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Abstract

The current focus on the reduction of the environmental footprint from the energy
sector throughout the world has motivated energy policy incentives promoting the op-
timal use of energy resources in the electricity production to satisfy the rising power
demand requirements. Besides, the increasing participation of non-conventional renew-
able energies, which unlike fossil-based power plants where the rate of energy output
is controllable, in the renewable power it is variable, uncertain, and therefore non-
dispatchable. This creates new challenges for both system planners and operators not
only in the electricity system, but also the fossil fuel industry.

These challenges in electric power systems have made evident the necessity of anal-
ysis techniques and methodologies that include the effect of the interactions between
the different primary energy systems: electricity, coal, gas, etc. In this research work,
the modeling of these energy networks is performed under the same frame of reference,
and the analysis is focused on the interdependencies between primary energy networks,
departing from steady-state formulations, toward optimization models, in which the
negative impacts of the non-dispatchable energies can be minimized or controlled at-
taining a fossil fuel-based generation management.

A multi-energy load flow formulation is proposed which permits the assessment
of the interdependencies between primary energy networks based on the concept of
distributed slack nodes, overcoming the drawback of only adjusting the active power of
a single slack generator for any unmet system load and for system losses, representing
more realistically the interdependency between networks. The effect of gas temperature

has also been included as a state variable in order to assess the compressors’ energy



i

consumption and to identify operating conditions that could lead to harmful hydrate
formation in pipelines.

A single-time multi-energy optimal flow approach, focused on the wind power ran-
domness, which has not already been tackled. In this context, the proposed approach
is based on the robust optimization concept and allows us to fully understand and ana-
lyze how the variability in wind power generation affects the steady-state infrastructure
interdependencies in a real-time, multi-energy operation environment.

A multi-energy day-ahead optimal flow approach is proposed in order to assess the
impact of wind power variability and its prediction error on the fossil fuel generation
management. In this formulation, the interdependency between electricity and primary
energy infrastructures is considered more realistically because the power dispatch of
generation units is adjusted according to the variability of the wind power outputs
in order to achieve the total power balance in the electric power system. Lastly, the
interactions between primary energy networks have been analyzed in a Unit Commit-
ment context with the aim of assess the impact of turning on/off generators in their

corresponding energy system.

Keywords: Natural Gas, Optimal Power Flow, Unit Commitment, Multi-Energy,

Primary Energies.



Resumen

El enfoque actual en la reducciéon del impacto ecologico del sector energético en el
mundo ha motivado la creaciéon de incentivos y politicas energéticas promoviendo el
uso 6ptimo de los recursos energéticos utilizados en la produccion de electricidad para
satisfacer los crecientes requerimientos en demanda de potencia. Ademaés, la creciente
participaciéon de energias renovables no-convencionales, las cuales a diferencia de las
plantas de generacion basadas en combustibles fésiles donde la cantidad de energia
suministrada al sistema de potencia es controlables, en la plantas de generacion basadas
en energias renovables es variable, con incertidumbre y por lo tanto no despachable.
Esta condicion causa nuevos retos para los departamentos de planeacion y operacion
no dinicamente en los sistemas eléctricos de potencia, sino ademas en la industria de los
combustibles fosiles.

Estos retos en los sistemas eléctricos de potencia han evidenciado la necesidad de
nuevas técnicas de anélisis y metodologias que incluyan el efecto de las interacciones
entre los diferentes sistemas de energia primarias: electricidad, carbon, gas natural, etc.
En este proyecto de investigacion, el modelado de estas redes de energia se desarrolla
bajo un mismo marco de referencia, y el andlisis se concentra en las interdependencias
existentes entre diferentes infraestructuras de energia primaria, iniciando con formu-
laciones en estado estable hacia modelos de optimizaciéon en los cuales los impactos
negativos de las fuentes de energias no despachables pueden ser minimizados o con-
trolados obteniendo una manejo organizado del consumo de combustibles fosiles en la
generacion de energia eléctrica.

El modelo multi-energético de flujos de carga propuesto permite evaluar las interde-
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pendencias entre redes de energia primaria basados en el concepto de nodo compensador
distribuido, superando la limitante de ajustar la potencia activa de un solo generador
compensador para cualquier desbalance de carga y pérdidas en el sistema, represen-
tando més realisticamente la interdependencia entre redes. El efecto de la temperatura
del gas ha sido incluido como una variable de estado con la finalidad de determinar
el consumo de energia en los compresores e identificar condicione de operacion que
pudieran llevar a una formaciéon de hidratos en los gasoductos.

