST and CT dispatch. The dispatch is 

usually done based on operators' experience or a dispatch table obtained during 

the above-mentioned test. 

Successful applications of the proposed CCC model require similar tests to 

be performed for individual components, including CTs, CT-associated HRSGs, 



40 

and STs. Since individual component tests can be performed independently, it is 

more likely to obtain accurate component curves. In addition, individual 

component dispatch will be based on optimization results (unit commitment and 

economic dispatch) rather than operators' experience or pre-fabricated CCM 

dispatch tables. 

Obviously, it is not easy to deduce component curves from mode curve. 

However, if CCC component curves are known, we can obtain fuel-MW CCM 

curves and the corresponding dispatch. 

3) Minimum on/off time and ramp rate limits. CTs and STs, operating in different 

thermal cycles, usually have different ramp rates and minimum on/off time limits. 

These operating parameters for components can be expressed very accurately in 

the CCC model, as presented in Section 2.3.2 of this chapter. The application of 

CCM model with only mode variables for modeling these operating parameters 

may prove to be difficult. 

Additional modes could be considered for a more accurate modeling of 

minimum on/off time constraints in the CCM model. Accordingly, the 

optimization problem will be larger in terms of number of variables and 

constraints. Consider a simple example where the minimum on/off time limits of 

both CTs and STs are 2 hours. Figure 2.6 shows that we would have to double the 

number of existing modes and expand the state transition diagram. Dashed lines 

in Fig. 6 indicate that the occurrence of corresponding transitions is conditional, 

depending on not only the modes in current and next hours, but also the modes in 

last several hours. Obviously, if the number of components is large (e.g. CCGT 
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unit with 4CT & 1 ST) or the minimum on/off times are longer, the number of 

modes will be much higher and the complexity of state transition diagram will 

increase considerably. 

It is even more difficult to accurately model the ramping constraints of 

CCM components because ramp rates relate to the component commitment and 

dispatch. Accordingly, the mode ramping rate constraints and minimum on/off 

time constraints will unavoidably introduce conservative approximations and 

probably lead to higher operation costs. 

On time t t+1 On time 

2CT-1ST >=2h 0 \ ~ ^ ^ _ ^ ~ » 0 >=2h 2CT-1ST 

2CT-1ST lh 0 ^ r ^ \ _ _ _ ^ - c ^ Q l h 2CT-1ST 

1CT-1ST >=2h Q - ~ " ~ " ^ 7 > 5 ? > _ r - » C ) > = 2 h 1 C T - 1 S T 

1CT-1ST lh O ^ ^ ^ ^ ^ ^ O l h 1CT-1ST 

Figure 2.6. State transition diagram considering online hours 

4) Inclusion of special operating conditions. According to section 2.3.2, it is 

convenient to model power augmentation, duct burners, and cogeneration using 

the CCC model. It would be difficult or inefficient to model those conditions in 

the CCM model as explained below. Firstly, the CCM model requires the 

introduction of many new modes and the expansion of state transition diagram. 

Secondly, it is hard to test and determine input-output curves for new added 

modes. For example, when cogeneration is considered, traditional fuel-MW 

curves in the CCM model are not adequate for describing production costs 

because the fuel consumption is a function of both power and heat output. 
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Additionally, it is more convenient to deal with component maintenance 

or deration in the CCC model. For instance, in the case that components are 

derated, both models have to reset maximum capacities of related components or 

modes. The CCC model can still ensure an optimal solution without changing the 

input-output curves, whereas the CCM model using the old fuel-MW curves may 

result in suboptimal or incorrect dispatch among components. 

5) State transition diagram and transition constraints. As presented above as well as 

in [Coh96] and [BjeOO], the CCM state transition diagram can include additional 

modes for improving the CCM model accuracy. However, the expansion cannot 

fundamentally avoid the limitations or disadvantages of CCM model which lead 

to suboptimal solutions. Furthermore, the expansion will significantly increase the 

size of the MlP-based optimization problem due to considerable increases in the 

number of integer variables and constraints resulting from the addition of new 

modes and more complex state transition diagram. 

In the CCM model, uniform transition constraints as (2.6) can be 

applicable to any given state transition diagrams. In the CCC model, mode 

transitions are specified as constraints such as (2.41)-(2.49). Some of these 

constraints are commonly applicable to CCGT units whereas the others can only 

be used for certain types of CCGT units. 

6) Size of the MIP-based optimization problem. The numbers for integer variables 

including continuing variables and constraints for different types of CCGTs are 

shown in Table 2.1 based on the proposed MIP formulations in Sections 2.3.1 and 

2.3.2. It is assumed here that non-convex input-output curves are linearized into 5 
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pieces. No special operating conditions are included in either model. All 

minimum on/off time parameters are assumed to be 2 hours and the impact of 

initial unit status is ignored. The scheduling period is 24 hours. State transition 

diagrams for 4CT-1ST and 6CT-2ST units are the same as those used for the case 

study 2.4.3. 

Table 2.1. Dimensions of MIP Formulations for Different Types of CCGTS Based on 
CCC Model and CCM Model 

Dimensions of MIP 
Formulations 

CCGT(2CT-1ST) 

CCC CCM 

CCGT(4CT-1ST) 

CCC CCM 

CCGT (6CT-2ST) 

CCC CCM 

840 

696 

240 

984 

864 

240 

1032 

864 

192 

1560 

1368 

384 

1992 

1704 

672 

Integer Variables gOO 

Continuous Variables 528 

Equality Constraints 144 

Inequality Constraints 1572 2716 2476 3768 3976 6868 

7) Summary. In summary, the CCC model would be more accurate than the CCM 

model in the modeling of CCGT units since it relates more closely to the physical 

representations of CTs and STs, which could also demonstrate a lower operation 

cost for CCGTs. In comparison, the CCGT unit scheduling by the traditional 

CCM model would have to consider certain approximations on ramping limits, 

minimum on/off, transition cost, among others. It is possible for the CCM model 

to improve the modeling accuracy of CCGTs, however, by expanding the state 

transition diagrams at the cost of increasing the size of the model. 

Normally, the number of variables and constraints of MIP formulation, 

based on the CCC model, is smaller than that of the CCM model. However, 
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generation variables in the CCM model do not have very tight coupling relations 

since different modes are exclusive. In comparison, component variables based on 

the CCC model in the same CCGT unit are highly coupled. One consequence of 

such coupling is that CTs with identical parameters in the CCC model may have 

an adverse impact on the convergence of MIP-based optimization problem. 

2.3.4 Inclusion of CCC and CCM models into SCUC. The objective of short-term 

security-constrained unit commitment (SCUC) is to minimize the system operating cost 

while satisfying the prevailing constraints such as power balance, system spinning and 

operating reserve requirements, unit minimum on/off time limits and ramping up/down 

limits, limits on state and control variables including real and reactive power generation, 

controlled voltages, settings of tap-changing and phase-shifting transformers, branch 

flows, bus voltages, and so on. Reference [Fu05 Fu07] presented a MlP-based 

formulation of SCUC including generating units with multiple operating modes. The 

proposed CCC and CCM models for CCGTs and the operating cost (2.1) or (2.21) will be 

included in SCUC. For large-scale systems, the SCUC problem is decomposed into the 

master UC problem and network security check subproblems. The subproblems mitigate 

network violations and iterate with UC via power transfer distribution factor (PTDF) or 

Benders decomposition method. The incorporation of the proposed CCC or CCM models 

does not change the overall SCUC solution strategy. 

2.4 Case Studies 

Three examples are presented to illustrate the advantages and efficiency of the 

proposed CCC model. Example A compares CCC and CCM models when scheduling a 

single CCGT. Example B demonstrates that the proposed CCC model can deal with 
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power enhancement and cogeneration in the SCUC solution. Example C shows that the 

proposed CCC model is effective in solving a relatively large system with multiple types 

of CCGTs. All numerical examples are run on a Pentium-4 2.6 GHz personal computer. 

The MIP problem is solved using CPLEX 9.0. 

2.4.1 Scheduling of one CCGT based on CCC and CCM models. We first consider a 

single CCGT which is labeled as CC1 in this example. Both CCC and CCM models are 

used to solve the scheduling problem of CC1. The basic unit characteristics of CC1 are 

shown in Table 2.2 in which "IniT" represents the number of hours that the unit has been 

on (positive) or of (negative). Unit CC1 consists of 2 identical CTs and 1 ST which can 

operate in 5 modes as shown in Figure 2.2 The parameters for transition coupling 

constraints in the CCC model are shown in Table 2.3. Other component parameters are 

given in Table 2.4. The quadratic input-output curve coefficients of each component are 

given in Table 2.5. In order to simulate experience-based or test-based curves in the CCM 

model as mentioned in Section 2.3, we form the input-output curve of each mode based 

on the given curves for CTs and STs and the assumption that CT A and CT B generate at 

the same dispatch level. First, we select a set of feasible generation dispatch for a single 

CT: 

p(l) p(2) p(n) 

According to the fuel-MW output curve and the MW-generated steam curve of 

CT, we determine the fuel consumption as well as the steam generation corresponding to 

the above generation dispatch levels. 

F\ 'CT,F> lT ,...,FylT for fuel consumption 
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- (I) -(2) ,(*) 
FgCT'FgCT'—'FgCT f° r s t e a m generation 

Unit 

CC1 

Table 2.3. 

Table 2.2. Parameters of Single CCGT Unit 

Mode CT ST IniT Ini Identical 
Num Number Number (Hour) Mode CT 

5 2 1 3 0 Yes 

Parameters of Single CCGT Unit in the CCC Model (Hours) 

MaxCTNl0" 2 MaxCTN\su 2 

MinCTNY- 1 MaxCTN2su ,MaxCTN3su 0 

MinCTN2c MaxCTN\sd 

MinCTTon 2 MaxCTN2sd ,MaxCTN3sd 0 

Table 2.4. Parameters of Components of Single CCGT Unit 

Component Min On (h) MinOff 
(h) 

Pmin 
(MW) 

Pmax (MW) Ramp Up 
(MW/h) 

CT 

ST 

2 

2 

2 

2 

40 

40 

141.5 

180 

100 

100 

Component Ramp Down 
(MW/h) 

St 
(MBtu) 

Sd (MBtu) 
MSR 

(MW/min) IniT (Hour) 

CT 

ST 

100 

100 

60 

0 

0 

0 

5 

5 

-3 

-3 
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Table 2.5. Input-output Curves of CCC and CCM Models of Single CCGT Unit 

Component Curve 

CT Fuel-MW Curve 

ST Steam-MW Curve 

CT MW-Steam Curve 

Index 

0 

1 

2 

3 

4 

Mode 

0 CT and 0 ST 

1 CT and 0 ST 

2 CT and 0 ST 

1 CT and 1 ST 

2 CT and 1 ST 

a 
(MBtu/MW2h) 

0.001534 

0.021575 

0.001028 

a 
(MBtu/MW2h) 

0 

0.001534 

0.000767 

0.0019 

0.0011 

b 
(MBtu/MWh) 

7.10787 

5.92653 

4.62012 

b 
(MBtu/MWh) 

0 

7.10787 

7.10787 

4.2010e 

4.5902 

c 
(MBtu) 

509.781 

245.894 

331.357 

c 
(MBtu) 

0 

509.781 

1019.562 

448.1889 

741.2075 

We then determine the generation level of ST by solving an algebraic equation 

which results from the consumed steam-MW curve of ST. 

Solve F W ( ? W ) = 2F^T for P $ 

Solve FKST (Pg) = 2Fl% for />£> 

Solve FhJ!T{P$>) = 2F^% for P « 

We now have a set of fuel input and the corresponding power output as shown in 

Table 2.6. We can either directly use Table 2.6 as the fuel-MW curve of the modes or 

calculate the coefficients of quadratic polynomials by the polynomial curve fitting 

method. By the above method, we can at least make sure that the ST is always working 

on the most efficient way based on the fact that the ST utilizes all steams generated by 
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CT-HRSGs. The fitted quadratic curves of modes are list in Table 2.5. Other parameters 

in the CCM model are given in Table 2.7. In this example, all curves are linearized into 

10 pieces. The 24-hour system load and generation schedules are listed in Table 2.8. The 

social cost for the CCC model is $49,523 with a higher cost of $51,839 for the CCM 

model. 

Table 2.6. Fuel Input-Power Output of Modes 

Fuel Input Power Output 
(MBtu) (MW) 

2Ff 

2F(2) 

2Ff") 

2PCT + PST 

2PCT +PST 

LrCT + rST 

Table 2.7. Parameters of Modes of of Single CCGT Unit 

Mode# 

0 

1 

2 

3 

4 

Min On 

2 

2 

2 

2 

2 

Min Off 

2 

2 

2 

2 

2 

Pmin 
(MW) 

0 

40 

80 

81 

180 

Pmax 
(MW) 

0 

141.5 

283 

236 

463 

Ramp Up 
(MW) 

0 

100 

200 

155 

285 

Ramp Down 
(MW) 

0 

100 

200 

155 

285 
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Table 2.8. Load Data and Dispatch of Single CCGT based on CCC and CCM Model 

Hour 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Load 

(MW) 

145.3 

126.6 

60.4 

138.9 

203 

206.7 

144.8 

401 

372,1 

404.2 

423.6 

367.8 

216.8 

209.5 

312.1 

396.6 

457.4 

464.1 

478.2 

410.7 

327.5 

254.6 

135.7 

58.8 

UC and Dispatch based 

CTA 
(MW) 

74.85 

66.3 

0 

0 

0 

0 

0 

100 

105.71 

118.8 

122.82 

100 

0 

0 

82.93 

113.3 

123.41 

131.35 

131.35 

121.2 

90.75 

62.56 

75.19 

58.8 

CTB 
(MW) 

70.45 

60.3 

60.4 

78.74 

119.08 

121.51 

81.06 

137.64 

111.05 

121.2 

131.35 

113.64 

128.22 

123.35 

90.75 

121.2 

131.35 

133.45 

138.65 

123.52 

93.94 

70.45 

0 

0 

ST 
(MW) 

0 

0 

0 

60.16 i 

83.92 

85.19 

63.74 

163.36 

155.34 

164.2 

169.43 

154.16 

88.58 

86.15 

138.42 

162.1 

169.64 

173.3 

175.2 

165.98 

142.81 

121.59 

60.51 ! 

0 

on CCC Model 

Mode Index 

2 

2 

1 

3 

3 

3 

3 

4 

4 

4 

4 

4 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

3 

1 

UC based on 
CCM Model 

Mode Index 

2 

2 

1 

1 

3 

3 

3 

4 

4 

4 

4 

4 

3 

3 

4 

4 

4 

4 

4 

4 

4 

2 

2 

1 
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By comparing the hourly commitments in Table 2.8, we find that CCGT can 

operate at more efficient modes at hours 4, 22, and 23 based on the CCC model because 

the minimum on/off time constraints are calculated differently in the CCC and CCM 

models. In the CCC model, we know exactly the minimum number of CTs that should be 

on for a minimum number of hours before starting a ST. There is at least 1 CT at hour 4 

which has already been on for 2 hours and thus the ST can startup at hour 4. However, 

the minimum on time constraint for the CCM model requires CC1 to stay at mode 1 at 

hour 4. Obviously, mode 1 is more costly than mode 3 for generating the same amount of 

power. 

The hourly load drops from 327.5 MW at hour 21 to 58.8 MW at hour 24. Hence 

CC1 switches from mode 4 to mode 1 which reduces the commitment cost in the CCC 

model. In comparison, the hourly UC solution based on the CCM model indicates that 

CC1 should operate in the more expensive mode 2 at hours 22-23 as shown in Table IX. 

Accordingly, the approximate minimum on/off time of the CCM mode will increase the 

operation cost particularly during the upward/ downward transition hours. 

As discussed in section 2.3, the CCC scheduling not only indicates the hourly 

on/off schedules but also determines the component dispatch economically when 

considering ramping constraints. From hour 7 to 8, the load increases sharply and CC1 

would switch from mode 3 to 4. Since the ramping up rate of CT and ST is 100 MW/hour, 

CT A starts to run at hour 8 and reaches its maximum feasible generation level of 100 

MW while CT B is dispatched at 137.64 MW. The generation dispatch of CT B is more 

than that of CT A. A similar instance occurs at hour 12 when the hourly load decreases 

sharply. The CCM model indicates that the composite MW is dispatched optimally at 
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hours 8 and 12, which may result in a non-optimal dispatch of components. In this case, 

the assumption that CT A and CT B should have the same MW dispatch before fitting the 

fuel-MW curve of mode 4, is not cost-effective at hours 8 and 12. 

The assumption that committed CTs in a single CCGT should generate the same 

level of generation dispatch is not always optimal. The case given in Figure 2.7 shows 

that both CTs in a CCGT have the same fuel-MW and MW-generated steam curves. 

Fg | Ff(Mbtu) 

Steam-MW 
Curve 

P(MW) 

Figure 2.7. Fuel-MW and MW-generated steam curves of CT 

Table 2.9 shows that different hourly dispatches of CTs may result in the same 

fuel consumption but different levels of generated steam. More steam will lead to more 

ST generation. Therefore, even if we ignore ramping and minimum on/off constraints of 

components, the CCC model will dispatch CTs at different generation levels. So it is 

clear that the CCM model is an approximated model and engineers working in such 

power plants will still need to dispatch the CCGT generation to CT and ST component 

levels. 
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Table 2.9. Fuel Consumption and Steam Generated with CT Dispatch 

CT Dispatch 

CTA10MW-CTB50MW 

CTA 30MW - CTB 30MW 

Fuel Consumption 
(MBtu) 

90 

90 

Generated Steam 
(MBtu) 

48 

40 

2.4.2 Power enhancement and cogeneration based on the CCC model. An 8-bus 

system shown in Fig. 8 is used to illustrate the way the proposed CCC model can deal 

with power enhancement. Larger CCGTs with power enhancement are cheaper than 

thermal units for supplying the load. Power enhancement is also utilized at peak hours for 

mitigating congestion. The CCC model can also be used to model CCGTs as 

cogeneration units. This 8-bus system has 3 CCGTs and 3 thermal units as described in 

http://motor.ece.iit.edu/Data/ CCC_Datal.pdf. All curves are linearized into 5 pieces. The 

hourly electricity load and spinning reserve are given in Table 2.10. In addition, steam is 

extracted from CC3 at certain hours to supply a constant heat load of 300 MBtu. 

The system is tested for 24 hours with a peak load of 2040 MW. Four cases are 

studied to illustrate the new CCC model and the impact of duct burners, peak firing, and 

foggers. 

• Case 0: Calculate the hourly UC solution without network constraints. No duct 

burners, foggers or peak-firing are installed. 

• Case 1: Consider the DC network security constraints in Case 0. 

• Case 2: In Case 0, utilize peak firing and foggers for CC1 and CC2 and 

supplementary firing by duct burners for CC3. 