Se propone un modelo multi-energético de flujos 6ptimos para un solo instante de
tiempo, enfocado en la aleatoriedad de la produccion de energia edlica, el cual no ha sido
abordado. En este contexto, el modelo propuesto se basa en el concepto de optimizacion
robusta y nos permite comprender completamente y analizar como la variabilidad en la
generacion edlica afecta las interdependencias de los sistemas en estado estable en un
tiempo real y multi-energético ambiente de operacion.

Una formulacion multi-energética para un dia en adelanto es propuesta con la final-
idad de evaluar el impacto de la variabilidad de la generacion eélica y el error asociado
a su pronostico, en la administracion de la generacién basada en combustibles fosiles.
En esta formulacion, la interdependencia entre la red eléctrica y los sistemas de energia
primaria se considera mas realista debido a que el despacho de generacion de potencia
activa se ajusta de acuerdo con la variabilidad de la produccion de energia edlica con
la finalidad de obtener un balance total de potencia activa en el sistema eléctrico de
potencia.

Finalmente, las interacciones entre redes de energia primaria han sido analizadas
en un contexto de asignacion de unidades con el objetivo de evaluar el impacto de

encender/apagar unidades de generacion en su correspondiente red de energia primaria.

Palabras Clave: Gas Natural, Flujos Optimos de Potencia, Asignacion de Unidades,

Multi-Energia, Energias Primarias.
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Nomenclature

Constants

C 77.54, for natural gas flow units conversion.

Ch 0.24, Specific heat ration for natural gas, (dimensionless).

g 9.81, gravity constant acceleration, (m/s?).
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Rg 10.7316, gas constant, (PSI ft3/Ibmol °R).
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B;; Susceptance of the nodal admittance matrix, (pu).
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Chapter 1

Introduction

1.1 Introduction

The secure and reliable operation of an electric power system depends not only on the
availability and performance of the electric generation and transmission facilities but
also on its interdependency with those networks used to produce, transport and store
the various forms of primary energy that is transformed into electricity. Traditionally,
all these networks have been designed and operated separately from each other. The
restructuring of energy systems in several parts of the world, however, has increased the
interest in evaluating in a coordinated manner the interdependency existing between
the individual primary energy and electricity sectors in order to determine how the
state of each network affects the economic and secure operation of the overall energy
grid.

The primary energy used in renewable electric sources depends entirely on natural
phenomena; however, planning the procurement of fossil fuels in a safe and timely
manner is possible while considering the transportation from the primary source to the
power plants.

From the fossil fuels used for electric power generation, natural gas has the major
projection in the plans for generation expansions in the next 30 years; in the Mexican

case, an increment of 50% with respect to 2010 is expected. One of the main reasons for
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the development of technologies based on natural gas for electric generation is its use
through combined cycle power plants, which have benefits with respect to other fossil
fuels’ technologies: higher efficiencies, lower levels of pollutant emissions, construction
time and reliability, among others.

The reliability in gas-fired power plants is based on the availability of the primary
energy resource, delivered through a natural gas network (composed of pipelines, com-
pressors, nodes, etc.) or through liquified gas containers, which are mainly transported
in barges. With respect to the coal-fired generators, the expansion of this technology
has been delimited recently by the increasingly environmental restrictions; however, it
is important to take into account that the diversity of sourcing has a direct impact on
the fuel’s prices volatility.

In Mexico, the expansion in the natural gas network, which currently has an average
age of 32 years, is strongly related to the requirements of natural gas for new power
plants. In this context, in 2010, 52% of the electricity for public service was generated
with natural gas as the primary resource, and the prediction for 2025 is that the share
of natural gas technologies will be increased to 58%.

Considering that natural gas and coal are vital fossil fuels that are responsible for
the 58% and 11% of the total electricity net generation in the Mexican Interconnected
System, respectively for the year 2025, as well as the above-mentioned information,
studies associated with the existing interdependency between the electricity, natural
gas and coal supply networks must be realized under a integral frame of reference that
helps build a better understanding of the complex interdependencies between those

networks.

1.2 Background and Motivation

The restructuring of energy systems in several parts of the world has increased the
interest in evaluating in a coordinated manner the interdependency existing between

the individual primary energy and electricity sectors in order to determine how the
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state of each network affects the economic and secure operation of the overall energy
grid. Among all types of primary energy systems, electric power generation relies
increasingly on the natural gas supply system as additional natural gas-fired power
plants are installed in power systems because of their low cost and environmental impact
[Kaplan 2010]; as a consequence, electric power and natural gas systems are becoming
increasingly interdependent.