• Case 3: Consider the DC network security constraints in Case 2. 

http://motor.ece.iit.edu/Data/


T2 L1 CC2 L2 

T1 CC1 L3 T3 

Figure 2.8. One-line diagram of the 8-bus system 

Table 2.10. Hourly Electrical Load, Reserve, and Heat Load of 8-bus system 

lour 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

E. Load 
(MW) 

1382.88 

1294.62 

1078.85 

863.08 

1078.85 

1294.62 

1510.38 

1683.00 

1769.31 

1898.77 

1920.35 

1812.46 

Reserve (MW) 

69.14 

64.73 

53.94 

43.15 

53.94 

64.73 

75.52 

84.15 

88.47 

94.94 

96.02 

90.62 

H. Load 
(MBtu) 

0 

0 

0 

0 

300 

300 

300 

300 

300 

300 

300 

0 

Hour 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

E. Load 
(MW) 

1726.15 

1639.85 

1898.77 

1941.92 

1834.04 

1920.35 

2020.38 

2030.19 

2040.00 

1990.96 

1877.19 

1769.31 

Reserve 
(MW) 

86.31 

81.99 

94.94 

97.10 

91.70 

96.02 

101.02 

101.51 

102.00 

99.55 

93.86 

88.47 

H. Load 
(MBtu) 

0 

0 

0 

0 

300 

300 

300 

300 

300 

300 

300 

300 
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In Case 0, CC2, T2 and T3 are initially on. The hourly schedule is presented in 

Table 2.11 with a daily generation cost of $264,073. We run the Case 1 which is shown 

in Figure 2.9 as the congestion occurs in branch 10 between buses 7 and 8 at hours 10-12 

and 15-23. The solution of Case 1 shows that the violation of branch 10 is mitigated 

when the generation of cheaper unit T3 is decreased and the expensive unit Tl is 

committed at peak hour 19-22 as shown in Table 2.12. The daily production cost is 

$269,765. Table 2.13 lists the hourly commitment of units and the status of peak firing, 

foggers and duct burners in Case 2. The daily production cost is $263,458 which is 

cheaper than that in Case 0. 

Unit 

Table 2.11. Schedules of CCGTs and Thermal Units in Case 0 

Hours (0-24) 

CC1 
CC2 
CC3 
T1 
T2 
T3 

01 1 3 3 3 3 4 4 4 4 4 4 4 4 4 4 44 4 4 4 4 4 4 
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 44 4 4 4 4 4 4 
0 0 0 0 1 1 2 4 4 4 4 4 4 4 4 4 4 44 4 4 4 4 4 4 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 
1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Figure 2.9. Power flow of branch 10 (between Bus 7 and 8) in Cases 0 and 1 
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Table 2.12. Schedules of CCGTs and Thermal Units in Case 1 

Unit 

CC1 
CC2 
CC3 
T1 
T2 
T3 

0 1 1 3 3 3 3 4 
4 4 4 4 4 4 4 4 
0 0 0 0 1 1 2 4 
0 0 0 0 0 0 0 0 
1 1 1 0 0 0 0 0 
1 1 1 1 1 1 1 1 

4 
4 
4 
0 
1 
1 

Hours (0-24) 

4 4 4 
4 4 4 
4 4 4 
0 0 0 
1 1 1 
1 1 1 

4 4 4 4 
4 4 4 4 
4 4 4 4 
0 0 0 0 
1 1 1 1 
1 1 1 1 

4 
4 
4 
0 
1 
1 

4 4 4 4 4 
4 4 4 4 4 
4 4 4 4 4 
0 0 1 1 1 
1 1 1 1 1 
1 1 1 1 1 

4 4 4 
4 4 4 
4 4 4 
1 0 0 
1 1 1 
1 1 1 

Table 2.13. Schedules of CCGTs and Thermal Units in Case 2 

Unit 

CC1 
Peak-firing CT1 
Peak-firing CT2 

CC2 
Fogger CT1 
Fogger CT2 

CC3 
Duct Burners 

T1 
T2 
T3 

0 1 1 3 3 3 3 4 
0 0 0 0 0 0 1 0 
0 0 0 0 0 0 0 0 
4 4 4 4 4 4 4 4 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 1 1 2 4 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 
1 1 1 0 0 0 0 0 
1 1 1 1 1 1 1 1 

4 
1 
0 
4 
1 
0 
4 
1 
0 
0 
1 

Hours (0-24) 

4 4 4 
0 1 1 
0 1 1 
4 4 4 
0 0 0 
0 0 0 
4 4 4 
0 0 0 
0 0 0 
1 1 1 
1 1 1 

4 4 4 4 
0 0 0 0 
0 0 0 1 
4 4 4 4 
0 0 0 0 
0 0 0 0 
4 4 4 4 
0 0 0 0 
0 0 0 0 
1 1 1 1 
1 1 1 1 

4 
1 
1 
4 
0 
0 
4 
0 
0 
1 
1 

4 4 4 4 4 
0 1 1 1 1 
0 1 1 1 1 
4 4 4 4 4 
0 0 1 1 1 
0 0 1 1 1 
4 4 4 4 4 
0 0 0 0 0 
0 0 0 0 0 
1 1 1 1 1 
1 1 1 1 1 

4 4 4 
1 1 0 
1 1 0 
4 4 4 
1 0 0 
1 0 0 
4 4 4 
0 0 0 
0 0 0 
1 1 1 
1 1 1 

It is noted that peak firing and fogging are available to a single CT or both CTs. 

Figure 2.10 shows that by including peak firing, both CTs and ST of CC1 would generate 

additional hourly power. CC2 and CC3 behave similarly at certain hours by operating 

foggers and duct burners. Power enhancement will increase the generation cost of 

CCGTs; however, hourly schedule of CCGT will still be more competitive than that of 

expensive thermal units. 

In Case 3, the hourly schedules are listed in Table 2.14. Figure 2.11 shows that 

CCGTs would generate a higher hourly power than that in Case 1. In addition, the most 

expensive thermal unit Tl will no longer be scheduled at hours 19-22 which reduces the 

daily generation cost by 1.59% to $265,483. In Case 3, CC1 cannot include peak firing at 
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certain hours as in Case 2 for mitigating the congestion on branch 10. So CC2 has a better 

opportunity to operate forgers to compensate the reduction of CC1. Furthermore, the duct 

burner of CC3 provides more steam to HRSG to generate additional power. 

600 

450 

§ 300 

g 150 

J» • • • • «L 
O O O O O O » 

12 16 20 

Case0:CCl Case2:CCl 

Hour (h) 

24 

Figure 2.10. Hourly generation of CC1 in Cases 0 and 2 

Table 2.14. Schedules of CCGTs and Thermal Units in Case 3 

Unit 

CC1 
Peak-f CT1 
Peak-f CT2 

CC2 
Fogger CT1 
Fogger CT2 

CC3 
Duct Burners 

T1 
T2 
T3 

Hours (0-24) 

0 1 1 3 3 3 3 4 4 4 4 4 
0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
4 4 4 4 4 4 4 4 4 4 4 4 
0 1 0 0 0 0 0 0 1 0 1 1 
0 0 0 0 0 0 0 0 0 0 1 1 
0 0 0 0 1 1 2 4 4 4 4 4 
0 0 0 0 0 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 0 0 0 0 0 0 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 

4 4 4 4 4 4 4 4 4 4 4 4 4 
0 0 0 0 0 00 0 0 0 0 0 0 
0 0 0 0 0 00 0 0 1 0 0 0 
4 4 4 4 4 4 4 4 4 4 4 4 4 
1 0 1 1 1 1 1 1 1 1 1 1 0 
0 0 1 1 1 1 1 1 1 1 1 1 0 
4 4 4 4 4 4 4 4 4 4 4 4 4 
0 0 0 0 0 00 1 1 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 
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Figure 2.11. Hourly generation of CC2 and CC3 in Cases 1 and 3 

2.4.3 IEEE 118-Bus System. Table 2.15 lists the general information on the test system, 

while the detailed unit data including their state transition diagrams in the test system are 

given in http://motor.ece.iit.edu/Data/CCC_Data2.pdf. The 12 CCGT units installed in 

this system have multiple types including 2CT-1ST, 4CT-1ST and 6CT-2ST. The 6CT-

2ST unit is composed of 6 identical CTs, 1 HPST and 1 LPST, which can switch between 

11 differen modes. All curves in this system are linearized into 5 pieces. Since all the 

curves of the ST are convex, corresponding integer variables with segment are not 

required for modeling the ST. A total of 8640 binary variables are included in the MIP 

formulations for this system. The daily generation cost is $1,908,377 and the computing 

time is 30s. 

Base coal units such as 1004, 1005 and 1010 are committed in 24 hours. Single 

cycle gas or oil units can start or ramp up/down quickly. However, most of them remain 

off in this system to provide generation reserves. The hourly schedules of 2CT-1ST 

CCGTs are given in Table 2.16 by indicating their mode index. Since units 4002, 4005, 

!=•-• • • r l f ' D a f i _"5 5 5 5 5 5 5 5 D̂ B 

Hour (h) 

http://motor.ece.iit.edu/Data/CCC_Data2.pdf


58 

and 4010 can operate in several modes, we provide their component schedules in Table 

2.17, Table 2.18 and Table 2.19. Compared to single-cycle units, CCGTs demonstrate 

higher efficiency and lower cost per unit of power generation. 

Table 2.15. Modified IEEE 118-bus test system 

Modified IEEE 118-Bus Power System 
Buses 118 

Branches 186 
Thermal Units 53 

CCGTs with 2CT-1 ST 9 
CCGTs with 4CT-1 ST 2 
CCGTs with 6CT-2ST 1 

Table 2.16. Schedule of 2CT-1ST CCGTs 

Units 

4001 
4003 
4004 
4006 
4007 
4008 
4009 
4011 
4012 

Hours (0-24) 

0 0 0 0 0 1 1 3 3 4 4 4 
0 0 0 1 1 3 3 3 3 3 3 3 
0 1 1 3 3 4 4 4 4 4 4 4 
0 0 0 0 0 0 1 1 3 3 4 4 
0 0 0 1 1 3 4 4 4 4 4 4 
0 0 0 1 1 3 4 4 4 4 4 4 
0 0 0 1 1 3 4 4 4 4 4 4 
0 0 0 0 1 1 3 4 4 4 4 4 
0 0 0 0 0 0 0 0 0 0 0 0 

4 4 4 4 4 44 4 4 4 4 4 3 
3 3 3 3 3 33 3 3 3 3 3 3 
4 4 4 4 4 44 4 4 4 4 4 4 
4 4 4 4 4 44 4 4 4 4 4 4 
4 4 4 4 4 44 4 4 4 4 4 4 
4 4 4 4 4 44 4 4 4 4 4 4 
4 4 4 4 4 44 4 4 4 4 4 4 
4 4 4 4 4 44 4 4 4 4 4 4 
0 0 0 0 0 00 0 0 0 0 0 0 

Table 2.17. Schedules of 4CT-1ST CCGTS (4005) 

4005 Hours (0-24) 

CT1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CT2 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CT3 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
CT4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ST 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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Table 2.18. Schedules of 4CT-1ST CCGTS (4010) 

4010 

CT1 
CT2 
CT3 
CT4 
ST 

Hours (0-24) 

0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 1 1 
0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 0 0 0 
1 1 1 1 
1 1 1 1 
1 1 1 1 
1 1 1 1 

Table 2.19. Schedule of 6CT-2ST CCGT 

4002 Hours 0-24 

CT1 
CT2 
CT3 
CT4 
CT5 
CT6 
HPST 
LPST 

0 
0 
0 
0 
0 
0 
0 
0 

1 1 
1 1 

2.5 Conclusions 

This chapter presents a component model for the scheduling of CCGT by MIP. A 

CCGT unit is modeled by individual CTs and STs. The CCM model requires certain 

approximations in the modeling of input-output curves, transition costs, ramping limits, 

and minimum operating time. The system operators would also need to dispatch the 

composite generation of CCM to individual CT and ST units, which could mostly be 

based on the operators' experience. The proposed CCC model does not need any 

approximations and will optimally dispatch the output generation to individual CT and 

ST units. In the proposed CCC model, distinct characteristics and heat exchanges among 

components have already been taken into account. Moreover, the CCC model can be 

easily expanded to include special operating conditions for power augmentation and 

cogeneration. Test results verify that the CCC model can save operating costs. The IEEE 
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118-bus system with 12 CCGTs and various configurations (6CT-2ST, 4CT-1CT, and 

2CT-1ST) is studied. Numerical results show that the proposed CCC model can be used 

successfully for representing CCGT units in the SCUC problem. 
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CHAPTER 3 

SECUIRTY CONSTRAINTED UNIT COMMITMENT WITH STEADY STATE 
NATURAL GAS TRANSMISSION CONSTRAINTS 

3.1 Introduction 

Gas-fired power plants provide a linkage between natural gas transmission and 

power transmission systems. Natural gas transmission could affect the security and the 

economics of power transmission. From the economics point of view, natural gas 

contracts could affect the commitment, dispatch, and the operation of power systems. 

From the security point of view, pressure losses, pipeline contingencies, lack of storage 

or natural gas supply disruptions may lead to forced outgaes of multiple gas-fired unit or 

deration of generating capacity which could dramatically increase the operating costs and 

congestion, and jeopardize the security of power systems [Sha05]. Such conditions 

necessitate the solution of short-term unit commitment (UC) problem when integrating 

power transmission, natural gas contracts, as well as natural gas transmission systems as 

discussed in this chapter. 

This chapter proposes an integrated model for SCUC with natural gas 

transmission constraints. The integrated model minimizes power system operating costs 

by taking into consideration power transmission constraints, natural gas transmission 

constraints, and natural gas contracts. Benders decomposition is applied to separate the 

natural gas transmission feasibility check subproblem from the master UC problem and 

the power transmission feasibility check subproblem as shown in Figure 3.1 Constraints 

related to natural gas contracts are directly included in the master UC problem. When an 

optimal UC schedule is obtained without violating power transmission constraints, hourly 
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natural gas demands of gas-fired units are then submitted to check the feasibility of 

natural gas transmission constraints. The natural gas transmission is modeled as a group 

of nonlinear equations for representing gas node pressures, which can be solved by a 

Newton-Raphson like method similar to the Newton-Raphson-based power flows 

solution. The natural gas transmission feasibility check is formulated as linear 

programming (LP) problem and solved iteratively. If any violations of natural gas 

transmission constraints are detected, corresponding energy constraints (Benders cuts) are 

formed and fed back to the master UC problem for the next iteration of calculation. The 

cut which represents shortages of natural gas supply or gas transmission congestions 

would limit the fuel consumption of a group of gas-fired units. 

SCUC 

I"** Master UC Problem I 

I Power Transmission r<—J 
Feasibility Check Subproblem 

I ^ Natural Gas Transmission | 
Feasibility Check Subproblem 

Figure 3.1. Decomposition strategy for natural gas and electricity 

The proposed model is for the short-term operation of a large utility in the U.S. 

that has a large number of gas-fired and dual-fuel generating units. The same method can 

be applied to the ISO system. In regions where natural gas markets are heavily regulated 

but power systems are deregulated, natural gas transmission constraints imposed on 

power market participants such as generating companies (GENCOs) is submitted to 

electricity markets as energy constraints. In such cases, the proposed integrated SCUC 
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model is a very important tool for the daily scheduling and dispatch of generating units to 

meet the hourly system load. The proposed model can also be a foundation for the 

modeling of midterm or long-term operation of integrated natural gas and power 

transmission systems. 

The rest of this chapter is organized as follows: Steady-state model of natural gas 

system is presented in section 3.2. SCUC model integrating constraints of natural gas 

system are formulated in section 3.3. Section 3.4 presents and in detail discusses a six-

bus system and the IEEE 118-bus system. The conclusion drawn from the study is 

provided in Section 3.5. 

3.2 Model of Natural Gas Transmission System 

The natural gas transmission system is one of the largest and most complex 

nonlinear systems in the world, which is represented by its steady state and dynamic 

characteristics [Ber78, Sto72]. The steady-state mathematical model of natural gas 

transmission system comprised of a group of nonlinear algebraic equations is presented 

here for SCUC applications. 

3.2.1 Key Component of Natural Gas System. Figure 3.2 depicts the natural gas 

transmission system from producers to end users that is comprised of natural gas wells, 

transmission and distribution pipelines, storage facilities, and compressors. From the 

mathematical modeling viewpoint, these components are categorized into nodes and 

branches. As state variables, gas pressure is associated with each node while the natural 

gas flow rate is associated with each branch. 

1) Suppliers and loads in the gas transmission system. Natural gas may leave or enter 

the gas transmission system only through nodes, which represent delivery and 
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receipt points. Most of the gas is supplied from gas wells, which are commonly 

located at remote sites. Supplies are modeled as positive gas injections at related 

nodes. In this chapter, lower and upper limits of gas supply in each period are 

modeled as 

G^,mn < G^,. < G / ^ (3.1) 

The natural gas loads could be residential, commercial, or industrial. Gas-

fired power plants represent the most important industrial gas loads, which link 

electric power and natural gas transmission systems. Gas loads are represented as 

negative gas injections at related nodes which are modeled as 

GLglMn < GLgl < GLgl^ (3.2) 

Figure 3.2. Natural gas transmission system 

2) Gas storage. Unlike in electric power systems in which the electricity cannot be 

stored in large quantities, large sums of natural gas can be injected into natural 

gas storage facilities at off-peak periods and withdrawn during high demand 
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periods [Mer02]. This makes it possible to maintain a steady flow in a natural gas 

transmission pipeline even in peak periods or when contingencies occur. 

Natural gas storage facilities are categorized based on their capacity and 

operating parameters that could balance gas transmission according to seasonal, 

monthly, and daily constraints [Pad08]. The scheduling of natural gas storage 

facilities is a midterm or long-term optimization problem with min/max storage 

capacity and injection/extraction rates represented as constraints. However, for 

the day-ahead scheduling of power systems, we either model a natural gas storage 

facility as a load or a supplier except for a self-owned storage facility of gas-fired 

power plants. Their operating status (decision variable that indicate if the storage 

works as injection or extraction facility) and other parameters (injection or 

extraction rate limits) as an input data in our model will be sent from a gas 

company based on its long-term or midterm operation plan. 

3) Pipeline model. The power transmission depends on bus voltage conditions and 

parameters of transmission lines. By analogy, natural gas transmission, driven by 

pressures, are dependent on factors such as the length and the diameter of 

pipelines, operating temperatures and pressures, types of natural gas, altitude 

change over the transmission path, and the roughness of pipelines. Here, we 

present certain pipeline characteristics that are mostly used to design or optimize 

natural gas pipeline systems [WolOO, Ric79, Ouy96, Fu05]. The flow in a natural 

gas pipeline extending from gas node na to gas node nb is modeled as 

Gfna-*nb = ̂ S^i^na^nb) ' Cmn-^la ~ ^nb\ (3-3) 
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sgp(xmt,xttb) = \ "" "" (3.4) 

where Clianb is the pipeline constant that depends on temperature, length, diameter, 

friction, and gas composition. 

4) Compressor modeling. Pressure loss occurs when the natural gas flow encounters 

a pipeline resistance. In order to compensate for the pressure loss, compressor 

stations are installed at 50-100 mile intervals along pipelines. Compressor as a 

branch in the natural gas transmission system is analogous to a phase shifter or 

transformer in power systems. The natural gas flow through centrifugal 

compressor will be governed by 

CM 
Gfna^nb =s&(xna,xnb) ^ - 2 — (3.5) 

k\ -k? "•x cm ^^ cm 
max(tf„a,7rn6) 

vcMnna,nnb) 

where k\cm , klcm and k3cm are empirical parameters corresponding to the 

compressor design [An03, Ber78, Sto72]. CHcm represents the power of 

compressor cm as a control variable, where 

CH^cm<CHcm<CH^cm (3.6) 

The pressure ratio in (3.5) is restricted within a feasible range in (3.7) 

which is based on compressor characteristics. Compressors would consume 

additional natural gas that can be withdrawn from either inlet or outlet of 

compressor to drive turbines as illustrated in Figure 3.3. 

PR < max(^ M , ^ B d ) < 
min, cm ~ • , \ ~~ max, cm \ " / 
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n a Gfnanb^^ n b 

—o 

T cf,cm 

To compressor 

Figure 3.3. Modeling of a compressor 

The part of natural gas consumed by compressors represents transmission 

losses of natural gas grid. The amount of consumed natural gas is related to power 

of compressors given in (3.8) 

Fcf,cm{CHcm) = ccm + bcm • CHcm + acm • CH2
cm (3.8) 

3.2.2 Formulation of Node Flow Balance. A steady-state mathematical model of a 

natural gas transmission system is based on the nodal balance approach that indicates that 

the natural gas flow injected in a node is equal to the natural gas flowing out of the node. 

In other words, the natural gas flow mismatch at node na is equal to zero, 

NGS NGL 

gna (*, CH, GP, GL) = £ GAna<gi • GPgi - £ GBnagl • GLgl - £ GKmM • Gfna^nb 

gi=l gl=\ nbzGC(na) 

NC 
(3.9) 

,cm ' ^cf ,cm 
cm=\ 

By substituting (3.3),(3.5) and (3.8) into (3.9), a group of nonlinear equations 

with MV dimensions will be obtained in which there are NN + NC + NGS + NGL 

variables involving node pressure, horsepower of each compressor, natural gas supply, 

and natural gas load. 

3.3 Formulation of SCUC with Natural Gas Transmission System 

SCUC with natural gas transmission constraints is to determine the hourly UC and 
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dispatch for minimizing the operating cost while meeting the prevailing electricity and 

natural gas constraints. The outline of the model is described as follows: 

Min: System operating cost 

s.t. 

• Power balance and reserve constraints 

• Individual generator constraints (Including min on/off time, min/max generation, 

startup/ shutdown characteristics, ramp rate limits, etc) 

• Natural gas contract constraints 

• Gas reserve constraints of gas-fired power plant 

• Power transmission constraints 

• Natural gas transmission constraints 

Natural gas constraints are categorized into two types. The first type is modeled 

based on contracts between utility and natural gas providers. The other natural gas 

transmission constraints are derived according to natural gas transmission characteristics. 

The detailed modeling is presented as follows. 

3.3.1 Objective function. The objective function (3.10) is composed of fuel costs 

(utilities) or bids (ISO) for producing electric power and startup and shutdown costs of 

individual units over the scheduling horizon. 

t] 17} t ieGU t el 

3.3.2 Natural gas contract constraints. Changes to natural gas regulations in the 

United States, which began in 1985, have offered new alternatives to natural gas 

transmission companies, locational distribution companies, and large end users [Ave92, 

Iso08a]. The changes have encouraged such companies to unbundle merchant services 
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which allow buyers to transport natural gas through pipelines. The natural gas 

transmission open access allows purchasers to buy natural gas directly from various 

sources such as natural gas producers and independent marketers. Large users may buy 

transportation services from natural gas transmission companies. Transportation services 

are divided into no-notice, firm, and interruptible. In general, natural gas supply contracts 

with interruptible transportation services can be interrupted with little notice and 

penalties [Iso08a]. The gas-fired generators have preferred interruptible transportation 

contracts which are more economical than firm services for supplying electricity at lower 

prices in competitive electricity markets. Therefore, natural gas supply contracts for gas-

fired generating units are relatively less expensive with a lower service priority. 

Additionally, the gas turbine operation would require high gas pressure, electric 

generators are more susceptible than other gas loads to pressure losses. Hence, in 

emergencies, gas-fired generating units are curtailed first especially in winters when gas 

locational distribution companies would buy the majority of pipeline capacity for 

supplying their own customers. 

In this chapter, we model natural gas supply contracts and transportation services 

together. A utility may sign up natural gas supply contracts with suppliers as take-or-pay 

or flexible contracts. Here we assume that each supply contract is corresponding to a 

priority level of service. The price of a natural gas supply contract has already included 

costs of transportation services. For take-or-pay natural gas supply contracts, the total 

cost is constant (3.11). Take-or-pay natural gas supply contracts are to be consumed 

regardless of cost. 

W,=Wo« (3-11) 
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The sum of natural gas usage cannot exceed the contracted amount stated as 

X ' V * ^ (3-12) 

t 

For flexible natural gas supply contract price is usually higher than that of take-

off-pay contact with the same transportation services. The total cost depends on the 

natural gas usage stated as 
W

nt=Pgas,r1-Pef,nt (3-13) 

Every natural gas contract is considered as a natural gas load with a certain 

service priority at hour t which is given as 

GLglt=Fef^t (3.14) 

3.3.3 Power System Constraints. 

1) Power balance and reserve constraints. 

Zpir^t=PLoSS,t+IJ(EL-ELSelt) \/t (3.15) 
i el 

Y,SRit>SRDt X/t (3.16) 
i 

2) Individual generator constraints. Generating units will have individual constraints 

for restricting ramp up/down, min up/down time, emission, max/min capacity and 

so on. A single-cycle natural gas unit is modeled as a thermal unit. Either the 

mode or the component model [Liu09a] may be used for modeling a combined-

cycle unit. The model for fuel switching units is provided in [Lu05, Li08]. The 

detailed modeling of individual generating unit constraints is discussed in [Sha02]. 

3) Natural gas reserve constraints of gas-fired plants. Some gas-fired power plant 

may construct a self-owned storage tank so that it can reserve a few of natural gas 

to be used in peak hours. The natural gas balance constraint related to a gas 
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contract is given as 

1/^=^-^+2^ (3-17) 
isGC/tf) 17=1 

The self-owned storage is usually small which is scheduled by power 

plants. The volume of storage facility is governed by 

SV^ZSV^SV^ (3.18) 

Power transmission constraints 

C Pf = A P 

Xab 

\Pf\^Pf,,^ 
V . < V < V 
1 mm — 1 — 1 max 

0nf=O 

-B 

Tab 

(EL-

(a,b 

ELS) 

e / ) 

(3.19) 

3.3.4 Natural gas tansmission constraints. See (3.1)-(3.9). 

3.4 SCUC Solution with Natural Gas Transmission System 

Figure 3.4 depicts the SCUC flowchart with natural gas transmission constraints. 

Benders decomposition is applied to decompose the original large-scale optimization 

problem into a master problem and several subproblems, based on the LP duality theory. 

The master problem is a mixed-integer program and subproblems are linear programs 

[Als90, Geo72]. The process is described as follows. 
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No 

Figure 3.4. Flowchart of SCUC with Natural Gas Transmission Constraints 

The ISO or the utility operator would execute the day-ahead SCUC to determine 

the UC schedule that would satisfy power transmission constraints. Meanwhile, natural 

gas transmission operators provide the ISO with the information on industrial and 

residential gas load forecasting with service priorities, natural gas transmission 
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• 

parameters, and planned outage of natural gas pipelines. The ISO will check the 

feasibility of natural gas transmission system for serving expected natural gas loads based 

on available natural gas resources. If the natural gas check subproblem is infeasible, 

natural gas usage constraints for gas-fired power plants will be formed and added to the 

master UC problem for the daily UC rescheduling. The iterative process between UC and 

natural gas transmission feasibility check subproblem will continue until the feasibility of 

natural gas transmission flow is obtained. The ISO or utility will determine the hourly 

generation UC and dispatch in the day-ahead market accordingly. The corresponding 

natural gas consumption data will be transmitted to the natural gas company for 

evaluation. 

3.4.1 Master UC Problem. It is represented by (3.10)-(3.18). 

3.4.2 Power Transmission Check Subproblem. The subproblem for power 

transmission check conducts the security analysis based on the UC solution. The solution 

of subproblem may be parallelized because hourly power transmission constraints are not 

coupled. The power transmission model can be either DC or AC. The AC model is 

presented in [Fu05]. Here, for the sake of focusing on our proposed natural gas 

subproblem, we present a DC model. The subproblem minimizes the sum of bus power 

imbalances subjected to the relaxed DC transmission formulation (3.20). The subproblem 

mitigates transmission violations and iterates with UC via power transfer distribution 

factors (PTDFs) or Benders cuts. 

The general Benders decomposition method will form both infeasibility and 

optimality cuts. We update upper and lower bounds until the gap between the bounds is 

less than a given value. For particular engineering applications, (3.10) will be fully 
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included in the master problem. The subproblems will check constraints (3.19) and 

produce infeasibility cuts (3.21) which are fed back to the master problem if any hourly 

values of objective function (3.20) are nonzero. 

NB 

Min w(P) = ^(Sl,+S2l) 

S.t. C pf = A P-B EL + SI-S2 X 

Pfl =
 e"~e»~r^ (a,bel) V/ (3.20) 

Pf, < Pf, < Pf, V/ 

V . < V < V 
I mm — ' — ' max 

NG 

w(P) = w(P) + JX(J> - Pit) < 0 (3.21) 
1=1 

3.4.3 Natural Gas Transmission Feasibility Check Subproblem. In the natural gas 

transmission (3.9) the number of variables is more than the number of equations and the 

solution would require fixing no more than NC + NGS + NGL variables in iterative 

nonlinear optimization techniques. The Newton-Raphson method is applied to solve the 

nonlinear equations. If % represents the vector of unknown variables, the iterative 

equations are given as 

lJMk) = -g(x(k)) n m 

\xik+l) = xw+&k) ) 

where J(k), the Jacobin matrix in the kth iteration, is given as 

(3.23) 

The nonzero elements of Jacobian matrix are given as 
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dgn 

dGL 
= GB 

gi 
na,gl 

dgna V dGfna -+nb = -I 
d7lna nbena dn' na 

->nb 

dn nb dn nb 

dg„ 
dCH„ 

= - I d Z T " " ' -f.GKna,cm<2acm+bcm) 
nbeGC(na) °G™cm c m = 1 

(3-24) 

(3.25) 

(3.26) 

(3.27) 

(3.28) 

Based on (3.3)-(3.8), we would calculate the partial derivative of natural gas flow of each 

branch with respect to the corresponding pressure and horsepower of compressor. The 

detailed formulations 0 f dGf""^ , dGf»^»b ^ dGfna^„b g . y e n ^ ^ ^ ^ ^ ^ A p p e n d i x 

dxna dnnb dCHcm 

B. If 7r,CH,GP,GL represent the variables, the modified Jacobian matrix is 

\jjk) JCH
(k) GA -GB] . The iterative formulation is represented in (3.29). The 

Jacobian matrix is highly sparse and sparse matrix techniques including sparse storages, 

triangular factorization, fast forward (backward) substitution are used to solve (3.29) 

which results from the Newton-Raphson method. 

(*) 
' CH 

w GA -GB 

Axw 

ACH{k) 

AGP(k) 

AGLik) 

= -g(n,CH,GP,GL) 

\ a-(i+1) n 

CH(k+i) 

Gp(k+i) 

GL(k+X) 

\ *W 1 
CHM 

GPw 
GLW 

+ 

\ A^ 1 
ACH{k) 

AGPW 

AGLW 

(3.29) 
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The natural gas transmission feasibility check problem (3.30)-(3.37) would check 

whether the available gas resources and controllable compressors could satisfy natural 

gas transmission limits as well as natural gas demands of gas-fired units committed by 

the master UC problem. The non-negative natural gas load shedding variables SL are 

added to ensure that the optimization problem is feasible. From a physical viewpoint, 

such slack variables represent virtual natural gas load shedding at each delivery point to 

eliminate mismatches. 

The objective is to minimize the sum of slack variables. Constraints (3.31)-(3.37) 

represent pressure limits on each node, maximum/minimum gas delivery mass of each 

node, horsepower limit, and pressure ratio range of compressors, respectively. It is noted 

that G5Xmax = 0 for firm gas load and gas load from power plants. We use the successive 

LP to solve the problem iteratively. The Jacobian matrix is the same as (3.23). Hence 

NGL 

Min co(GL) = Y,(SLgi) (3.30) 

s.t. [JK JCH GA GB] 

(3.32) 

(3.33) 

(3.34) 

(3.35) 

(3.36) 

< P R ^ • (nMel + Aninlet) (3.37) 

An 

ACH 

AGP 

AGSL 

+ GB SL = -g{n,CH,GP,GL-GSL) fi (3.31) 

0 < GSL + AGSL < GSL^ < GL 

0<SL 

*min ^ * + Aff < Tt^ 

GP^IAGP + GPIGP^ 

CH^ICH + ACHICH^ 

PRmn i71'inlet + ^inlet) ^ noutlet + A ; Ioutlet 
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The iterative solution process of natural gas transmission feasibility check 

subproblem is discussed as follows. 

1) Calculate modified Jacobian matrix / and initial natural gas node mismatch vector 

- g(n,CH,GP,GL-GSL) based on the initial gas load, system states, and generation 

schedules of natural gas providers. 

2) Use LP to minimize the objective function (3.30) and calculate changes in state and 

control variables of the natural gas transmission system Ax ,ACH ,AGP, and AGSL . If 

the difference between current and previous iterative changes is less than a specified 

thresholds, stop the process. Otherwise, go back to Step 3. 

3) Update state and control variables. Calculate elements of Jacobian matrix and SL. 

- ff(*+D -

CH(k+l) 

Gp(k+\) 

GSL(k+x) 

' n(k) ' 

CHW 

GPw 
_GSL(k)_ 

+ 

" An(k) ' 

ACH(k) 

AGP(k) 

_AGSL(k) _ 

Once the above iterative process is completed, a non-negative objective function 

(3.30) that is larger than the specified tolerance means that nodal gas suppliers and loads 

cannot provide a feasible natural gas flow solution. In this case, an energy constraint 

(Benders cut) given in (3.38) will be formed. 

cc(GE) = o]i(t)+JjG^a-juna-(GLgl-GLgl)<0 (3.38) 
gt 

c*F^) = atF^)+Yll^-Hia<Ftf„-FtfJZO (3.39) 
v 

Here, co{GL) is equal to the sum of slack variables in the current iteration. A positive 

co(GL) corresponds to a positive natural gas node mismatch -g{it,CH,GP,GL-GSL). fi is 

the dual variable corresponding to (3.30). n captures the sensitivity of co(GL) to right 
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hand mismach-g(7t,CH,GP,GL-GSL) which is derived by solving the dual problem of 

successive LP. So ji can capture the mismatch of natural gas node and feed the 

information back to the UC problem. By substituting (3.14) into (3.38), we derive energy 

constraints (3.39) which is added to the master UC problem for the next iterative solution 

ofUC. 

Here, Benders cuts are generated from the solution of a successive approximation 

of a nonlinear equation. Pipeline equations may make the subproblems non-convex in 

feasible sets. So if the initial operating point of natural gas problem is not close enough to 

the global optimal points, the final solution of SCUC with natural gas constraints may 

result in a local optimal solution. However, we may try different initial points of natural 

gas flow to find the best possible solution. Reference [Tom07] introduces a set of initial 

points (nm,nnb) to linearize (3.3) which can replace the nonlinear function with linear 

inequality for each pipeline. For any given pipeline flow, only one of the inequality 

constraints, namely the one that approximates the flow best, will be binding. For a 

pipeline network without compressors, (3.30)-(3.37) represent a LP problem, rather than 

a successive LP, when applying linearized inequality constraints [Tom07]. The 

improvement can potentially enhance the quality of optimal solution with the same 

computing time. 

3.5 Case Studies 

We apply two case studies consisting of a 6-bus power system with 7-node gas 

system and the IEEE 118-bus system with 14-node natural gas system to illustrate the 

performance of our SCUC with natural gas transmission constraints. We assume that 1 

kilo-cubic feet of natural natural gas can generate 1 MBtu of energy in both cases. 
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3.5.1 6-Bus system. The 6-bus system, depicted in Figure 3.5, has three gas-fired units, 

five transmission lines, and two tap-changing transformers. The characteristics of 

generators, buses, transmission lines, and tap-changing transformers and the hourly load 

distribution over the 24-h horizon are given in Tables A.l through A.6 in Appendix A, 

respectively. The unit startup and shutdown costs are assumed negligible and equal to 

zero in this case. The 7-node natural gas system is given in Figure 3.6, which has 1 

compressor, 5 pipelines, 2 natural gas suppliers, and 5 natural gas loads. The natural gas 

transmission parameters are listed in Tables A.7 through A.l 1 in Appendix A. 

4 PL, 

Figure 3.5. 6-Bus Power System 
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Figure 3.6. 7-Node Natural Gas System 
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According to Figure 3.6, natural gas loads 1, 5, 3 correspond to the gas-fired units 

1, 2, 3, which are determined by the hourly generation dispatch of generating units. The 

units have interruptible contracts with the natural gas company. Gas loads 2 and 4 

represent equivalent loads consumed by other natural gas users. Here, we assume that 

natural gas loads 2 and 4 have a higher priority than gas-fired power plants, which means 

any natural gas transmission infeasibility will lead to the natural gas load shedding of 

gas-fired power plants. The hourly sums of natural gas loads 2 and 4 are given in Table 

A.13andA.14. 

In order to discuss the efficiency of the proposed approach as well as the impact 

of natural gas transmission system on SCUC results, we consider the following five cases: 

• Case 1: SCUC without natural gas transmission constraints 

• Case 2: SCUC with natural gas transmission constraints 

• Case 3: Impact of fluctuating natural gas loads 

• Case 4: Impact of natural gas pipeline outages 

• Case 5: Impact of natural gas storage on power plants 

Theses cases are discussed as follows. 

Case 1: SCUC without natural gas transmission constraints. 

We calculate the hourly UC solution in 24 hours by considering dc transmission 

constraints and ignoring gas transmission constraints. The hourly commitment schedule 

is shown in Table I in which the hour 0 represents the initial condition. The peak 

electricity load is at hour 17 when units 1, 2, 3 are dispatched at 204.11 MW, 37.01 MW 

and 20 MW, respectively. The daily operating cost is $509,572. In this Case, expensive 

generating units 2 and 3 are not committed at certain hours in order to minimize the daily 
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operating cost. 

Case 2: SCUC with natural gas transmission constraints. 

We apply the SCUC schedule given in Case 1 and incorporate natural gas 

transmission constraints. When we ignored natural gas constraints, the gas demand of 

unit 1 was 2,952 kcf/h at hour 17, and the gas load 2 at the same node was 4,000 kcf/h. 