There are several proposals for modeling the combined natural gas and electricity
networks with a single integrated formulation to achieve an optimal operation of the
coupled energy system. In [Shahidehpour 2005], the interdependency of both structures
is evaluated in terms of the impact of the gas market prices on the unit commitment
and dispatch. Hence, the gas network is not modeled directly, and the interdependency
is only considered through the production cost of natural gas-fired plants given by the
gas market price times the plant’s gas consumption. In [Quelhas 2006], both networks
are represented as networks composed of nodes and arcs that possess capacity and
efficiency constraints. The economic efficiencies of the energy flows in the integrated
energy system are then evaluated. Appropriately chosen multipliers on the arcs rep-
resent energy losses, such that the technical operating parameters of the networks are
omitted in the model. Other proposals concerned with optimal power flow studies in
combined natural gas and electricity networks explicitly take into account the former
network [An 2003, Munoz 2003, Geidl 2007, Chaudry 2008, Liu 2009|. These propos-
als consider equality constraints associated with the balance of the injected power and
injected gas, which must be satisfied at each node in the electrical and natural gas
systems, respectively, considering the nodal voltages and nodal pressures as state vari-
ables. The static security constraints associated with the operation of both networks
are related to nodal voltage magnitudes, thermal limits in transmission lines, genera-
tion limits of active and reactive powers, nodal pressures and compression rates, as well
as the injection and consumption of gas. Other constraints have also been considered:
the maximum flow rate in natural gas pipes [Munoz 2003|, natural gas contracts and

reserves |[Chaudry 2008] and the linepack of a pipeline |Liu 2009]. In [Geidl 2007], the
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coupling of both networks is explicitly studied via an energy hub that represents the
energy interaction through coupling matrices whose elements correspond to efficiency
and conversion factors; no other quantities are used. The maximum amount of energy
that can be provided from the natural gas system to each gas-fired electric generator
is computed in [Munoz 2003] by modeling these generators as natural gas loads; thus
the electric transmission network is not considered in the study. On the other hand,
the electricity network is represented by a direct current model in [Chaudry 2008| and
[Liu 2009|. Several assumptions are adopted in all above-mentioned references to sim-
plify the gas flow calculations by using Weymouth’s formula which neglects changes in
the altitude over the pipeline, in the compressibility factor and the gas temperature
along the pipeline among others [Abdolahi 2007], [Mokhatab 2006]. The gas tempera-
ture, however, must be determined in combination with nodal pressure profiles to define
suitable operational conditions that avoid the hydrate formation in the inner wall of
a pipeline, natural gas fluctuations, the excessive energy consumption in compression
stations and the condensation of gas [Mokhatab 2006|, |Coelho 2007|, as well as as-
suring the quality of the natural gas supplied at each gas-fired generator in order to
maximize the efficiency in the energy conversion cycle [Kehlhofer 2009|. Hence, the gas
temperature must be considered a variable in the gas flow equation. In the context
of electricity networks, their daily operation relies on extensive power flow studies to
indicate whether or not the nodal voltage magnitudes and power flows in transmis-
sion components are within prescribed operating limits. The power flow solution is
obtained, though, without considering either the availability of primary energy sup-
ply or the primary energy network operating condition, i.e. the natural gas network.
Thus, apart from optimal power flow studies, a crucial study to quantify the inter-
dependency of energy networks is related to the computation of an equilibrium point
by using an energy flow algorithm, with results that will provide the initial operating
condition to perform a higher hierarchy level of power system studies. Therefore, in
order to address the challenge of analyzing the steady-state interdependency between

natural gas and electricity networks, while considering power flow analysis to be the
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cornerstone of power system studies, we propose a integrated approach for the solution
of the gas and power flow problem in both networks for a time horizon corresponding
to a single time period (snapshot). In the context of the secure operation of power
systems, primary frequency regulation analyzes are performed to determine the spin-
ning reserve allocation that is required to withstand a set of predefined contingencies.
There are several proposals to evaluate the primary frequency regulation effect on power
generation dispatch [Shahidehpour 2005, Quelhas 2006, An 2003, Munoz 2003| which
also consider load models with dependence of frequency and voltage; nevertheless none
of these formulations perform an integral analysis that permits the understanding of
how this primary regulation control affects the mass flow in the natural gas network
under contingencies in the electrical system. The proposed gas and power flow algo-
rithm reported in this thesis considers both primary frequency regulation and the load
dependency on voltage magnitude and frequency to assess their effect on the existing
interdependency between both energy networks. In the formulation context, the gas
and electricity networks have similar structure characteristics which are condensated in

the following Table.

Table 1.1: Gas and electricity structures.

Function Natural Gas System Electric Power System
Source Gas injected Active power injected
Load Gas extracted Active power extracted
Transmission Pipelines Lines
Transformation Compressors Transformer
Interconnection Nodes Nodes

On the other hand, renewable energy resources are receiving considerable atten-
tion in the continued growth and development of electric power systems, with wind
power production being the production the fastest growing type of renewable energy
[Thresher 2007]. Unlike fossil- and hydro-based power plants, however, where the rate
of generation is controllable, the ability to control the output of wind turbines is lim-
ited, and the capacity of a wind farm changes according to wind speeds [Sorensen 2007|

such that the wind energy converted into electric power has to be consumed imme-
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diately and is not dispatchable. In this context, as wind power becomes an impor-
tant portion of generation portfolios, evaluating how the wind power uncertainty im-
pacts the economic generation dispatch of conventional power plants becomes necessary
[Sadanandan 1983, Wang 2008], as well as the existing interdependency between the
electricity network and those networks used to transport the various forms of primary
energy that are converted into electric energy |Rinaldi 2001]. Only two publications
report the impact of wind generation on the existing interdependency between energy
networks [Martinez-Mares 2012A], [Qadrdan 2010]. The impact of wind generation on
a multi-energy system composed of electricity, coal and natural gas supply networks is
reported in [Martinez-Mares 2012A[ for a multi-time period of study, while a direct cur-
rent model of the electrical network is assumed in [Qadrdan 2010] to assess the impact
of wind generation on the British gas network for a multi-time period of analysis. De-
spite the contributions of all these proposals in the understanding of how the operation
of each network influences or is correlated to the state of the other, their mathematical
formulations are based on the assumption that all the data, which include wind power
generation, are precisely known at the time when the solution must be determined: the
uncertainties are ignored. The data uncertainty is invariably present in the analysis of
multi-energy systems so that a small perturbation in the data values assumed for the
analysis may lead to non-optimality or even infeasibility of the current solution. The
latter may occur when critical constraints are violated in such a way that the current
solution is completely meaningless from a practical viewpoint. Therefore, the next nat-
ural step in the study of multi-energy networks consists of developing a mathematical
optimization model considering the effect of data uncertainties on the optimality and
feasibility of the solution. In this context, one contribution of this thesis is a mathe-
matical formulation to deal with the problem of wind power uncertainty in the study
of interdependencies between the natural gas, coal and electricity networks, consider-
ing their corresponding network and operating parameters, which has not already been
tackled. The problem of contemplating uncertainties can be addressed by sensitivity

analysis or stochastic programming [Mulvey 1995, Erdogan 2006]. The objective of the
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former approach consists of understanding the effect of small data perturbations on a so-
lution obtained by an optimization approach that ignores the data uncertainty and finds
the interval of data values in which the current solution remains optimal [Mulvey 1995].
When a large number of data uncertainties or large perturbations, however, are present
in the model, this analysis may be rendered impractical. On the other hand, the goal
of the stochastic optimization is to find the feasibility of the solution, with at least
some specified probability, in terms of probabilistic constraints assuming that the dis-
tributions of uncertain data are known. A fundamental problem associated with this
approach, though, is the difficulty in accurately estimating these distributions, and that
can destroy the convexity properties of the model [Erdogan 2006|. In view of the difficul-
ties of the aforementioned approaches, a new framework to explore data uncertainty in
optimization, referred to as the robust optimization (RO) approach, has been proposed
by several authors [Mulvey 1995, Malcom 1994, Ben-Tal 2009, Hajimiragha 2007]. In
proposals [Ben-Tal 2009] and [Hajimiragha 2007], a set-based robust optimization is for-
mulated assuming that uncertain parameters belong to a bounded uncertainty set, and
a robust solution is one that is feasible for the worst-case value of the parameters within
that uncertainty set. Robust optimization considering ellipsoidal uncertainty sets has
been investigated in |Ben-Tal 2009|, while Bertsimas and Sim have investigated the case
where the uncertainty set is a polyhedron [Hajimiragha 2007]. On the other hand, the
key idea of [Mulvey 1995| and [Malcom 1994]| is to define the problem data by a finite
set of scenarios, assuming that the values of uncertainty parameters are known for each
scenario, and a RO model is then formulated in order to find an uncertainty-immunized
solution that remains feasible and nearly optimal for all scenarios. A critical point of
this approach is that a significant gain in the model’s robustness, over the given set
of possible uncertainties, is achieved at the expense of losing optimality with respect
to the objective value; this shortcoming has been overcome, though, by introducing a
function that embodies a trade-off between the objective function value and its variabil-
ity over the given set of scenarios. In addition, a feasibility penalty function is used to

relax some constraints under some of the scenarios [Mulvey 1995, Malcom 1994]. The