However, the natural gas transmission limit of pipeline 1 which is 6,765 kcf/h is violated 

because the minimum pressure at the natural gas node 1 and the maximum pressure at the 

natural gas node 2 are 105 and 170 Psig, respectively. Since the gas load 2 at hour 17 has 

the higher priority, the natural gas load 1 corresponding to unit 1 is slacked and the dual 

variable fi is calculated after solving the successive LP. According to (3.38), a Benders 

cut (energy constraints) given by (3.40) is created which indicates that a gas load 

shedding of 187.1 kcf/h will take place at the natural gas load 1. The new UC solution in 

the master problem results in a new generation dispatch of 190.43 MW for unit 1 at hour 

17. ^ \ ^ ^ 

^G£) = 187.1+[l-GZ1M7(i>M7)]-l-2952<0 (3.40) 

In this case, the natural gas transmission feasibility check subproblem also 

encounters natural gas flow violations at hours 8-16 and 18-24. SCUC, with a single 

iteration between the master UC problem and natural gas transmission feasibility check 

subproblem, commits the expensive unit 2 at hours 10, 11, and 22 as well as the 

expensive unit 3 at hours 8 and 9. Figure 3.7 shows that the generation dispatch of 

cheaper unit 1 at hours 8-24 is curtailed. Table II shows that the daily operating cost of 

$550,399 is higher than that of Case 1. 
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Table 3.1. Hourly Schedule of Case 1 of 6 Bus System 

Daily production cost: $509,572 

Unit 

1 
2 
3 

Hours (0-24) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 

1 
1 
1 

1 
1 
1 

1 1 1 
0 0 0 
1 0 0 

Table 3.2. Hourly Schedule of Case 2 of 6-Bus System 

Daily production cost: $550,399 

Unit 

1 
2 
3 

Hours (0-24) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

1 
1 
1 

1 
1 
1 

1 1 1 
1 0 0 
1 1 1 
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Figure 3.7. Hourly Dispatch of Unit 1 in Cases 1-3 

Case 3: Impact of fluctuating natural gas loads. 

There is a higher chance of natural gas flow congestion or pressure loss if the 

residential gas load and electricity generation would peak simultaneously. In this case 

and thereafter, we use the natural gas load data given in Table A. 14 in Appendix A 

instead of a constant load presented in Case 2. New SCUC scheduling results are given 
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in Table 3.3 with an operating cost of $553,850 which is higher than those in Cases 1 and 

2. The SCUC solution resorts to 62.63 MW of electric load shedding during hours 17-21 

to deal with natural gas shortages. The total load shedding cost is $62,650 since the load 

shedding price is $1000/MW. Figure 3.8 demonstrates that both electric and natural gas 

loads are high when load shedding is deemed necessary. Accordingly, hourly variations 

of residential and industrial natural gas load can affect the security and economics of 

power systems. 

Table-3.3. , Hourly Schedule of Case 3 of 6-Bus System 

Daily production cost: $553,850 

Electric load shedding: 62.63 MW 

Unit 

1 
2 
3 

1 1 
1 0 
0 0 

1 1 1 1 1 1 1 
0 0 0 0 0 0 0 
0 0 0 0 0 0 1 

Load shedding cost: $62,630 

Hours (0-24) 

1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 
1 1 1 0 0 
1 1 1 1 0 

0.8 

0.6 

0.4 

0.2 

Per unit 

• Electricity Load (Base: 256MW) 
• Gas Load (Base: 6660 kcf/h) 
• Electricity Load Shedding (Base: 256 MW) 

0 '—•- -®—%—0—6—©—®—&—9—9—$—©-

Hours 

-®—® 

0 2 4 6 8 10 12 14 16 18 20 22 24 

Figure 3.8. Electricity load shedding in Case 3 

Case 4: Impact of natural gas pipeline outages. 

The potential outages of natural gas system will become a critical issue when the 
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total installed capacity of natural gas-fired generating units increases. In this case, the 

outage of natural gas pipeline 2 between nodes 2 and 5 at hours 21-24 will lead to the 

curtailment of generation unit 1 as shown in Table 3.4. 

Table 3.4. Hourly Schedule of Case 4 of 6-Bus System 

Daily production 

Electric load shedding: 737 MW 

Unit 

1 
2 
3 

1 1 1 1 1 1 1 1 1 1 
1 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 1 1 

cost: $496,873 

Load shedding 

Hours (0-24) 

1 1 
1 1 
1 1 

1 1 1 1 1 1 
1 1 1 1 1 1 
1 1 1 1 1 1 

1 
1 
1 

cost: $737,000 

1 1 0 0 0 0 
1 1 1 1 1 1 
1 1 1 1 1 1 

Here unit 1 is the cheapest one; however, unit 2 is more likely to stay on-line 

longer than unit 1 during outage hours. In this case, the minimum generation of unit 1 is 

100 MW which cannot be sustained when there is a natural gas shortage. At the same 

time, unit 1 is larger than other generating units which makes it impossible for other units 

to compensate the generation gap when unit 1 is on outage at hours 21-24. Accordingly, a 

737 MW of electric load shedding will occur, which is an undesirable option in power 

systems. This case shows that natural gas pipeline outages may have a significant impact 

on the power system security and economics. 

Case 5: Impact of natural gas storage on power plants. 

We consider an additional storage facility owned by gas-fired power unit 1 as 

shown in Figure 3.6. The storage parameters are listed in Table A. 15. With storage, the 

additional natural gas transported through pipeline 1 during off-peak hours is stored for 

peak hours or when pipeline outages occur. Table 3.5 gives the new daily UC schedule 
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with a production cost of $557,351. This new schedule will not require any curtailments 

of electric loads at hours 21-24. The reasons are given as follows. First, after the 7-node 

natural gas transmission is divided into two subsystems, the supplier 2 cannot provide gas 

fuels to units 2 and 1. By comparing with Case 4, we learn that unit 3 is kept on-line to 

make use of supplier 2 by decreasing the production of generating units 1 and 2. 

Meanwhile, the most expensive unit 2 is not committed at hours 9-11 and 22-24, which 

indicates that the additional available gas can be used to produce power by the most 

efficient unit 1 or stored in storage. Figure 3.9 shows the hourly natural gas transmission 

through pipeline 1 in Cases 4 and 5, respectively. It is clear that pipeline 1 transports 

more gas to the storage and unit 1 at hours 1-8 and 21-24. Figure 3.10 shows the hourly 

dispatch of unit 1 in Cases 4 and 5. Figure 3.11 shows the hourly gas volume in storage. 

The natural gas storage can improve the security and economics of constrained power 

systems by supplying additional gas reserves to power plants. The information on cuts 

and CPU times is given in Table 3.6. 

Table 3.5. Hourly Schedule of Case 5 of 6-Bus System 

Daily production cost: $557,351 

Electric load shedding: 0 MW 

Unit 

1 
2 
3 

1 1 1 1 1 1 1 
1 0 0 0 0 0 0 
0 1 1 1 1 1 1 

Load shedding cost: $0 

Hours (0-24) 

1 1 1 1 1 1 1 1 1 
0 0 0 0 0 1 1 1 1 
1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 
1 1 1 1 1 1 0 0 
1 1 1 1 1 1 1 1 

1 
0 
1 
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Figure 3.9. Natural Gas Pipeline Flows in Cases 4 and 5 
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Figure 3.10. Hourly Dispatch of Unit 1 in Cases 4 and 5 

Table 3.6. Information of Generated Cuts and Iteration of 6 Bus System 

Number of Cuts and Interations Case 1 Case 2 Case 3 Case 4 Case 5 

Total Electric Network Cuts 10 

Total Gas Cuts 0 

Number of Iterations of Electric Network Loop 2 

Number of Iterations of Gas Loop 0 

10 

16 

3 

2 

10 

21 

4 

3 

10 

21 

4 

3 

10 

25 

6 

5 
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Figure 3.11. Hourly Gas Volume of Storage in Case 5 

3.5.2 IEEE 118-Bus System. A modified IEEE 118-bus system is used to study the 

SCUC with natural gas transmission constraints. The system has 54 fossil units, 12 gas-

fired combined cycle units, 7 hydro units, 186 branches, 14 capacitors, nine tap-changing 

transformers, and 91 demand sides. The peak load of 7,300 MW occurs at hour 21. The 

power transmission topology is shown in Figure 3.12. 

Figure 3.12. 118-Bus Power System 
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The natural gas transmission is composed of 14 nodes, 12 pipelines, and 2 

compressors as shown in Figure 3.13. The test data for the 118-bus power system and 14-

node gas system are given in http://motor.ece.iit.edu/data/Gastranssmion_l 18_14test.xls. 

Figure 3.13. 14-Node Gas Transmission System 

Table 3.7 presents the base case SCUC without natural gas transmission 

constraints with a daily operating cost of $1,936,329. The execution time is 60 sec on a 

2.6 GHz personal computer. Since combined-cycle gas units demonstrate a better 

efficiency, generating units 4001-4012 are committed at certain hours to serve the hourly 

load while the expensive fossil units such as 1013, 1047, and 1052 are not committed. 

In order to check if the gas flow is feasible, we use the initial UC solution to 

examine the hourly natural gas transmission feasibility check subproblem (3.30)-(3.37). 

In the subproblem, gas load violations occur in nodes 5, 10-11, 14, which show that the 

natural gas required by combined-cycle units cannot be transported to related nodes by 

the gas transmission system in base case operating conditions. Accordingly, natural gas 

demands are slacked and energy constraints are fed back to the master UC problem. The 

information on generated cuts and iterations of natural gas and power transmission loops 

are listed in Table 3.8. After six iterations between SCUC and natural gas feasibility 

http://motor.ece.iit.edu/data/Gastranssmion_l


89 

check subproblems, we obtain the generation dispatch and hourly UC results shown in 

Table 3.9. In Table 3.9, combined-cycle units 4003, 4005 and 4010 are off because of gas 

shortages. Furthermore, the distribution of combined-cycle units has changed as 

compared to that in the base case. The daily operating cost is $1,965,738 which is higher 

than that of the base case. 

Table 3.7. Hourly Unit Commitment of Case 1 for the 118 Bus System 

Daily production cost: $ 1936329 

Unit Hours (0-24) 

1013 
1034 
1047 
1048 
1051 
1052 
4001 
4002 
4003 
4004 

4005-4006 
4007-4009 
4010-4011 
4012 

1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
1 
1 
0 
1 
0 
0 
0 
2 
2 
2 
2 

0 
0 
0 
1 
1 
0 
1 
0 
0 
0 
2 
2 
2 
2 

0 
0 
0 
1 
1 
0 
3 
0 
0 
0 
4 
2 
4 
2 

0 
0 
0 
1 
1 
0 
3 
0 
0 
0 
4 
4 
4 
2 

0 
0 
0 
1 
1 
0 
3 
2 
0 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
3 
2 
0 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
1 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
1 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
3 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
3 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
4 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
4 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
4 
0 
4 
4 
4 
4 

0 
0 
0 
1 
1 
0 
4 
4 
4 
0 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
1 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
1 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
3 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
3 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
4 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
4 
4 
4 
4 
4 

0 
1 
0 
1 
1 
0 
4 
4 
4 
4 
4 
4 
4 
4 

0 0 0 
1 1 1 
0 0 0 
1 1 0 
0 0 0 
0 0 0 
4 4 4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 
4 4 4 

Table 3.8. Generated Cuts and Iterations of 118 Bus System 

Iteration Index of Gas Transmission Loop 1 2 3 4 5 6 

Number of Iterations of Power Transmission 
8 2 3 1 1 1 

Loop in Each Iteration of Natural Gas Loop 

Power Transmission Cuts in Each Iteration of 
68 2 2 0 0 0 

Natural Gas Transmission Loop 

Gas Cuts in Each Iteration of 
24 22 17 15 4 0 

Natural Gas Transmission Loop 
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Table 3.9. Hourly Unit comiitment of Case 2 for the 118 Bus System 

Unit 

1013 
1034 

1047-1048 
1051-1052 

4001 
4002 
4003 
4004 
4005 
4006 

4007-4009 
4010 
4011 
4012 

1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
0 
0 
0 
1 
0 
0 
0 
1 
2 
2 
0 
2 
2 

Daily production cost: 

1 
0 
0 
0 
1 
0 
0 
0 
1 
2 
2 
0 
2 
2 

1 
0 
0 
0 
3 
0 
0 
0 
0 
4 
2 
0 
4 
2 

1 
0 
0 
0 
3 
2 
0 
0 
0 
4 
4 
0 
4 
2 

1 
0 
0 
0 
3 
2 
0 
2 
0 
4 
4 
0 
4 
4 

1 
0 
0 
0 
3 
4 
0 
2 
0 
4 
4 
0 
4 
4 

1 
0 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
0 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

$1965738 

Hours (0-24) 

1 
1 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
0 
0 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

1 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
2 
4 
4 

1 
1 
1 
1 
4 
4 
0 
3 
0 
4 
4 
2 
4 
4 

1 
1 
1 
1 
4 
4 
0 
3 
0 
4 
4 
1 
4 
4 

1 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
1 
4 
4 

0 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

0 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

0 
1 
1 
1 
4 
4 
0 
4 
0 
4 
4 
0 
4 
4 

3.6 Conclusions 

This chapter proposes a mathematical model and its solution for SCUC with 

natural gas transmission constraints. At the base case, natural gas transmission is modeled 

by a group of nonlinear equations. Benders decomposition is applied to separate the 

natural gas transmission subproblem from the master UC problem and the power 

transmission subproblem. The decomposition would avoid the computational complexity 

when solving the proposed large-scale optimization problem. Successive LP is applied to 

solve the natural gas transmission feasibility check subproblem. The LP duality theory is 

applied to generate energy constraints corresponding to natural gas transmission 

violations, which are added to the master UC problem for rescheduling the hourly UC. 

The tests on the 6-bus power system linking with the 7-node gas system and the IEEE 

118-bus systems with the 14-node gas system demonstrate the effectiveness of the 

proposed scheduling approach. 
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CHAPTER 4 

LEAST SOCIAL COST OF SCHEDULING COORDINATION OF 
HYDROTHERMAL POWER SYSTEM AND NATURAL GAS SYSTEM BY 

AUGMENTED LAGRANGIAN RELAXATION 

4.1 Introduction 

The previous chapter presented a security-constrained unit commitment model 

incorporating with nonlinear gas transmission constraints and natural gas contracts. The 

natural gas usage limits of gas-fired units are implicitly determined by the feasible 

adjustment range of gas network and priority orders of gas load contracts shared by gas 

operators. Benders decomposition was used to apply the hourly unit commitment (UC) 

results to separate blocks of electric power and natural gas transmission constraints. 

However, our previous model considered the viewpoints of the ISO and vertically 

integrated utility operators. Furthermore, operating costs of compressors and natural gas 

wells, and residual gas load models were not directly considered in the objective function. 

In this chapter we propose a coordinated scheduling model from a joint operator's 

viewpoint as shown in Fig. 1. The coordination model is a mixed-integer nonlinear 

optimization problem in which the objective function will minimize the social cost of 

electric power and natural gas systems. In our proposed model, the joint operator is an 

independent organization which could operate outside the traditional jurisdictions of gas 

and electric power operators and would pursue the overall interest of coordinated energy 

systems. Natural gas resources will be allocated optimally to either supply gas loads or 

gas-fired generating units. The two systems have a decomposable structure and we 

consider the LR method as the decomposition strategy of the coordination problem. The 

coupling constraints between the electric power system and the natural gas transmission 
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system is relaxed by Lagrangian multipliers and dualized into the objective function. The 

LR method is divided into two phases. The first phase is to solve the dual problem. 

However, the solution of phase one may not be feasible when considering the primal 

problem. Thus, the phase two of the dual problem will seek a feasible solution based on 

the solution of phase one as shown in Fig. 1. The relaxed primal problems are 

decomposed into security-constrained unit commitment subproblem with the hydro 

coordination (SCUC) and gas allocation subproblems which can be solved independently 

but in coordination. The methodologies for SCUC and natural gas allocation problems 

were developed in [Sha02, Woo96, Ric79], which incorporate the LR framework in our 

proposed model to solve the mixed-integer nonlinear subproblems individually. 

Phase One: 
Solving Dual Problem 

Electricity Subproblem 
(SCUC) 

Gas Subproblem 
(Gas Allocation) 

* I 
Update Dual Variables 

I 
Phase Two: 

Constructing Feasible solution 

Figure 4.1. LR Based Electricity-Gas Dcheduling Coordination 

We demonstrate that the LR approach in our coordination model will not exhibit a 

satisfactory convergence. The nonconvex characteristics of the coordinated problem will 

result in the oscillation of dual solution which is due to integer variables and network 

constraints. Moreover, with slight changes in the multipliers, the linear price function of 
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the natural gas well may lead to a cycling behavior of gas well output between its max 

and min values. Accordingly, the violation of relaxed constraints cannot be alleviated 

iteratively. Hence, the augmented LR method with piecewise linear approximation of 

quadratic penalty term is used for preventing numerical oscillations and improving the 

quality of dual solution. The Lagrangian dual will no longer be decomposable after 

introducing inseparable penalty terms. So we use the block descent coordination (BDC) 

technique to deal with this problem and solve the decomposed SCUC and gas allocation 

subproblems sequentially. 

The proposed model can be used by combination natural gas and electric utilities 

for the commitment and dispatch of power units, gas wells, compressors, and gas storage 

together. It can also be a theoretic foundation of forming regional joint-operators to 

coordinate operation of coupled power and natural gas systems. 

The rest of the chapter is organized as follows. Section 4.2 proposes formulations 

of integrated scheduling model. Section 4.3 presents the standard LR and augmented LR 

based methodology to implement coordination procedures. Numerical cases are studied 

in section 4.4. The conclusion is drawn in Section 4.5. 

4.2 Scheduling Coordination Model 

4.2.1 Modeling Details. Our proposed model mainly focuses on the steady state (i.e., 

algebraic equalities and inequalities) analyses of the two systems. Both of them include 

integer variables and nonlinear constraints. Furthermore, our coordination model does not 

lay any particular emphasis or preference on either natural gas or electric power system. 

The outline of our proposed model is described as the following optimization problem: 

Max Social welfare or Min Social cost 
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s.t. 

• Power balance and reserve requirements 

• Individual generator constraints (including min on/off time, min/max generation 

capacity, startup/ shutdown characteristics, ramp rate limits, etc) 

• Power transmission constraints 

• Gas source limits and gas storage constraints 

• Natural gas network constraints 

• Electricity-gas coupling constraints 

4.2.2 Objective Function. The objective function is to minimize the social cost, which 

is the sum of electricity and gas operating costs over the scheduling period as shown in 

(4.1). 

Min(EC + GC) (4.1) 

In our proposed model, gas-fired units do not need to directly concern their fuel 

costs but other operating costs such as maintenance and crew costs. Therefore, EC in (4.2) 

represents all operating costs of non-gas-fired units, electricity load not serve penalty as 

well as non-fuel operating costs of gas-fired units. The fuel cost of gas-fired units, which 

depends on the individual unit consumptions, will be implicitly considered in the natural 

gas allocation cost GC. 

EC = £ [ ZFecAPu)• h + SUu + SDU\ + YLaei-ELSeh 
t itGU t el (A 0} 

t ieGU 

GC is represented in (4.3) which includes operating costs of gas wells, liquefied natural 

gas (LNG), and gas storage as well as penalty costs for the residual natural gas load not 

served, a , is the penalty price corresponding to residual gas loads, indicating their 
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incremental costs and priority orders. 

GC = X Z F*.«(•) + Z Z CT«/ •GZ5 .* (4-3> 
/ gi ( gliGU 

The joint operator will coordinate the operation schedule to pursue the overall 

interests of coupled electricity and natural gas systems. The optimal allocation of natural 

gas to residual loads or gas-fired generating units is determined by market demands and 

relative incremental costs. For instance, joint operators will supply more natural gas to 

power plants, if the proposed supply of fuel to gas-fired generating units will result in the 

additional commitment of expensive generators. Also, higher penalty costs for not 

supplying the residual gas loads will lead to a larger supply of natural gas to such loads. 