CHAPTER 1. INTRODUCTION 8

need for robustness in several problems associated with the planning and operation of
electric power systems has been recognized. For example, the RO approach has been
applied to the power capacity expansion problem [Malcom 1994], and more recently to
the optimization of the penetration levels of plug-in hybrid electric vehicles into the
transportation sector [Hajimiragha 2007] and to the optimal scheduling problem of an
energy hub [Parisio 2012]. As a follow-up to this analysis, this research proposes a ro-
bust optimization (RO) model to assess how uncertainties associated with wind speed
forecasts affect the economic and secure operation of a multi-energy system composed
of natural gas, coal and electricity networks, which are coupled at multiple nodes of the
electricity network through thermal power plants.

The fact that the wind power is variable, uncertain and therefore non-dispatchable
has created new challenges for both system planners and operators in not only the elec-
tricity system, but also the fossil fuel industry [Wang 2008, Liu 2009, Monteiro 2009,
Kaplan 2007]. Among these challenges has been the need to ensure a suitable gener-
ation dispatch strategy. Due to the intermittent nature of the wind itself, wind speed
and /or wind power generation forecasts for short-, medium- and long-term models have
been proposed to provide compliance with power system reliability standards. A rele-
vant number of recent works propose the combined modeling of natural gas, coal and
electricity networks for a integral analysis of energy flows and the coordinated optimiza-
tion of the coupled energy systems [Giebel 2002, Brown 2004, Drud 1995, Brooke 1998,
Breeze 2005, Hickman 1999, Quelhas 2006, Zammerilli 2010]. The only proposal that
analyzes interdependencies between coal, natural gas and electricity subsystems, how-
ever considers the networks” modeling based on nodes and arcs where the technical
operating parameters are omitted [Quelhas 2006]. To avoid this drawback, a multi-
energy day-ahead nonlinear optimal power flow (OPF) approach is proposed in this
thesis in order to assess how the wind energy penetration impacts on the fossil fuel-
based generation management of multiple primary energy systems, while considering
the network’s topology and operating parameters.

Short-term operation planning for electric power systems is performed over a time
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horizon ranging from 12 hours to one week ahead of time, usually divided into discrete
periods of one hour, with the aim of scheduling the hourly on/off status and power con-
tributions of generating units to satisfy the forecast demand at minimum operating cost.
This scheduling process, termed short-term unit commitment (UC), considers genera-
tion and transmission limits, as well as intertemporal technical restrictions associated
with the generation status of dispatchable units at different time periods, [Murillo 2000].
Several formulations have been proposed to deal with this scheduling problem consid-
ering different models for thermal and hydraulic units, different types of network con-
straints and different optimization techniques [Beltran 2001]. Lagrangian relaxation,
subgradient and dynamic programming methods are now among the most widely used
approaches for solving the UC problem. Two types of constraints are considered in
the optimization of the UC problem: the constraints dependent on the set variables
belonging to only one single discrete subperiod, referred to as static constraints, and
the constraints that are functions of variables from several discrete subperiods, termed
dynamic or intertemporal constraints. Examples of these intertemporal constraints are
the physical restrictions associated with the operation of thermal generators such as the
minimum shut-down time, which is the number of subperiods that the generator must
remain offline before it can be switched to an online status; the counterpart minimum
start-up time is the time that the unit must be online before it can be turned off; up
and down ramps, which represent the maximum changed allowed in power generation
between consecutive subperiods; banking generator units, which are switched off to at-
tain the most economical operation state, but a certain amount of fuel is supplied to
the boiler of these units in order to keep a certain temperature in the steam in case that
the units must be turned on in subsequent subperiods; and lastly the cold start and
hot start restrictions, which represent the effect of the boiler temperature at the time
that the generator is switched online, if the boiler has completely lost its temperature
the start-up cost will be higher for the generator.

In the conventional UC study, the operative restrictions for the primary energy

networks are modeled by the limit operative constraints of each electric generator
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[Wood 1984], and there is not more information about the operation conditions of the
primary energy network from an optimal or security point of view. Some proposals have
included a steady-state formulation of natural gas system into the UC problem under
the assumption that the discretization of the study term is long enough to disregard
the gas flow transient behavior [Liu 2009, Mohtashami 2009|. For short-term planning
studies, however, and considering that the gas flows through the networks at speeds
typically around 60-90 km/hr, the slow dynamic behavior shall be duly modeled. This
challenging problem is addressed in this thesis along with the development of a unit
commitment approach that explicitly considers electricity, natural gas and coal net-
works. Note that the interdependencies between primary energy networks are affected
by the status of each thermal generator. Hence, the integral formulation allows the
representation of all the networks with their respective security constraints in such a
way that if a given generator has a online or offline status, the integral formulation
ensures that no security or operative constraints have been violated in all the networks

involved in the analysis.

1.3 Hypothesis

An integral mathematical model of the electric power system and the primary energy
networks can provide a better understanding of the interaction between the different
energy networks, identify challenges and quantify risks, as well as propose and assess

integral solutions for the multi-energy system.

1.4 General Objective

The major motivation for this research is the lack of a general model where all networks
involved in the integrated energy system are fully represented. Hence, the general
objective of this research is to develop a general mathematical modeling of energy
networks in a integral frame of reference. Such a model allows a scientist/engineer

assessment of the existing interdependency between these networks in terms of the
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most common studies performed in the operation of electric power systems: power
flows, optimal power flows and unit commitment studies.

The particular objectives are:
e To understand the natural gas networks from an operative point of view.

e To develop algotihms for the analysis of gas systems considering static and dy-

namic models.

e To assess the interaction between gas and electric networks considering small

disturbances in the electric power system.

e To explore a robust optimization methodology to evaluate the impact of wind

power uncertainty in the fossil fuel management.

e To assess the interdependencies of primary energy networks through an optimiza-

tion multi-period formulation.

e To assess the interdependencies of primary energy networks under the Unit Com-

mitment methodology.

1.5 Contributions and Scientific Methodology

The work in this thesis proposes a integral approach for the solution of the gas and
power flow problem in both networks for a time horizon corresponding to a single time
period (snapshot). This problem is individually formulated for each system based on
the balance of nodal flows, representing the gas flow equations of the natural gas sys-
tem in a consistent manner with regards to their counterparts in the electrical system,
and a generic framework is then proposed to execute the flow analysis in conjunction
with both systems. In this context, the gas temperature is viewed as a variable in the
gas flow equation based on the proposal detailed in [Coutler 1979] in order to identify
operating conditions with the risk of hydrate formation and to assess its effect on the

energy consumed by compressors. The conventional electric power flow formulation
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assumes the existence of a slack generator that supplies the entire imbalance of active
power in the system, even when a sufficient spinning reserve exists in other generators;
however, as pointed out in [Guoyu 1985], “a slack bus is something artificial which has
no relation to the physical system since no such distinction exists among generators.”
In order to overcome this shortcoming, the concept of distributed slack nodes is used in
the proposed approach; thus, the active power output of an arbitrary number of gener-
ators is adjusted to achieve a total active power balance in the electric power system.
The use of this concept justifies the integral model proposed to assess the equilibrium
point of the overall energy grid. In addition, it also increases the value of the proposed
approach because the adjustments of active power generation as a function of the gas
supply and the electric energy consumed by moto-compressor are computed during the
solution process in a closed-loop computation, more realistically representing the in-
terdependency between both networks. Additionally, the primary frequency regulation
is contemplated in the power system modeling. Lastly, the set of nonlinear algebraic
equations representing both systems is solved by using Newton’s method in order to
assess the values of state variables that provide the steady-state of the overall energy
grid under a pre-specified operating condition. A robust optimization (RO) model is
proposed in this thesis to assess how uncertainties associated with wind speed forecasts
affect the economic and safe operation of a multi-energy system composed of natural
gas, coal and electricity networks, which are coupled at multiple nodes of the electricity
network through thermal power plants. An analytical RO framework is then formulated
as an integrated, generalized, single period network flow model, capable of simulating
the economic and secure operation of the overall energy system taking directly into
account the uncertainty of wind power generation. In this case, the interdependency
between the electricity and primary energy networks is considered more realistically
because the power dispatch of generation units is adjusted according to the variability
and uncertainty of the wind power output in order to achieve the total power balance
in the electric power system. In accordance to the idea reported in [Mulvey 1995 and