Here, we may consider gas-fired units to provide a generation service to the coordinated 

electricity and natural gas systems while being compensated for their maintenance or 

crew costs. The joint operator will then deal with coordination of the fuel consumed by 

electric and natural gas systems. 

4.2.3 Power System Constraints. 

1) Power balance and reserve constraint 

i el el 

^SRU>SR (4.5) 
I 

2) Individual unit constraints 

Min on/off time 

[X^-TrW^-I^O (4.6) 

[ ^ 0 - : C # H / , - V 0 ] > o (4.7) 

Ramping rate limits 
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Pu-P^ZYt-P^+Q-YJ-UR, (4.8) 

Pi(t_{) - Pu < Z, • P^ + (1 - Z, ) • DR, (4.9) 

Max/Min power generation 

P^rh^Pu^P^rh-Ru (4-10) 

A more detailed formulation of such constraints including emission and 

fuel constraints are given in [Fu05]. Either a mode or a component model [Liu09a] 

can be used for combined-cycle generating units. The model for fuel switching 

units is provided in [Li05]. 

3) Hydro unit and reservoir constraints. 

For cascaded hydro systems, the reservoir operation is very complex, 

which is coupled in time. It is also coupled in spatial extent, how a single 

reservoir is operated may affect other reservoirs downstream. 

Power-water discharge conversion relationship: 

P«=FhJ(qit,Iit) (4.11) 

Water discharge limits: 

^ m m - A , ^ f t ^ / . m x - J a ( 4 ' 1 2 ) 

Reservoir volume limits: 

HV^ <HVu<HVt^ (4.13) 

Initial and terminal reservoir volume: 

HVU=0 = HV0. HVU=NT = HVNT. (4.14) 

Water balance constraint for cascaded hydro units: 

HVit = HVU_, - qit - sit + w, + RC9 • <7;(,_Tj) \ (4.15) 
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where q ut_T\ represents the delayed water discharge to hydro unit i from other 

hydro units j . 

4) Power transmission constraints. 

C Pf = A P-B (EL-ESL) 

xab 

iPfil^Pfi,^ (4.16) 

I min — I — I max 

4.2.4 Natural Gas Constraints. 

1) Gas well and storage constraints. The natural gas source is represented by gas 

well, gas storage, and LNG tank, which demonstrate distinct prices and operating 

characteristics. 

The cost of gas well is given as follows 

Fsc,gi(
:) = Pgas,git-GPgit VgieGS (4.17) 

Gas well and LNG source satisfy the following constraint: 

G/g, • GP^ < GPgit < GIgil • GPgi^ Vgi * GS (4.18) 

Natural gas storage or LNG tanks are supplemental gas sources. Gas 

storage can operate and switch among three exclusive modes, i.e., releasing gas, 

charging gas, and off. When charging or releasing gas, additional operating costs 

will be considered as in (4.19). 

^ 0 = P's» • GP'git + / C * • GP°t Vgi e GS (4.19) 

Max/Min flow rate while releasing or charging gas 

Gl[it • GP'giMn < GP'git < GIgit • GP^ Vgi e GS (4.20) 
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GlirGP^^GP^GI^-GP^ VgieGS (4.21) 

The net output of gas storage is the difference between releasing and 

charging gas flow as (4.22) 

GP°t-GP^=GPgi, VgieGS (4.22) 

In addition, there is a volume balance constraint for each storage (e.g., 

hydro reservoir): 

SVgil - SVgi(t+l) = GPgit VgieGS (4.23) 

The volume of gas storage is restricted as 

SVgi^<SVgit<SVgi^ VgieGS (4.24) 

SViit._0 = SV0J SV,t__NT = SVm4 (4.25) 

2) Gas transmission constraints 

A steady-state gas transmission model is built based on the nodal gas mass 

balance that indicates that the gas flow injected to a node is equal to the gas 

flowing out of the node as shown in (4.27). The natural gas pressure is associated 

with each node while the natural gas flow rate is associated with each branch. 

Z G - W - GP
Si -Z

GB°a,sr(GLgl -GLSgl) 
* * (4.27) 
- X GKna,nb ' Gfna->nb + £ GDna,cm ' Fcf,cm O = ° 

nb cm 

The Weymouth equation is mostly used to optimize the natural gas flow 

system [Mer02, Ber78]. It indicates the flow in a pipeline extending from gas 

node na to gas node nb is modeled as 

Gfnanb = Sgn(^„fl, n nb ) • Cmn ^ „ 2
f l - 7C2„b | ( 4 . 2 7 ) 

(24.8) 
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where Cmn is the pipeline constant that depends on temperature, length, diameter, 

friction, and gas composition. 

As described in the previous chapter, for driving the natural gas flow from 

gas provider to gas load, compressors are built at intervals along the gas pipeline 

to compensate the pressure loss. The gas flow through centrifugal compressor is 

governed by (4.29)-(4.31): 

G/^=sgn(V„,,)- jf^ (4-29> 
Klcm KLcm ' rJYn 

CH^cm<CHcmt<CH^cm (4.30) 

PR^^^^^-^PR^ (4-31) 

where k\cm , k2cm and k3cm are empirical parameters corresponding to the 

compressor design. 

4.2.5 Electricity-Natural Gas Coupling Constraints. A gas-fired power plant is the 

linkage between natural gas and electricity systems. The gas consumption of a generation 

unit is a function of its hourly power generation as 

GLglt = £ GEgli • F„ {Pit, / , ) VieGU (4.32) 
i 

The coupling equations are considered as complicating constraints that if relaxed, 

the integrated optimization problem will be decomposed into two simpler subproblems. 

We will discuss the decomposition procedures and the solution of coordination problem 

in Section 4.3. 

4.3 Solution of Coordinated Scheduling Model by Lagrangian Relaxation and 
Augmented Lagrangian Relaxation 

4.3.1 A Coordinated Scheduling by LR. A group of equations in the form (4.32) 
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would associate the two systems in our electricity-gas coordination problem. The two 

systems have a decomposable structure and we consider the LR method as the 

decomposition strategy of the coordination problem (4.1)-(4.32). The LR method is 

divided into two phases as shown in Figure 4.1. The first phase is obligatory to solve the 

dual problem. However, the solution of phase one may not be feasible in the primal 

problem. Thus, the second phase of the LR-based algorithm will seek a feasible solution 

based on the solution of phase one. 

For the sake of clarity, we use vectors x and y to represent power system and 

natural gas system variables respectively in Section IV. The coupling constraints are 

expressed as (4.33) instead of (4.32), in which xc , yc are subvectors of x and y , 

representing variables appeared in coupling constraints. 

e(xc)-g(yc) = 0 (4.33) 

Coupling constraints in (4.33) are relaxed and incorporated into the objective 

function using Lagrangian multipliers to obtain the Lagrangian function (4.34) 

L(x,y,X) = EC(x) + GC(y) + XTe{xc)-l
T g(yc) (4.34) 

The relaxed primal problem (4.35) is formulated in terms of minimizing the 

Lagrangian function subject to constraints (4.4)-(4.32). (f>{X) in (4.35) is defined as the 

Lagrangian dual function with respect to X. 

<P{X) = Min{L(x,y,X) | (4) - (31)} (4.35) 

The resulting max-min problem is the following dual problem 

Max Min{L{x, y, X) | (4) - (31)} (4.36) 

The difference between the optimal value of objective function of primal problem and 
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dual problems (4.36) is the duality gap. 

In the convex case, the duality gap will be zero. In practice, most of the 

mathematical programming problems are nonconvex [Con06] such as hydrothermal 

coordination problem, LR-DP based unit commitment problem, and maintenance 

scheduling problem. The proposed gas-electricity coordination problem is also nonlinear 

which is due to integer variables and transmission constraints. 

For a given X{k), the Lagrangian dual (4.35) of the primal problem is decomposed 

into independent SCUC and gas allocation subproblems as shown in (4.37) and (4.38). 

Min{ EC{x) + X(k) • e(xc) | (4) - (16)} (4.37) 

Min{GC(y)-X(k) •g(yc)\(ll)-(3l)} (4.38) 

Since X(k) may not be the optimal solution of the dual problem (4.36), the dual 

cost 0(X{k)) resulted from the solution of subproblems (4.37) and (4.38) would produce a 

lower bound for the optimal solution of the dual problem (4.36). According to the weak 

duality theory, (4.39) is satisfied where x*, y* is the optimal solution of primal problem 

and X is the optimal solution of the dual problem. 

</>{X(k)) < <f>{X*) < EC(x*) + GC{y*) (4.39) 

The phase one procedure of LR is to update Lagrangian multipliers a X nd then 

solve the resulting small-scale optimization problem (4.37)-(4.38) iteratively so that the 

dual cost increases gradually until changes of X or xc yc are relatively small. 

The Lagrangian multipliers would be updated in the direction of the dual cost 

increment. The subgradient method shown in (4.40) is the most popular one. The 

parameter s(k) in (40) represents the step size which would need to satisfy (4.41) for 
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convergence [Zha99, Ber95]. Since ^(^*) is generally not known before the dual 

problem is solved, we use the estimated value of(/){X*) - <j){2.(k)). 

X™ = X™+zm\e{xe)-g{yej\ (4.40) 

0 < r W < *O-rt* w ) (4.41) 

lkK)-^c)| 
where ||| represents Euclidian norm. 

4.3.2 Coordinated scheduling by augmented LR. The proposed LR method 

demonstrated a few drawbacks as follows. The nonconvex characteristics of our 

coordination problem with integer variables and nonlinear network constraints will create 

a large duality gap and make it difficult to find a good dual solution. Based on our 

experience, a better dual solution with a lower degree of violation would result in a good 

optimal primal solution. Furthermore, the LR application in our case will cause 

oscillations in the solution of dual problem which is due to the linearity of the price 

function of gas wells, storage, or contracts. A similar phenomenon is recognized in the 

solution of hydrothermal coordination problem [Gua95, Coh88, Zha93]. In the following, 

the augmented LR is used which introduces penalty terms to smooth out the dual function 

and alleviate numerical oscillations. 

We relax the coupling constraint (4.33) in an augmented Lagrangian fashion in 

(4.42), where co is a positive penalty factor. 

* (* , y, co, X) = EC(x) + GC(y) + kT [e(xc) - g(yc)] + co\\e(xc) - g(yc )||2 (4.42) 

Note that the augmented Lagrangian function (4.42) cannot be decomposed as it 

contains the inseparable cross penalty term, whose variables belong to both power and 

gas constraints. To make this term separable, [Coh80] uses the Auxiliary Problem 
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Principle (APP) to linearize the penalty term. An alternative is to use the block coordinate 

descent (BCD) method, which is a kind of nonlinear Gauss-Seidel method [Ber95]. The 

BCD would solve the subproblems (4.43) and (4.44) sequentially. Here, when 

minimizing one of the subproblem, the coupling variables of the other one appears in a 

inseparable penalty term which will be fixed based on the latest solution xc,yc of 

subproblems. In this chapter, BCD method is adopted. 

Mini EC{x) + XwT .e(xc) + ^k)\\e(xc)-g(ycf 

s.t. (4)-(16) 

Mini GC(y)-X(k)T • g(yc) + !<»<*> |«(*c) -g(yc 

_5i. (17)-(31) 

(4.43) 

(4.44) 

This procedure may create high order terms for subproblems (4.43) and (4.44). 

The absolute penalty terms are proposed in [Coh80] to replace the quadratic penalty 

terms. In this chapter, a piece-wise linearly approximations with respect to quadratic 

penalty terms is used which is illustrated in Figure 4.2. 

4e(xc)-g(yc)]
2 

e(xc)-g(yc) 

Figure 4.2. Piece-Wise Linear Approximation of Quadratic Penalty Terms Ecomposition 
of the Midterm Stochastic Problem 
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The dual problem is formulated as: 

<j>m (A*) = Max JMi>i *(* , y, co, A)|(4) - (31) j 
^ v •*, .) ' 

(4.44) 

The updating of Lagrangian multipliers can still use (4.40). The iterative solution 

steps for the augmented LR based coordination algorithm is discussed as follows" 

Step 1. Initiate the Lagrangian multipliers ^(0) and penalty factors a>(0), k = 0 

Step 2. For the given X(k) co(k) yc, solve the electricity subproblem (4.43). Update 

xc=xc 
<*) 

Step 3. Solve the gas subproblem (4.44) based on X( ' , or ' and xc . Update 

yc = y <*) 

Step 4. Update the Lagrangian multipliers X based on the subgradient method (4.40). 

Step 5. If \e(xc
w) -g(yc

{k))\\ > alUx^) -g(yc
{k'H\ Update «/*+,) = /*»<*>, 0 > 1 

Step 6. If (*) (*) xc -yc < s , the final primal-dual solution is calculated as 

{x(k\y(k),X{k)). Otherwise k = k + l. 

Step 7. If the iteration number k is larger than the pre-specified number, go to Step 8. 

Otherwise go to Step 2. 

Step 8. Construct the final feasible solution to the primal problem based on the 

obtained best solution to the dual problem. 

4.3.3 Solution of SCUC and Gas Allocation Subproblems. The objective of SCUC is 

to minimize the operating cost of power systems while satisfying the prevailing 

constraints [Sha02, Woo95]. The gas allocation is to commit and schedule natural gas 

resources while satisfying gas transmission constraints [Ric79]. 
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The common points of the two optimization subproblems are their types and 

structures. First, both are mixed-integer programming problems. Second, both have 

transmission network constraints and hold L-shaped structure. Once dispatch of power 

and gas resources is determined, the network constraints become uncoupled among 

different hours. For large-scale applications, the network security check is usually 

separated from the economic resource dispatch by either the Benders decomposition or 

the sensitivity analysis (i.e., power transfer distribution factor (PTDF)). The framework 

for the solution of SCUC or gas allocation subproblems is given in Figure 4.3. More 

detailed formulations are provided in [Liu09b,Fu05]. The methodologies for the solution 

of SCUC or natural gas allocation subproblem do not change the overall framework of 

the LR based coordination strategy. Other techniques can also be incorporated into our 

program to solve the subproblems [WolOO, Tom07]. 

SCUC or Gas Allocation Subproblem 

^ Commitment and Dispatch of mmmmm^ 
Natural Gas or Power Generation 

' Transmission Network Security ^ I 
Check 

Figure 4.3 Framework for the Solution of SCUC/Gas Allocation Subproblem 

4.3.4 Calculation of Feasible Solution. In some cases, the convergence of dual 

problem is quick and fairly reliable, while in other cases the solution tends to exhibit a 

cycling behavior, especially when using the LR approach. Usually, the iterative process is 

terminated after a pre-specified number of iterations. However, even the dual solution 
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resulted from the last iteration may still be infeasible in the primal case due to smaller 

violations of coupling constraints. Accordingly, we need to construct a feasible solution 

in the phase two of dual solution shown in Figure 4.1. The feasible solution process could 

be heuristic or based on the approximate programming. In this chapter, we adopt two 

steps to construct a feasible solution. First, based on the dual solution yc, we solve the 

SCUC problem (45) to obtain the power system schedule plan x* . In (45), 

e(xc) < g(yc) represents energy constraints or gas usage limits of gas-fired generating 

units. Then, we obtain a feasible solution (x*, y*) by solving (46) based on the power 

system schedule x*. 

x* = argmin£C(jt) 

si. (4)-(16) (4.45) 

e(xc)<g(yc) 

y* = argmin GC(j) 

sJ. (17)-(31) (4.46) 

4.4 Case Studies 

We illustrate effectiveness of proposed model and performance of the proposed 

algorithm by two cases. In the 6 bus power system and 7 node gas system, we mainly 

study impact of gas storage and network congestions on coordinated scheduling results. 

118 bus 14 node case show impact of price incentives on least social cost and coordinated 

schedule. The comparison of ALR and SLR methods are given in both case. 

4.4.1 6-Bus Power System and 7-Node Natural Gas System. The 6-bus system and 

the 7-node natural gas system are depicted in Figures 3.5 and 3.6. Two gas wells supply 

natural gas to 2 non-power gas users and 3 gas-fired units through pipelines. Parameters 
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of the coupled power system and natural gas system can be found in the Table A. 1-Table 

A. 14 in Appendix A. The cost information for gas well and gas storage is given in Tables 

4.1 and 4.2. The penalty prices for electricity and natural gas load not serve are large and 

listed in Table 4.3. 

Table 4.1. Parameters of Gas Well of 7 Node Gas System 

Gas Well 

1 

2 

Node No. 

7 

6 

Wellhead price 
($/kcf) 

5.6 

6 

Table 4.2. Parameters of Gas Storage 

Storage 
Node No. 

1 

Table 4.3, 

Gas Injection cost 
($/kcf) 

2.5 

Min. Input 
(kcf/h) 

150 

Min output 
(kcf/h) 

2000 

1000 

Max output 
(kcf/h) 

5300 

6000 

of 7 Node Gas System in Case 3 

Max. Input 
(kcf/h) 

2500 

Min. Output 
(kcf/h) 

0 

Max. Output 
(kcf/h) 

2000 

. Electricity and Gas Load not Serve Penalty Price of 7 Node Gas System 

Electricity load not serve penalty price ($/MWh) 

Gas load not serve penalty price ($/kcf) 

2000 

100 

We apply the augmented LR and the standard LR methods to solve the following 

three cases. The augmented LR method is first applied to solve the three cases listed 

above. 

• Case 1: Base case without network or gas storage constraints 

• Case 2: Including network constraints 

• Case 3: Including network constraints and gas storage 

In Case 1, we ignore both electricity and natural gas transmission network 

constraints. Hence, there are no congestion impacts on the scheduling of electricity and 
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natural gas systems. The hourly commitment of three gas-fired units is given in Table 4.4. 

Figure 4.4 shows the hourly schedule of gas well 2 which is the marginal gas well 

because of its higher wellhead price. The social cost is $1,322,422 which is the lowest of 

all three cases. 

In Case 2, we consider electricity and natural gas transmission network 

constraints. The flow limits of power transmission line and pressure limits of gas nodes 

through pipelines will cause the commitment of expensive units at additional hours. 

Compared to Table 4.4, Table 4.5 shows that unit 2 is committed at hours 10-11, 22, and 

unit 3 is on at hours 8-9 and 23-24. The most efficient unit Gl would generate less in 

Case 2 as shown in Figure 4.5. The social cost is $1,366,196 which is higher than that in 

the Case 1. 

In Case 3, the simulation includes a gas storage which draws natural gas from 

pipeline into the gas reservoir at off-peak hours 2-7, and releases the natural gas during 

peak hours 8-24 as illustrated in Figure 4.6. By using the stored gas, the efficient 

generation unit 1 would generate more during hours 1-24 as indicated in Figure 4.6. The 

hourly schedule of generation units is given in Table 4.6. The social cost is $1,350,932 

which includes the cost of gas well and the operating cost of gas storage. 