[Malcom 1994], both deterministic and uncertain problem data are defined by a finite
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set of scenarios, each of which is a deterministic set containing some of the possible
values that may be realized for the uncertain data. In this case, the approach as-
sumes that the values of wind speed uncertainty are known for a limited number of
scenarios and that the total sum of the probabilities of occurrence of each scenario is
equal to one. Therefore, the discrete probability distribution for the limited number of
scenarios is known. A RO model is then formulated in order to find an uncertainty-
immunized solution that remains feasible and nearly optimal for all scenarios that the
uncertain data could define: the RO is a “methodology capable of detecting cases when
data uncertainty can heavily affect the quality of the nominal solution, and in these
cases to generate a robust solution, one that is immunized against the effect of data
uncertainty” [Ben-Tal 2009]. In order to assess how the wind energy penetration and
wind power forecast error impact on the fossil fuel-based generation management of
multiple primary energy networks, a multi-period nonlinear optimal power flow (OPF)
approach is also proposed considering multiple primary energy networks (coal, natural
gas and hydraulic resources) and the safe operation associated with each energy system.
The approach is formulated and analyzed utilizing CONOPT [Drud 1995|, which is a
nonlinear optimization solver for GAMS® [Brooke 1998].

Lastly, a UC formulation where all networks involved in the integrated energy sys-
tem are fully represented in an integrated fashion, where considering that the coal
and natural gas represent more than 95% of the fossil fuels consumption for elec-
tric power production in US [“Electric Power Monthly”, Data for November 2013,
http://www.eia.gov /electricity /monthly/|, for the purposes of this work only these non-
renewable primary energies are modeled in the proposed approach. A contribution of
this approach is the modeling of the slow dynamic behavior of gas flows considering
a two-port model of pipelines. On the other hand, the UC is performed based on the
variable duplication method, discussed in [Beltran 2001| and [Murillo 2000], where a
combination of one dynamic programming (DP) and one optimal power flow (OPF)
modules is performed to economically determine a schedule of what generation units,

involving the turn-on and turn-off times and power production set-points for each gener-
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ator, will be used in each time subperiod while ensuring that no operational constraints

are violated in the energy networks during the whole time period of study.
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1.7 Thesis Content

To the best of the author’s knowledge, the proposed ideas reported in Chapter 1 had
not been explored before this work was developed; and they are described in detail in
the rest of the thesis as follows.

Chapter 2 presents the static and dynamic models of the natural gas network based
on detailed mass flow and thermal balance formulations. Algorithms to perform steady-
state and dynamic gas flow analyzes with nonlinear models are also proposed and
implemented.

Chapter 3 describes the electric power system modeling for steady-state analysis
including the concept of distributed slack bus, the primary frequency response in each
generator and the nonlinear load behavior. The formulation to integrate both natural
gas and electricity networks, as well as the unified solution of the resulting set of non-
linear equations by Newton’s approach, are also presented. Lastly, the application of
the proposed approach to two coupled energy systems is numerically demonstrated.

Chapter 4 presents the static models associated with the coal subsystem as well as
the hydraulic and wind energy resources. The nonlinear RO model of the integrated
multi-energy system, composed of the natural gas, coal and electricity subsystems, is
detailed considering the uncertainty of wind speed forecast. The application of the
proposed model is also presented, where the impact of uncertainties on the economic
and safe operation of the overall system is discussed.

Chapter 5 presents a brief description of the wind generators, their main character-
istics and operational constraints. In addition, the effect of wind-speed forecast errors
on the management of primary energy resources in power systems with a high pene-
tration of wind energy generators has been studied based on a multi-energy networks,
multi-period OPF formulation.

Chapter 6 proposes a unit commitment (UC) formulation to perform a multi-period
analysis considering the interdependencies between primary energy networks, as well
as the impact that the intertemporal constraints inherent to the physical operation to

thermal power plants have in the commitment of each generator. Furthermore, the
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mathematical model representing the transient behavior of the natural gas traveling in
pipelines has been included.
Chapter 7 provides the general conclusions of this research work and presents sug-

gestions for future related areas that require further investigation.

Table 1.2: Summary of mathematical models used in this thesis for each energy system.