Table 4.4. Hourly Commitments of Case 1 Based on Augmented LR 

Unit Hours (0-24) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
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Table 4.5. Hourly Commitments of Case 2 Based on Augmented LR 

Unit 

1 
2 
3 

Hours (0-24) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Unit 

1 
2 
3 

Table 4.6. Hourly Commitments of Case 3 Based on Augmented LR 

Hours (0-24) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 
0 0 0 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 

6000 

5500 

5000 

4500 

4000 

3500 

3000 

r Gas Well 2 
Outputs 

" (kef) 

- A ^ 
| i 

12 15 21 24 

Figure 4.4. Gas Well 2 in Cases 1, 2 and 3 Based on Augmented LR 
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Figure 4.5. Unit 1 in Cases 1, 2 and 3 Based on Augmented LR 
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Figure 4.6. Gas Storage Volume and Output Based on Augmented LR 

We also solve the three cases by the standard LR in order to compare the 

performances of the two methods. The results of standard LR are listed in Table 4.7. As 

presented in Section 4.3, using the standard LR algorithm would cause dual solution 

oscillations. A feasible solution based on the dual solution of standard LR by (4.45) 

would lead to electricity load shedding. The augmented LR algorithm, on the other hand, 

can avoid the oscillation and will result in a better solution. 
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To further illustrate the worst convergence of the dual problem by the standard 

LR, the dual cost and the violation degree of constraints (4.32) versus iterations are 

plotted in Figure 4.7 and 4.8. Here, the violation degree of (4.32) is defined by the 

Manhattan norm I^OO-gOOl , °f e(x
c)~S(yc) • Obviously, the violation of 

constraints by the standard LR method cannot be mitigated. The violations will approach 

zero by increasing the number of iterations in the augmented LR. 

Table 4.7. Comparison of Augmented LR and Standard LR Based Results 

Case Index Case 1 Case 2 Case 3 

Dual cost ($) 

Violation degree (kef) 

ALR Feasible social cost ($) 

Electricity load not serve (MWh) 

Gas load not serve (kef) 

1,322,408 1,366,196 1,350,931 

2.3 3.1 3.6 

1,322,422 1,366,196 1,350,932 

0 0 0 

0 0 0 

Dual cost ($) 

Violation degree (kef) 

SLR Feasible cost ($) 

Electricity load not serve (MWh) 

Gas load not serve (kef) 

1,319,070 1,343,842 1,344,346 

14,642 12,162 12,491 

1,525,986 2,0743,44 1,935,640 

76.2 396.4 319.2 

0 0 0 

80 

60 

40 

20 

Augmented LR Standard LR 

Iteration Number 
• • * « * « » A « i t t A « » « « A » 

10 15 20 25 30 35 40 45 

Figure 4.7. Violation Degree against Dual Iterations in Case 2 
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Figure 4.8. Dual Cost versus Dual Iterations in Case 2 

4.4.2 118-Bus power system and 14-node natural gas system. A modified IEEE 118-

bus power system and 14-node gas system is used to study the least social cost of 

interdependent power and natural gas system coordinated scheduling. The power system 

has 54 fossil units, 12 gas-fired combined cycle units, 7 hydro units, 186 branches, 14 

capacitors, 9 tap-changing transformers, and 91 demand sides. The natural gas 

transmission system is composed of 14 nodes, 12 pipelines, and 2 compressors. The 

electricity and natural gas transmission system data are found in 

http://motor.ece.iit.edu/data/Gastranssmion_118_14test.xls. Table 4.8 lists the well head 

prices of natural gas as well as penalty price of residual natural gas loads not serve in all 

three cases. 

Case 1: Base case 

We solve the coordination scheduling problem as we presented in this chapter to 

obtain least social cost schedules for coupled power and natural gas system. The daily 

social cost based on ALR in this case is $2,350,957. Here, for reason of limited space, we 

will not give the hourly generation and commitment for each unit. Instead, we present 

http://motor.ece.iit.edu/data/Gastranssmion_118_14test.xls
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daily generation and resource information in Table 4.9, as well as hourly generation in 

Figure 4.9 for further analysis and comparison with other cases. Congestion in gas 

transmission system occurred in 24 hours. Residual gas loads 1-5 will be fully supplied 

by joint-operator due to their higher penalty price. However, gas consumption of gas-

fired units and residual gas loads 6-8 are curtailed through optimization iterations. 

Table 4.8. Well Head Prices and Gas Loads Price Incentives in Cases 1 -3 

Price incentives 

Gas Well 1 

Gas Well 2 

Gas Well 3 

Penalty price of Residual Gas Loads 1-3 not 

Penalty price of Residual Gas Loads 4-5 not 

Penalty price of Residual Gas Loads 6-8 not 

serve 

serve 

serve 

Case 1 

0.95 

0.90 

1.00 

3.00 

2.50 

1.10 

Case 2 

0.95 

0.90 

1.00 

1.20 

1.10 

0.90 

Case 3 

1.66 

1.58 

1.75 

3.00 

2.50 

1.80 

Case 2: Impact of penalty price of residual gas load 

We assume the penalty price of residual gas loads not serve in case 2 are 

decreased as shown in Table 4.9. It represents that residual gas loads can be interrupted 

or not supplied, with just adding less social cost compared to case 1. In this situation, 

joint-operator prefer to dispatch more natural gas to gas-fired units for power generation 

rather than supply residual gas loads in order to mitigate the integrated social cost. In 

another word, benefits of supplying gas-fired units is higher than providing natural gas to 

residual gas loads from social welfare point of view. As shown in Table 4.9, 21,178 

MWh generation fueled by natural gas in case 2 is higher than that in case 1. Natural gas 

fed to residual gas load is reduced to 148,015 kef from 229,126 kef in case 1. The social 
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cost in case 2 is $2,303,216. From Figure 4.9, it is clear that the hourly coal generation in 

Case 1 is higher than that in Case 2. 

Table 4.9. Summarized Daily Generation and Resource Based on ALR 

Daily Resource Results 

Generation by Coal (MWh) 

Generation by Natural Gas (MWh) 

Generation by Water (MWh) 

Supplied Gas to Residual Loads (kef) 

Supplied Gas to Gas-fied units (kef) 

Consumed Gas by Compressors (kef) 

Case 1 

120,796 

14,689 

8,308 

229,126 

190,270 

6,374 

Case 2 

114,312 

21,178 

8,302 

148,015 

275,309 

6,472 

Case 3 

131,724 

3783 

8,286 

305,526 

48,907 

6,186 

Case 3: Impact of wellhead price of natural gas 

In this case, we consider to increase wellhead price of natural gas wells by round 

75% in comparison with that in case 1. We solve the coordination scheduling problem by 

ALR again. From the result indicated in Table 4.9, power generation by natural gas in 

case 1 is replaced largely by coal generation because of soaring natural gas. Natural gas is 

no longer a economic choice to generate electricity compared to coal fuel. So natural gas 

units only generate power on some peak hours as marginal units in case 3 as shown in 

Figure 4.9. Moreover, joint-operator can dispatch more natural gas to residual gas loads. 

The daily social cost in case 3 is $2,710,834 which is much higher than that in case 1. 

Daily and hourly hydro generation in three cases are closed, but different. 

Because optimization process will coordinate water resource to generate more power 

during peak load hours or avoid committing more coal or gas-fired units while satisfying 

hydro reservoir constraints. 
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We also solve the base case and other two cases by standard LR methods. The 

social costs are given in Table 4.10. We can draw a conclusion that the standard LR 

algorithm would result in higher feasible solution, while the augmented LR algorithm, on 

the other hand, can avoid the oscillation and will lead to a better solution. 

Table 4.10. Social Costs Based 

Daily Resource Results 

ALR 
Social Cost ($) 

SLR 

on Augmented LR and Standard LR in 

Case 1 

2,350,957 

2,424,892 

Case 2 

2,303,216 

2,384,547 

Cases 1-3 

Case 3 

2,710,834 

2,823,916 
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Figure 4.9. Hourly Generation Composition in Case 1-3 Based on ALR 
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4.5 Conclusions 

This chapter proposes new model for scheduling coordination of coupled power 

systems and natural gas transmission systems from joint-operator point of view. The 

integrated operator will coordinate scheduling resources to pursue least social cost of 

coupled energy system. Meanwhile, gas-fired units do not need to concern about their 

fuel cost and amount. Therefore, they can avoid risks caused by natural gas fuel without 

coordination between power operator and gas operator. In this chapter, LR based method 

are proposed to solve the problem. Moreover, to avoid numerical oscillation caused by 

linear price function of gas well and improve local convexity of relaxed primal problem, 

the augmented LR with piecewise linear approximation of quadratic penalty terms is 

adopted in this chapter. To make the added penalty term separable, SCUC and gas 

allocation subproblems are solved in a sequential way by using block descent 

coordination technique. Case studies with two systems verify that our new method is 

effective for solving the proposed coordination model. Moreover, compared to standard 

subgradient LR, case study also shows augmented LR can avoid oscillations of dual 

solution and improve quality of dual solution. 
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CHAPTER 5 

COORDINATED SCHEDULING OF SECURITY-CONSTRAINED POWER AND 
NATURAL GAS INTRASTRCTURES WITH TRANSIENT NATURAL GAS FLOW 

MODEL 

5.1 Introduction 

It is of paramount necessity to incorporate the natural gas transmission system 

model into the operation planning and optimization of electric power systems. In the last 

decade, references [Uns07a Uns07b An03 HecOl Mor03 Urb07] and our previous chapter 

proposed several state of the art strategies to model the two systems together. However 

all of them focus on steady-state formulations for both electric power and natural gas 

transmission systems. They neglect significant distinctness on travelling speeds of natural 

gas flow and power flow as well as line-pack capacities of interstate pipelines. Line pack 

relates to the amount of additional gas that is stored in a pipeline as a result of 

maintaining above-normal pressure in the pipeline [Nor02 Mer02]. By analogy with the 

important function of reserve in power systems, line pack is essential for a pipeline to 

handle large swing in gas load such as ramp up of gas-fired units during peak hours or 

called reserve of gas-fired units to react contingencies in power systems. It is well 

recognized that natural gas flow in high-pressure interstate pipelines is governed by some 

dynamic laws based on distributed parameters in short-term periods such as several hours. 

This chapter concentrates on the development of a methodology for the 

coordinated scheduling of interdependent power and natural gas transmission systems 

based on a transient state model of natural gas flow. In the proposed model, interstate 

natural gas pipelines are described by a set of partial differential equations (PDEs) 

instead of the steady-sate Weymouth equations. Implicit finite difference method will be 
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adopted in this chapter to approximate PDEs into algebraic difference equations. As a 

result, the natural gas flow model will be coupled not only in space but also in time. 

This chapter further presents a bi-level programming model based on our previous 

model "SCUC with steady state natural gas transmission constraints" in Chapter 3 and 

[Liu09b]. The proposed coordination scheme between gas system operators and 

Independent System Operator (ISO) of power systems is shown in Figure 5.1. Constraints 

related to natural gas supply contracts are directly included in the UC problem. When an 

optimal UC schedule is obtained without violating power transmission constraints, hourly 

natural gas demands of gas-fired units are then submitted to the gas system operators for 

checking the feasibility of natural gas transmission constraints. If any violations of 

natural gas transmission constraints are detected, corresponding constraints (Benders cuts) 

are formed and fed back to the ISOs for the next iteration of calculation. The cut which 

represents shortages of natural gas supply or gas transmission congestions would limit the 

fuel consumption of gas-fired units. In the last stage when the natural gas transmission 

check is feasible, gas consumptions of gas-fired units as well as SCUC solution is firmed. 

Natural gas transmission system operator will schedule gas compressors by minimizing 

their energy consumptions. 

The rest of this chapter is organized as follows. Section 5.2 proposes the transient 

state model of natural gas transmission systems. Section 5.3 presents a bilevel 

formulation of the coordinated scheduling model. Algorithms for solving the proposed 

model will be discussed in Section 5.4. Numerical studies will be given in Section 5.5. 

The conclusion is drawn in Section 5.6 
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ISO (SCUC) 

Unit Commitment Or 
Economic Dispatch 

Power Transmission 
Feasibility Check 

~l 

Gas Operators 

Natural Gas Transmission 
Feasibility Check 

I 
Gas Scheduling Optimization 

~l 

Figure 5.1. Coordination scheme of electric power and natural gas systems 

5.2 Modeling of Transient Gas Flows in Natural Gas Transmission Systems 

Energy infrastructure dynamics vary from milliseconds to a couple of hours, 

which indicates the fact that the transportation of energy via different infrastructures 

happen over different time frames. It is well known that electrical energy travels via the 

current electrical transmission systems almost instantaneously and cannot be stored in 

large amount. Once power injection and load on each bus is given, power flows in 

transmission system satisfy steady state algebraic equations and are independent from 

hour to hour. Therefore, in the operation planning stage, traditional security-constrained 

unit commitment (SCUC) and security-constrained economic dispatch (SCED) 

commonly ignore electrical transient process of electricity infrastructure and instead 

focus on steady state analysis [Sha02 Woo96 Fu05]. 

Unlike the instantaneous delivery of energy over electric power systems, the 

natural gas flow travelling via pipeline represents much slower phenomenon. When gas 
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load or gas supply changes, natural gas transmission system will take longer time to 

respond to disturbances. In particular, the dynamics for high pressure interstate pipelines 

are much slower and large amount of gas stored in the pipelines cannot be neglected. In 

this case, steady-state assumption and corresponding algebraic Weymouth equation of 

pipeline might be inappropriate and inaccurate for numerical simulation of unsteady gas 

flows. Rigorous gas flow simulation requires pipeline distributed-parameters and the 

transient state model. 

5.2.1 Modeling of Natural Gas Pipelines. Natural gas flows through pipelines, driven 

by pressures, are dependent on factors such as the length and the diameter of pipelines, 

operating temperatures, composition of natural gas, altitude change over the transmission 

path, roughness of pipelines, and boundary conditions. The transient state natural gas 

flow through a gas pipeline is usually described as one dimensional dynamic alongside 

the axis of natural gas pipeline. Dynamic simulation requires the use of distributed 

parameters and the consideration of time-varying state variables. A set of partial 

differential equations is obtained by applying laws regarding conservation of mass, 

momentum, and conservation of energy. Equations (5.1)-(5.4) represent time and space 

dependent gas density, mass flow, flow velocity and pressure [Her09 Osi96]: 

d(p • v) dp 

dz dt 
(5.1) 

d(7r + p-v2) 2fc-p-v2 d(p-v) . n ,_„ 
- -+-^-J +^-L + p-gesma = 0 (5.2) 
dz a dt 

d[p-(e + -v2)] d[p-v(h+-v2)] 
^ - 2 + ^ - 2 p-n + p-ge-vsina = 0 (5.3) 

it = p-Z-R -T (5.4) 

Where, 
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n: Gas pressure 

z : Space index of pipeline 

d : Diameter of pipeline 

v : Gas axial velocity 

p: Gas density 

h: Specific enthalpy 

e: Specific internal energy of gas pipeline 

Q : Rate of heat transfer per unit time and unit mass of the gas 

Z: Compressibility factor 

T: Temperature of gas in pipeline 

a : Elevation angle of gas pipeline 

s: Gas constant 

?c: Fenning friction factor of gas pipeline 

Se: Gravitation acceleration 

The law of conservation of mass states that mass can neither be created nor 

disappeared. Equation (5.1) represents the fact that the net mass rate of flow out of a 

differential volume of fluid is equal to the time rate of decrease of mass within the 

differential volume. 

Equation (5.2) derived from Newton's second law (momentum law) indicates that 

the sum of forces acting on gas system of particles is equal to the time rate of increase of 

momentum of gas particles at a time instant. In equation (5.2), 

terms 2/c • p • v21 d , p • ge • sin a , d(p • v) / dt, and d(p -v2)ldz define the hydraulic friction 

force, force of gravity, gas inertia, and flowing gas dynamic pressure, respectively. 
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Equation (5.2) is considered for a high pressure gas pipeline, where the dynamic variation 

takes longer time (hours) to complete a significant change. In hourly analysis, the 

convective acceleration terms 8(p-v)/dt, d(p-v2)/8z and p-g-sin a , compared to the 

other term 2fc- p-v2 Id in equation (5.2), contribute less than one percent to the sum of 

all terms under normal operating conditions [Her09 Osi96]. In most engineering 

applications, those terms are neglected for simplicity [Won68 Ehr03]. In this chapter, 

since we focus on the slow transient process in terms of hours caused by gas load swings, 

those three terms can also be ignored without sacrificing calculation accuracy. 

Equation (5.3) is derived from the law of conservation of energy. In order to 

solve Equations equations (5.1)-(5.4) it is required to know the value ofQ. Rigorously, 

whenQ^O, there is no thermal equilibrium between gas pipeline and the surroundings 

and we will need more equations to model the heat conduction process. However, in the 

case of slow transients caused by fluctuations in gas demand and gas injection, the 

assumption of isothermal flow is valid and can be found in most literatures [Won68 

Ehr03 Her09 Osi87 Osi96 KeOO]. Under this assumption, the pipeline has sufficient time 

to reach thermal equilibrium. The gas temperature changes caused by compression and 

expansion of natural gas can be neglected and the temperature of natural gas (J) is 

assumed to remain constant at surrounding earth temperature. Accordingly, the energy 

equation (5.3) becomes redundant if Q is deemed to be zero. 

In the state equation (5.4), gas pressure is a function of the gas density, 

compressibility factor, and gas temperature. In this chapter, we use equation (5.5) instead 

of (5.4) under an isothermal process [Her09 Osi96], where average temperature 7;vgand 

average compressor factor Zavg is given as an input constant. 
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X = P-Zavg-Rg-TaVg (5-5) 

After ignoring Equations (5.3) and making reasonable approximations as 

described above, we can substitute gas flow Gf = p-v-S and (5.5) into (5.1) and (5.2) and 

obtain (5.6) and (5.7) which are used in the remaining sections of this chapter [Won68 

Ehr03]. 

Sfe) 3 ( ^ = 0 (56) 

dt ' dz 

2 * 
d(K) + K2-Gfz]=0 (5.7) 

dz 

where Kx, K2 are parameter in transient state model of natural gas pipeline and are 

determined by Kx =
 Zav^T"^' and K2 =

 4^Z^Rfvs'' • 

5 dS2 

It is noted that the steady state Weymouth equation as follow can be obtained by 

integrating (5.7) along the length of pipeline. 
Gft2 = C • ^Lo,! - nl=L,t | 

where, C= ' 
K2-L 

It is also assumed that the boundary conditions of PDE (5.6) and (5.7) are known. 

At t - 0, the initial values can be given by various measurements in the natural gas 

transmission system. At the beginning point and terminal end of a pipeline, gas flows 

satisfy nodal gas flow balance constraint as indicated in the Section 5.2.3. 

5.2.2 Modeling of Compressors. Please see Chapter 3 and 4. 

CHcn, = Gfcmt• (k2cm-PRcJ
3- -klcm) (5.8) 

CHmin,cm ^ CHcmt ^ CHrmx,cm (5-9) 
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PRmm,cm - PRcmt = ~ ~ ^ = - PRrmx,cm (5.10) 
nnbt 

where nmt and nnb represent pressures at outlet and inlet of compressor cm at t. The 

amount of consumed gas is related to the power of the compressors Fcfcm(CHcml). 

5.2.3 Nodal Gas Flow Balance. Gas nodes are defined as junctions of pipelines and 

compressors where gas wells inject gas into network or gas loads withdraw natural gas 

flow from network respectively. The natural gas pressure associated with each node has 

to be limited within a reasonable range (5.11). Output of gas well and gas load shedding 

amount are restricted by (5.12)-(5.13). 

^min,™ ^ Xnat ^ ^max.na (5-11) 

GPgi^<GPgil<GPg,mx (5.12) 

0<GSLgll<GSL^gl<GLgl (5.13) 

The nodal gas flow balance is modeled by (5.14), indicating that the natural gas 

flow injected into a node is equal to the natural gas flowing out of the node. 

NGS 

gna(x,CH,GP,GSL,GL) = -'£GK„a,„b-Gf„a^btm + Y.GA»a,giGPgi 

» » g>=1 (5.14) 
NGL NC 

~ T, GB™.S' • lGL* ~ GSLS' > - Z GDn*,cn, ' F~cf,cm (CHcm ) = 0 
gl=\ cm=\ 

where GKnanb is the element of matrix GK in row na and column nb. Gfna^nbna is the gas 

flow injected into node na through the branch between na and«6. If the gas flow from na 

to nb in a pipeline is defined as positive, the boundary conditions for PDE of pipeline are 

givenin(5.15)-(5.16). 

n 1,2=0 = Knat > nt,z=L = n' nbt (5.15) 

Qft,z=0 = ~Qfna->nb,na ' Qft,z=L = Gfna->nb,nb (5.16) 



125 

5.3 Formulation of Integrated Scheduling of Electricity and Natural GAS 
Systems 

5.3.1 Individual Scheduling Model. Traditionally, electric power system and natural 

gas transmission system are scheduled independently without coordination. 

In power system, the ISO execute SCUC to to minimize the operating cost of 

power systems while satisfying prevailing unit commitment constraints and power 

transmission network constrains. 

^"Z^+ZZ^+ZS^^-^+^+^i+SZ^5^'' ( 5 - 1 7 ) 
// l i ] I i<tGU I el 

St. 

Take-or-pay natural gas supply contracts are associated with a constant cost/!'„,, if 

natural gas usage is less than FO . 

Z ^ ^ , , (5-18) 

i 

Cost of flexible natural gas supply contract: 

wnt^Piias,]-F4,], (5.19) 

Natural gas-fired power plants usually hold several different gas contracts in their 

gas supply portfolio. Each gas contract will be considered as a gas load in natural gas 

transmission system. 

Power balance and reserve requirements: 

Z p « • i„ = PLOSU
 + I I<E L<n -n^i,) v ' (52]) 

i I cl 

^SRir/„>SRDt V/ (5.22) 
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Individual generator constraints include individual constraints for restricting ramp 

up/down limits, min on/off time, emission limits, max/min capacities and so on. The 

detailed modeling of individual generating unit constraints is discussed in [Woo96 

Liu09aFu05]. 

DC power transmission network constraints are given in (5.23). AC constraints 

can be modeled similarly 0 and do not alter the proposed solution framework. 

C Pf = A P-B (EL-ELS) 

xab 

\Pfi\^Pfi,™* (5.23) 

Ymin — Y — Ymax 

The natural gas supply and transportation sectors have been unbundled since 

1980s. A variety of gas purchase patterns and transportation contracts appeared during 

market evolutions as shown in Table 5.1. Transportation services with different priority 

orders can be described in Chapter 1. 

Table 5.1. Natural Gas Transportation and Supply Contracts 

Transportation Contract Supply Contract 

No-notice Firm Interruptible Take or pay Flexible 

Gas transmission scheduling problem is to minimize operating cost of 

compressors (5.24) while satisfying transient transmission natural gas constraints and 

respecting natural gas transportation contracts and pressure requirements at receiving 

points. 

M " Z Z / W ™ -Fcf,cmiCHcmt) (5.24) 
/ cm 

s.t. Transient-state natural gas transmission constraints (5.6)-(5.16) 
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5.3.2 Bilevel Program Formulations for Integrated Model. The electric power 

systems, with the gas-fired units, can be viewed as the demand side of the natural gas 

transmission system, so we consider that electric power sectors have upper level pulling 

power to determine the amount of natural gas consumption. In this chapter, we assume 

that natural gas transmission operators have to respect the transportation contracts if their 

physical gas infrastructures can afford them. Mathematically, the proposed scheduling 

coordination problem can be described by a bi-level programming formulation as follows: 

Min EC(x) (5.25) 
X 

s.t. EU(x)<0 (5.26) 

EN(x)<0 (5.27) 

Min GC(y) (5.28) 
y 

s.t. GN(xc,y)<0 (5.29) 

where xand y represent state and decision variables in power system and gas system 

optimization respectively. xc is subvector of x for representing natural gas 

consumptions by power plants. (5.26), (5.27) and (5.29) denote unit commitment 

constraints, power transmission network constraints and transient natural gas 

transmission constraints, respectively. The lower-level problem (5.28)-(5.29) represents 

gas scheduling optimization problem which is a constraint embedded into the upper-level 

optimization problem for generation scheduling. 

By ignoring (5.28), bilevel programming problem will be transferred into (5.30). 

Obviously, LB provides a lower bound for primal problem (5.25)-(5.29). 

LB = EC(x*,y*)=Min {EC(x)\(5.25),(5.26),(5.29)} (5.30) 
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It is noted that xc are not part of the decision variables in the lower-level problem. 

Based on fixed x*from (5.30), we can solve (5.31) and obtain an optimal solutiony*. 

Since (x*,y*) is a feasible solution of the bi-level optimization problem (5.25)-(5.29), 

EC(x\y") is an upper bound for (5.25)-(5.29). 

y* = Argmin {GC(y)\(5.29)} (5.31) 
y 

UB = EC(x\y*) = EC(x*,y#) = LB (5.32) 

(x*,y") is an optimal solution for the original bi-level programming problem (5.25)-(5.29). 

Generalized L-shaped decomposition (Benders) is applied to decompose the 

optimization problem (5.30) into UC master problem (5.33), power transmission network 

constraints (5.27) check subproblem and gas transmission network constraints (5.29) 

check subproblem. 

Min {EC(x) I (5.26)} (5.33) 
X 

It should be noted that the above conclusion can only be obtained under the fact 

that the xc is not a decision variable in the lower-level optimization problem. That means 

natural gas transmission operator cannot shed gas loads requested from power plants just 

for the purpose of reducing compressors' cost. Gas loads can only be bumped by other 

gas loads with higher transportation priority when there is congestion. However, if *c is 

also a decision variable of lower-level optimization problem, the primal bi-level 

optimization problem will be more complicated and can be solved by employing Kuhn-

Tucker conditions of the lower-level problem. This will be a topic for further research in 

the future. 

) 
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5.3.3 Coordination Schemes. Figure 2 depicts the flowchart for coordinating the 

electricity and natural gas infrastructure scheduling. The whole process can be divided 

into two parts: the ISO part and the gas system operator part. 

ISO or 
Utility C Start 3 

Unit commitment or 
economic dispatch 

Fuel 
constraints 

No 

Electric power transmission 
constraints check 

Cuts by 
PTDF N o 

Determine natural gas 
consumption of gas-fired units 

r Gas Operator 
Natural Gas Transmission 

feasibility check 

No 

Minimize operating cost of 
compressors 

c End 3 
Curtail lower priority gas loads 

or generate fuel constraints 
(Bender cuts) 

Load 
shedding 

Figure 5.2. Flowchart of coordination schemes between ISO and gas operator 
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The ISO or the utility operator would execute the unit commitment to determine 

the UC schedule and hourly dispatch that would satisfy the forecasted electric load. If 

generation facilities are not able to provide enough power to match electricity demands, 

load shedding scheme will be employed. Based on the UC and dispatch solutions, the 

ISO conducts the security analysis for network constraints. The power transmission check 

mitigates transmission violations and iterates with the UC via power transfer distribution 

factors (PTDFs) or Benders cuts [Sha02 Fu05]. If there is no violation in the power 

transmission network, the ISO can then determine the natural gas amount consumed by 

gas-fired units and submit the gas demands to the gas system operator. 

Meanwhile, natural gas transmission system operator collect the information on 

requested gas demands, gas contracts, gas transmission parameters, initial pressures and 

planned outage of gas pipelines. The gas feasibility check problem will examine the 

feasibility of the gas transmission system for serving expected gas loads. If the outcome 

of the gas transmission check is infeasible, gas fuel constraints using cutting-plane 

method for gas-fired power plants will be formed and fed back to the ISO for 

rescheduling. The iterative process between SCUC and gas transmission feasibility check 

will continue until the feasibility of transient gas transmission flow is obtained. It is noted 

that gas flow obtained during the feasibility check is not necessarily the optimal results 

for gas transmission network operation in the next day. Gas transient flow feasibility 

check only verifies whether there are enough line pack resources and transportation 

capacities to support the ISO's committed gas-fired units. If the gas transmission 

feasibility check is feasible, the solution of SCUC will be firmed and the gas transmission 
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system operator will continue to schedule compressors, storages, and line pack resources 

by minimizing operating cost of compressors. 

5.4 Solution of Scheduling Coordination 

5.4.1 Solution of SCUC. In this chapter, the UC problem is a mixed-integer nonlinear 

program which will be linearized and solved based on branch and cut method [Sha02 

Wol98 Jer80]. The power transmission feasibility check subproblems including either DC 

or AC constraints can be solved by linear programs, iterating with UC via power transfer 

distribution factor (PTDF) or Benders decomposition method. Refer to [Sha02 Fu05] for 

more details. 

5.4.2 Implicit Finite Difference Approximation of Partial Differential Equations. 

There are many methods to solve the PDEs. Analytical methods can provide a continuous 

solution by compact mathematic expression if the region and boundary values of 

dependent variables are defined. Compared to analytical methods, numerical methods are 

more popular for engineering computation of gas pipeline dynamics. They are used to 

evaluate the dependent variables at discrete points in a spanning region of time and space 

as shown in Figure 5.3. 

In this chapter, we adopt the Euler finite difference numerical method to 

approximate PDE (5.6) and (5.7) by replacing derivative expressions in space and time 

with equivalent difference quotients. Generally, implicit methods have better numerical 

stability than explicit methods, because explicit methods calculate dependent variables at 

a later time from those at the current time while implicit methods find a solution by 

solving an equation involving dependent variables in both the current and the future times. 
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Equations (5.34) and (5.35) are obtained by applying backward Euler method and 

midpoint Euler method which belong to implicit methods. 

At 2Az 
t e {\,2,...NT},n e {1,2,..., N -1} 

(5.34) 

nt,n-\ "t.n+l 

2Az 
t s {0,l,...NT},n e {l,2,...,N -1} 

(5.35) 

In (5.34) and (5.35), different pairs of n and t index correspond to different grid 

points. Obviously, increasing the number of points on the grid in Figure 5.3 can enhance 

the numerical accuracy, but may also lead to longer computing time. The number of grid 

points can be increased or decreased by adjusting the step size Az and At. 

On the time boundary, state variables at t = 0 are all given as known initial values. 

On the space boundary, (5.34) are replaced by (5.36)-(5.37). 

NT 

t i 

' • — • i 
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Figure 5.3. Grid points in the finite difference scheme 

At 
El 
Az 

' - ' ' " - " ' ( G / ^ - G / ^ , ) 

te{l,2,...NT},n = 0 
(5.36) 



nt,n nt-\,n K\ 
(Gf^-Gf^) 

At Az 
te{l,2,-NT},n = N 
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(5.37) 

So far, PDEs are transformed into a set of algebraic equations as shown in (5.34)-

(5.37). For the sake of simplicity, we denote them by (5.38). 

h(GfT,nT) = 0 (5.38) 

5.4.3 Solution of Natural Gas Transmission Feasibility Check. The gas transmission 

feasibility check subproblem is to minimize the sum of slack variables on all gas nodes 

while satisfying transient gas pipelines constraints, pressure constraints, and compressors 

constraints as well as respecting natural gas transportation contracts for submitted gas 

loads GL . Gas load shedding can be implemented on the load whose priority is even 

lower than the load used for power generation. For a gas load with firm transportation 

contract, G5Imax =0 . We use the successive LP to solve the optimization problem 

iteratively. 

Min co(GL) = ^(SL) (5.39) 
na=I 

s.t. 

Vh{GfT,nT) 
AGf 

ATI 
-h{GfT,nT) (5.40) 

[ ^ - ^ - GA GB] 
dn dCH 

An 

ACH 

AGP 

AGSL 

+ GB SL 
(5.41) 

= -g (nT,CHT,GPT,GLT -GSLT) 

0 < GSL + AGSL < GSL^ < GL (5.42) 
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Wmm** + Aw^*mn ( 5 - 4 3 ) 

GP^lAGP + GPlGP^ (5.44) 

CH^ <CH + ACH < CH^ (5.45) 

•P̂ min (Xinlet + A*'inlet ) ̂  *«&( + A*oU(to ^ ^max (»i, + ^ in ) ( 5 -46) 

0 < £ L (5.47) 

In each iteration, the linear programming problem (5.39)-(5.47) is solved and 

variables are updated based on (5.48). The iterative process will continue until An(k), 

ACH(k), AGP(k), AGSL(k)is less than a specified thresholds 

" „(*+!) " 

Of ( t+1) 

Gp(k+l) 

GSL(k+x) 

' * w ' 

CH™ 
GPW 

_GSL(k) _ 

+ 

" Anw ' 

ACH(k) 

AGP(k) 

_AGSL<-k\ 

Once the iterative process is completed, a non-negative objective function (39) 

that is less than the specified tolerance indicates that natural gas transmission network 

can support gas loads from the power system. Otherwise, a gas fuel constraint (Benders 

cut) given in (5.49) will be generated and added to the SCUC formulation. 

atGL) = oiGL)+fiT GB(GL-GL)<0 (5.49) 

where fi is dual variable vector which is obtained by solving LP in the latest iteration. 

It should be noted that the gas transmission system feasibility check subproblem 

based on the transient model of gas transmission system is coupled between hours, but 

that based on the steady-state model is de-coupled between hours and can be solved in 

parallel. In addition, equation (5.40) may include a great number of constraints and 

variables if the number of grid points in Figure 5.3 is large. Thus, the computing time of 

the transient model is usually much higher than that of steady-state model. 
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5.4.4 Solution of natural gas scheduling problem. The natural gas scheduling 

problem is also solved by successive linear programming in this chapter. The natural gas 

transmission feasibility check subproblem provides an initial value for the solution of 

natural gas scheduling problem. In general, FcfcmQis convex, so the objective function 

(5.39) can be replaced by (5.50). However, pipeline equations and compressor equations 

may make the feasible sets of the subproblem non-convex. So if the initial operating 

point of the gas scheduling problem is not close enough to the global optimal points, the 

final solution may just be a local optimal solution. Heuristic methods may be used to find 

the best possible solution. This is outside the scope of this chapter. 

NT NC ftp (pif \ 

M»T z P„ • cf;iL cm,) • ^Hcmt (5.50) 
t=\ cm=l cl<~J"cmt 

5.5 Case Studies 

A modified IEEE 118-bus system is used to study coordinated scheduling of 

interdependent electricity and natural gas infrastructures. The power system has 54 fossil 

units fueled by coal, 12 combined cycle units, 7 hydro units, 186 branches, 14 capacitors, 

9 tap-changing transformers, and 91 demand sides. All 12 combined-cycle gas turbine 

units are supplied by an interstate pipeline and a compressor as shown in Figure 5.4. 

Parameters of pipeline, compressor and gas well are given in Table 5.2 and Table 5.3. 

The generating fuel prices are 1.4$/MBtu for natural gas and 1$ MBtu for coal. Power 

system data can be found in motor.ece.iit.edu/data/Gastranssmion_l 18_14test.xls. 

Three cases are studied to show the effectiveness of the proposed approach as 

well as the impact of transient state natural gas flow model on SCUC and gas scheduling 

http://motor.ece.iit.edu/data/Gastranssmion_l
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results. The program is coded in C++ and solved by CPLEX 9.0 on a 2.6 GHz personal 

computer. 

Table 5.2. Parameters of Interstate Pipeline 

Max pressure 
(psig) 

500 

Min pressure 
(psig) 

400 

Parameter Parameter Parameter 
Ki K2 C 

0.05 2*10-6 50 

Length L 
(miles) 

200 

Table 5.3. Parameters of Compressor and Gas Well 

Min Max af . , , 

Compressor k 1 k 2 ™ P ° j y P " " < • « " (MBtu/hph) (MBtu/h) 

0.1 0.17 0.15 500 2000 0.0001 0.15 25 

Gas well 
Max output (MBtu/h) 

5000 

Min output (MBtu/h) 

20000 

0 10 20 30 40 

Interruptible Gas Load from 
118 bus power system 

Firm Gas 
Load 

180190 200 
• Z (miles) 

Figure 5.4. Interstate Pipeline 
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Figure 5.5. Hourly Electricity and Gas Load 

Case 1: Scheduling coordination with steady-state gas transmission constraints 

We calculate the hourly UC solution in 24 hours by considering dc transmission 

constraints and steady-state gas transmission constraints. Under steady-state gas flow 

assumption, the maximum natural gas flow through the pipeline is 15,000MBtu/h based 

on the Weymouth equation. Natural gas usages of combined cycle units 4001-4012 are 

curtailed at certain hours because of gas transmission congestions during hour 8 to hour 

24. The hourly commitment schedule is shown in Table 5.4 in which hour 0 represents 

the initial condition. Due to space limit, only those units with different hourly unit 

commitments in Table 5.4 and Table 5.7 are listed. The daily operating cost of the power 

system is $2,046,006. After power system schedule is set, we minimize the operation cost 

of the compressor still based on the steady-state gas transmission constraints. Compressor 

will consume 8965 MBtu in the next operating day. Other daily results are shown in 

Table 5.5. Hourly natural gas amount withdrawn from the pipeline, hourly gas well 

output, and hourly natural gas amount consumed by the compressor are shown in Figure 

5.6, Figure 5.7 and Figure 5.8, respectively. 



Table 5.4. Unit Commitments of Generating Units in Case 1 

Unit 

1013 
1014 
1019 

1 
1 
1 

1022-10231 
1026 1 

1034-10351 
1047-10481 

1051 
1052 
4001 
4002 
4003 
4004 
4005 
4006 
4007 

1 
1 
0 
0 
0 
0 
0 
0 
0 

4008-40090 
4010 
4011 
4012 
6002 
6006 

0 
0 
0 
0 
0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 1 
0 0 
0 0 
1 1 
2 2 
1 1 
0 0 
0 0 
1 1 
1 1 
0 0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 
1 
0 
1 
1 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
4 
3 
0 
1 
1 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
4 
3 
1 
3 
3 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
1 
0 
2 
3 
4 
3 
1 
3 
3 
0 
0 

0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
2 
1 
0 
2 
4 
4 
4 
3 
3 
3 
1 
0 

0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
4 
3 
0 
4 
4 
4 
4 
3 
4 
3 
1 
1 

0 
1 
1 
1 
1 
1 
0 
0 
0 
0 
4 
3 
0 
4 
4 
4 
4 
4 
4 
4 
1 
0 

Hours (0-24) 

0 

0 
0 
0 
0 
4 
4 
0 
4 
4 
4 
4 
4 
4 
4 
1 
1 

0 

0 
0 
0 
0 
4 
4 
0 
4 
4 
4 
4 
4 
4 
4 
1 
1 

0 

0 
0 
0 
0 
4 
4 
0 
4 
4 
4 
4 
4 
4 
4 
1 
0 

0 

0 
0 
0 
0 
4 
4 
0 
4 
4 
4 
4 
4 
4 
4 
1 
0 

0 

0 
0 
0 
0 
4 
4 
0 
4 
4 
4 
4 
4 
4 
4 
0 
0 

0 

0 
0 
0 
0 
4 
4 
1 
4 
4 
4 
4 
4 
4 
4 
1 
1 

0 

0 
0 
0 
0 
4 
4 
1 
4 
4 
4 
4 
4 
4 
4 
1 
1 

0 

0 
0 
0 
0 
4 
4 
3 
4 
4 
4 
4 
4 
4 
4 
1 
0 

Table 5.5. Daily Scheduling Coordination Results 

Daily Results Case 1 

0 0 
1 1 
1 1 
1 1 
1 1 
1 1 
0 0 
1 1 
0 1 
1 1 
4 4 
4 4 
3 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
1 0 
1 1 

0 
1 
1 
1 
1 
1 
0 
1 
1 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
0 
1 

0 

3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
0 
1 

0 

0 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
1 

in Case 1-3 

Case 2 

0 0 

0 0 
1 0 
1 0 
1 0 
4 4 
4 4 
4 3 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
4 4 
0 0 
0 0 

Case 3 

Daily operating cost ($) of electric power system 2,046,006 2,044,479 2,037,255 

8,965 12,273 5,056 Daily natural gas amount consumed by 
compressor (MBtu) 

Daily gas well output 
(MBtu) 

Daily natural gas amount delivered to power 
plants (MBtu) 

Daily electric power generated by natural gas 
plants (MW) 

322,031 408,621 201,383 

181,766 163,200 220,649 

13,962 12,995 17,316 
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Figure 5.6. Hourly Gas Amount Delivered to Power Plants in Case 1-3 
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Figure 5.7. Hourly Gas Well Outputs in Case 1-3 
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Figure 5.8. Hourly Gas Amount Consumed by the Compressor in Case 1-3 
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Case 2: Scheduling coordination with transient gas flow model based on lower 

initial line pack 

Table 5.6. Initial Parameters of Interstate Pipeline 

Initial Status of 
Pipelines 

Case 2 

Case 3 

Initial Pressure (Psig) 

Starting Point 

448 

400 

Ending Point 

500 

458 

Mass Gas Flow (MBtu) 

Starting Point 

10088 

10029 

Starting Point 

10088 

10029 

We solve generation scheduling problem again by considering transient state gas 

flow model proposed in this chapter. The 200-miles long pipeline will be partitioned into 

several segments. The time interval is 1 hour and the length interval is 10 miles. 

Thereafter, partial differential equations of pipeline with boundary conditions will be 

transformed into a set of difference equations by the proposed implicit finite difference 

methodology. The initial pressures of pipeline are given in Table 5.6. Lower initial 

pressures in Case 2 indicate that a smaller amount of natural gas remians in the pipeline 

after previous day's operation. Hourly unit commitment results are given in Table 5.7 in 

which combined-cycle units 4001-4012 generate less at most hours and more coal units 

are committed compared to Case 1. However, from Figure 5.6, more natural gas is 

delivered to combined-cycle units in Case 2 at hours 19-23 when the electricity load is 

peak. As a result, the daily operating cost of power system is $2,044,476 in Case 2 which 

is still less than that in Case 1. In order to satisfy gas demands in peak hours at the ending 

point of the pipeline, the gas compressor has to charge the pipeline at beginning hours of 

the planning period. Pressure level at starting point of the pipeline gradually increases as 

shown in Figure 5.9. 
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Figure 5.9. Hourly Pressure at Starting and Ending Points of the Pipeline in Case 2 

Table 5.7. Unit Commitments of Generating Units in Case 2 

Unit 

1013 
1014 
1019 

1 
1 
1 

1022-10231 
1026 1 

1034-10351 
1047 
1048 
1051 
1052 
4001 
4002 
4003 
4004 
4005 
4006 

1 
1 
1 
1 
0 
0 
0 
0 
0 
0 

4007-40090 
4010 
4011 
4012 
6002 
6006 

0 
0 
0 
0 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
1 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
1 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
2 
0 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
2 
0 
0 
2 
0 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
2 
0 
0 
2 
0 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
3 
2 
0 
0 
2 
0 
0 

1 
1 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
2 
0 
0 
3 
4 
0 
0 
4 
1 
0 

1 
1 
1 
1 
1 
1 
0 
0 
0 
1 
0 
3 
2 
0 
0 
4 
4 
0 
0 
4 
1 
0 

0 
0 
0 
1 
0 
3 
4 
0 
0 
4 
4 
0 
0 
4 
1 
1 

Hours (0-24) 

0 
0 
1 
0 
4 
4 
0 
0 
4 
4 
0 
0 
4 
1 
1 

0 
0 
1 
0 
4 
4 
0 
0 
4 
4 
0 
0 
4 
1 
1 

0 
0 
1 
0 
4 
4 
0 
0 
4 
4 
0 
0 
4 
1 
0 

0 
0 
1 
0 
4 
4 
0 
0 
4 
4 
0 
0 
4 
1 
0 

0 
0 
1 
0 
4 
4 
0 
2 
4 
4 
0 
0 
4 
1 
0 

0 
4 
4 
0 
2 
4 
4 
0 
0 
4 
1 
1 

0 
4 
4 
0 
4 
4 
4 
0 
0 
4 
1 
1 

0 0 0 
4 4 4 
4 4 4 
2 2 4 
4 4 4 
4 4 4 
4 4 4 
0 0 0 
0 2 2 
4 4 4 
1 1 0 
0 1 1 

4 
4 
4 
4 
4 
4 
0 
4 
4 
0 
1 

4 
4 
4 
4 
4 
4 
0 
4 
4 
0 
1 

0 0 0 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 0 
1 1 0 
1 1 0 
1 1 0 
0 0 0 
4 4 4 
4 4 4 
4 4 3 
4 4 4 
4 4 4 
4 4 4 
0 0 0 
4 4 4 
4 4 4 
1 0 0 
1 0 0 

Case 3: Scheduling coordination with transient gas flow model based on higher 

initial line pack 
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If the given initial pressure of pipeline is high, there is more natural gas contained 

in the pipeline before the current operation day. Thereby the pipeline can supply more 

natural gas to gas loads during hour 1 to hour 24. The hourly unit commitment results in 

Case 1 and Case 3 are exactly the same, but dispatch in Case 3 is more economical. The 

daily operating cost of the power system in Case 3 is $2,037,255, which is lower than that 

in Case 1 or Case 2. In fact, there is no violation in gas transmission feasibility check 

subproblem in Case 3. Figure 5.10 shows that pressures at starting and ending points of 

the pipeline gradually decline, releasing additional line pack resource to gas loads. The 

generations of combined-cycle units 4001-4012 are no longer limited by gas transmission 

congestion. Their total daily generating power is 17,316MW which is the highest in all 

three cases as shown in Table 5.5. From Figure 5.7 and Figure 5.8, we can observe that 

the operating cost of compressor and gas well output in Case 3 is much less than that in 

Case 1 or Case 2 primarily because of its higher initial line pack value. 

12 16 20 

Hour 

24 

Figure 5.10. Hourly Pressure at Starting and Ending Points of the Pipeline in Case 3 

By comparing the results of the above three cases, we notice that the steady-state 

model and the transient-state model may result in distinct results for coordinated 

scheduling of power and natural gas systems. The computing time of scheduling 
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coordination based on the transient-state model is higher that that based on the steady-

state model as shown in Table 5.8. 

Table 5.8. Computing Time in Case 1-3 

Case 1 Case 2 Case 3 
Computing time 

58s 115s 92s 

5.6 Conclusions 

This chapter develops a bilevel coordinated scheduling model for interdependent 

electricity and natural gas infrastructures. The transient nature of natural gas flow is 

considered in the proposed model. Natural gas pipeline are modeled as a set of partial 

differential equations. An implicit finite difference method is used to transform them into 

difference equations. It has been shown that the proposed decomposition methodology 

and coordination scheme can be applied to solve the proposed coordinated scheduling 

problem effectively. Through several numerical study cases, we demonstrate that the 

steady-state model and the transient-state model of natural gas flow may result in 

different results for coordinated scheduling of interdependent electricity and natural gas 

systems. The steady-state gas flow model that neglects the storage nature of pipeline and 

slower travelling speed of gas flow may result in impractical results and non-optimal 

schedule in short term operation. The proposed coordinated scheduling model with 

transient-state gas transmission formulations can be widely used in daily operation 

scheduling, real time operation scheduling, and post-contingency rescheduling. 
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CHAPTER 6 

SUMMARY 

The natural gas and electric power infrastructures are coupled with each other in 

time and space due to the increasing number of natural gas fired power plants. To ensure 

more economical and secure services are provided to electricity and natural gas 

customers, it is envisioned that interdependent power and natural gas infrastructures need 

to consider an integrated approach for their operation and planning. 

This dissertation proposes mode and component models for scheduling of general 

combined cycle gas turbine units. Testing experience shows that it is convenient to 

represent CCGTs into integrated scheduling model of natural gas and electricity systems. 

This dissertation adopts different coordination schemes between natural gas 

system and electric power system. By using different proposed coordination models, we 

can either minimize operating cost of individual system or pursue least integral social 

cost while satisfying both natural gas and power system security and network constraints. 

Extremely general system equations and performance criteria can be handled and 

multiple type constraints of a wide variety present no difficulties. 

Discrete variables and nonlinear network formulations may bring difficulties to 

solution of integrated models. In this dissertation, it has been shown that decomposition 

methodologies can be applied to integrated optimization problems to avoid the 

computational complexity when solving the proposed large-scale optimization problem 

with complex coupled infrastructures. 

Electricity and natural gas energy are transported through infrastructures by 

different ways and time frames. Both steady state and transient state formulations of 
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natural gas transmission system are applied in the integrated scheduling model. 

Compared to steady state model, transient state model can result in more accurate results 

especially for high pressure interstate pipelines, but requires longer computing time and 

more computing resources. 

In the future, the focus would be on studying long term interdependency and 

reliability model of electricity and natural gas infrastructures on the foundation of short 

term models proposed in this dissertation. 
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APPENDIX A 

6 BUS ELECTRIC POWER AND 7 NODE NATURAL GAS TESTING SYSTEMS 



Table A. 1. Parameters of Generators of 6 Bus System 

Unit ,. ,D . ,tL,nh\ / M Q * ^ L A I * , \ Cf(MBtu/h) P ^ ^ S L ^ Initial MW (MBtu/MW2h) (MBtu/MWh) x ' Price ($/MBtu) 

G1 

G2 

G3 

0.0004 

0.001 

0.005 

13.51 

32.63 

17.70 

176.95 

129.97 

137.41 

6.2345 

6.2305 

6.231 

150 

50 

0 

Table A.2. Parameters of Generators of 6 Bus System 

.. ., Pmin Pmax Ramp ... ._ . . . ... - . « , . . Initial 
U n , t (MW) (MW) (MW/h) MinOn(h) M.nOff(h) h o u r 

G1 

G2 

G3 

100 

10 

10 

220 

100 

20 

55 

50 

20 

4 

2 

1 

4 

3 

1 

4 

2 

-1 

Table A. 3. Parameters of Power Transmission Branch of 6 Bus System 

Branch 

Line 1 

Line 2 

Line 3 

Line 4 

TF1 

TF2 

PS1 

From Bus 

1 

1 

2 

5 

2 

4 

3 

To Bus 

2 

4 

4 

6 

3 

5 

6 

R (p.u.) 

0.005 

0.003 

0.007 

0.002 

0 

0 

0.0005 

X (p.u.) 

0.17 

0.258 

0.197 

0.14 

0.037 

0.037 

0.018 

Flow Limit (MW) 

200 

100 

100 

100 

100 

100 

100 
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Table A.4. Parameters of Tap-changing Transformer and Phase-shifter of 6 Bus System 

Line No. 

TF1 

TF2 

PS1 

From Bus 

2 

4 

3 

To Bus 

3 

5 

6 

Tap Min 

1.0204 

1.0204 

0 

Tap Max 

1.0753 

1.0753 

0 

Angle min 

0 

0 

-30 

Angle Max 

0 

0 

30 

Table A.5. Distribution Factor of Electricity load of 6 Bus System 

Load 

Bus No. 

Factor 

1 

3 

0.2 

2 

4 

0.4 

3 

5 

0.4 

Price of Load Shedding ($/MW) 1000 1000 1000 

Table A.6. Electricity Load Data of 24 Hour of 6 Bus System 

Hour J j j^ j ! Hour Load (MW) Hour Load (MW) Hour Load (MW) 

1 

2 

3 

4 

5 

6 

175.19 

165.15 

158.67 

154.73 

155.06 

160.48 

7 

8 

9 

10 

11 

12 

173.39 

190.40 

205.56 

217.20 

228.61 

236.10 

13 

14 

15 

16 

17 

18 

242.18 

243.60 

248.86 

255.79 

256 

246.74 

19 

20 

21 

22 

23 

24 

245.97 

237.35 

237.31 

227.14 

201.05 

196.75 



Table A.7. Parameters of Nodes in Gas Transmission System of 6 Bus System 

Node No. 

1 

2 

3 

4 

5 

6 

7 

Min-Pressure (Psig) 

105 

140 

150 

70 

150 

160 

100 

Max-Pressure (Psig) 

Table A.8. Parameters of Gas Pipeline of 6 Bus 

Index 

Pipe 1 

Pipe 2 

Pipe 3 

Pipe 4 

Pipe 5 

Table A.9. ] 

i J Inlet Index K. . Node 

C1 4 

From Node 

1 

2 

5 

3 

4 

Parameters of Natural Gas 

Outlet 
Node a 

2 0.25 

To Node 

2 

5 

6 

5 

7 

150 

170 

195 

100 

200 

240 

140 

System 

C (kcf/Psig) 

50.6 

37.5 

45.3 

43.5 

50.1 

; Compressor of 6 Bus System 

K1 

0.165 

K2 

0.1 

Rmin Rmax 

1.6 2.45 

Table A. 10. Parameters of Natural Gas Compressor of 6 Bus System 

. . a (MBtu/ 
l n d e X MW2h) 

b 
(MBtu/MWh) c (MBtu/h) Node Hmin Hmax 

C1 0 0.2 50 2 400 600 



Table A.l 1. Parameters of Natural Gas Supplier of 6 Bus System 

Supplier No. 

1 

2 

Node No. 

7 

6 

Min Output (kcf/h) 

5300 

1000 

Max Output (kcf/h) 

5300 

6000 

Table A. 12. Parameters of Gas Load of 6 Bus System 

Load No. Node No. Distribution Factor Service Priority 

1 1 Gas consumption of G1 low 

2 1 2/3 of Residential gas load high 

3 3 Gas consumption of G3 low 

4 3 1/3 of Residential gas load high 

5 2 Gas consumption of G2 low 

Table A. 13. Residential Gas Load Data in Case 2 of 6 Bus System 

Hour Gas Load (kef) 

1-24 6000 

Table A. 14. Residential Gas Load Data of 24 Hour in Case 5 of 6 Bus System 

our 

1 

2 

3 

4 

5 

6 

Gas Load 

(kcf/h) 

5220 

4920 

4680 

4740 

5100 

5640 

Hour 

7 

8 

9 

10 

11 

12 

Gas Load 

(kcf/h) 

5580 

6060 

6180 

6240 

6120 

6120 

Hour 

13 

14 

15 

16 

17 

18 

Gas Load 

(kcf/h) 

6000 

5700 

5760 

5880 

6060 

6240 

Hour 

19 

20 

21 

22 

23 

24 

Gas Load 
(kcf/h) 

6540 

6780 

6660 

6540 

6060 

5520 
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Table A. 15. Parameters of Self-Owned Storage Facility of 6 Bus System 

SV at hour 0 (kef) SVmin (kef) SVmax (kef) SV at hour 24 (kef) 

5000 5000 15000 5000 
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APPENDIX B 

ELEMENTS OF JACOBIAN MATRIX IN CALCULATION OF NATURAL GAS 
STEADY STATE FLOW 
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For natural gas pipelines, 

If*„ >* r t > 0 , Gfnanb=CnaJn2
na-n

2
nb then, ̂ ^ = - ^ 5 * 

I f ^ >*„>0, Gfnanb = -CnaJnlb-nl t h e n , ^ ^ = ^f\ 

Hxm = xn > 0, 

SGfn nanb 

dn„ 
• l i m 

A/r->0+ 

C„anbbSn(^m + A*"> nnb ) V K « + A 7 r ) 2 ~nlb ~ Sg11^™ > Knb )^l-K2nb] 

An 

= U m Cnmb^2Km-A7t + An2 

A;r->0* A^T 
= +00 

dGfn nanb 

8TT„ 
= lim 

Cnanb[sm(x„a + A^>nnb)^7r2
na-(nnb+&n:)2 -sgn(^„ f l ,^)*\n2

n a-n2
n b\ 

An 

= H m -Q^V"2^-^-^2
 = U m G n a n b ^ n a ^ 5 - ^ 2 

&ir-*0' [±JI A<S->0+ At? 
= +00 

A<?->0+ 

AS=-An 

In order to avoid numerical instability, we assign a large constant M or -M when 

nm and nnb are very close. Hence, 

5Gfn nanb 

dn. 

M, 

nanb na 

V «T2 «r2 

^na-^nb 

\*L-*l,\<e 

-n-2 ^r2 

Kna-Knb 
>£ 

(B.l) 

Similarly, 

SGfn nanb 

dn. nb 1 .V 

M, 

" ^nanb^nb 

Xna-Xnb 
' 

*r2 «r2 

nna-nnb 

«T2 «T2 l 
"•na ""nb\ 

<e 

>s 
(B.2) 
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For compressors, If node m is the inlet of compressor, then nnb > nna > 0 ( or 

TV, 

1 < PRmin,cm ~ ~ ~ ~ ^ x , ™ )> Of nanb ~ -

7Z„„ 

CH„ 

kh 
K, nb 

7T„ 

k\, 

-kl„ 

Therefore, 

7T„ 
43„ 

k\ -k^ CH - nb 

-„,. Klcm K:>cm ^ n j 

d/r„ 
' nanb 7T„ 

*3™+l 

kh 
it 

\k3cm 

nb 

K, 
-kl„ 

na J 

(B.3) 

7T„ 
A3,„-l 

dGf* 
•kh^k3^-CHr^-

cm cm 
nanb 7T„ 

d/r, nb 

kh *nb 

\KnaJ 

kl„ 

(B.4) 

QGfn nanb 

dCH„ {_ \k3> 

k\ 
7T, nb 

\KnaJ 

-k2„ 

(B.5) 

If node n is the inlet of compressor, then nna >nnb>0 (or 

TV 
^<PR^cm^ — ^PR^cmXGfn 

-CH„ 

TV, 
nanb 

nb 
kh 

7T„ 

It, nb 

i3„ 

-&2„ 

Thus, 

?r„ 
*3„, 

k\cm-k?>cm-CHi 
^ n r cm cm j 43,, 

dTV„ 

'nanb 

kh 
(u_ ^" 

\nnbJ 

kl„ 

(B.6) 
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dn, 

-kl-k3^-CH: 
x„ 

*3„ 

cm cm 
nanb K 

*3 r„+l 
nb 

nb 

k\ 

"|2 (B.7) 

\nnbJ 

-k2„ 
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