Chapter Natural Gas Coal Hydro Wind Electric Power System
2 Nonlinear: Steady and Dynamic
State
3 Nonlinear: Steady State Nonlinear: Steady State
4 Nonlinear: Steady State Linear: Steady State Nonlinear: Steady Nonlinear: Steady Nonlinear: Steady State
State State
5 Nonlinear: Steady State Linear: Steady State Nonlinear: Steady Nonlinear: Steady Nonlinear: Steady State
State State
6 Nonlinear: Dynamic State Linear: Steady State Nonlinear: Steady Nonlinear: Steady Nonlinear: Steady State

State State




Chapter 2

Natural Gas Systems

2.1 Introduction

This chapter describes the three most basic elements of the natural gas networks, their
mathematical models and the manner in which these components are integrated in a
single framework to assess the steady-state and dynamic performance of the gas flow.
These elements are pipelines, compressors and nodes. Pipelines are the means of trans-
portation that frequently cover long distances to take the natural gas from the gas
surface deposits to the consumption centers. Since the natural gas flow is driven by
pressure through pipelines and the natural gas flowing in pipelines loses pressure be-
cause of the pipeline’s physical characteristics, the compressors installed in the network
permit the maintenance of the nodal pressure profile along the gas network under secure
operative limits. Lastly, the third element corresponds to the nodes representing the
interconnection points between pipelines, compressors, gas sources and gas loads, as
well as the location where the natural gas balance must be satisfied at every instant of
time.

The mathematical modeling of those components depends on the study require-
ments, a steady-state model can determine the operative conditions of the network for
a single-shot of time, which is a very important tool for real-time and daily operation

of the natural gas networks [An 2003|. On the other hand, a multi-period time-based
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study is necessary for short- and medium-term operation planning, so that the dis-
cretization of the time period at which the required study will be performed could
require most complex mathematical models in order to represent the dynamic behav-
ior of the gas flow through the pipeline. This dynamic behavior is a function of both
the time and space coordinates, and it is frequently represented by a set of partial
differential equations [Osiadacz 1990, Liu 2011].

The corresponding steady-state and dynamic models of the natural gas network
composed of gas sources, pipelines, compressor stations and gas load’s models (steady-
state and dynamic) are reported in this chapter considering their corresponding physical

characteristics and the manner in which these components interact.

2.2 Pipeline Modeling

2.2.1 Steady-State Modeling

The quantity of gas transmitted through each pipeline is a function of the pipeline’s
physical parameters and the operation conditions of the natural gas network. Several
mathematical models have been proposed to compute the mass flow of natural gas
through pipelines; in [Coelho 2007, Olajumoke 2010| a detailed analysis of the most
common formulations used in the natural gas industry has been examined, with the
main difference between them being the way in which the friction coefficient term and
natural gas characteristics are considered in the formulation. In this context, and as
reported in [Mokhatab 2006, Schroeder 2000, An 2003], the most commonly used model
corresponds to the Weymouth Equation, which is expressed in a pipeline connecting

gas nodes k and m as follows :

T, 0 -, — g\
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where C' is a constant whose magnitude is 77.54, T, and II, are the temperature and

pressure of the natural gas at base conditions, respectively, the parameter Dy, repre-
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sents the inner diameter of the pipeline, II; and II,, correspond to the nodal pressure
at both ends of the pipeline, H;fm is a correction factor which considers the effect of
changes in the altitude over the pipeline, and it is calculated by (2.4); L*™ is the
pipeline’s length, ¢ is the constant natural gas specific gravity, 7™ is the gas average
temperature along the pipeline, and it is computed by (2.6), Z, is the compressibility
factor of the natural gas, /\’]‘éT is the friction coefficient and finally the parameter E),
represents the efficiency of the pipeline which is used for calibration purposes according
to [Schroeder 2000].

In Equation (2.1), the direction of the flow is determined by the following relations:
if (I} —IIZ, — Hy™) > 0, then the natural gas is flowing from the node % to the node
m, and if (II} —II2, — H¥™) < 0, then the natural gas flows from the node m to the
node £.

Based on the knowledge of the network and the experience of engineers that operate

the gas network, the physical characteristics of each pipeline and the gas composition

in Equation (2.1) can be expressed by a single constant CY,, given by

0.5
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Crom = C | == | D?? . 2.2
k (Hb) km (Lkm,YGTécmZa)\l}’;n> ( )

This leads to a simpler equation for the natural gas flowing in a pipeline connecting

nodes k£ and m

GE™ = G (| T2 = 112, — HE™ ()77 (2.3)

From Equation (2.1), clearly the quantity of flowing natural gas is a function of its
physical parameters (ka, He, )\’}':.”, E;fm and Lkm), the operation conditions of the gas
network (I, IL,,, 7,) and the physical composition of the gas (Z,). Note that (2.1)
indicates that pipelines with greater diameters, shorter lengths, higher efficiencies and
lower friction factors, which transport lighter gases and operate at lower temperatures,

are able to transport larger quantities of natural gas with fewer extreme operation con-

ditions (i.e. a lower difference of nodal pressures). One very important characteristics
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of this steady-state model is that the amount of gas flowing at the inlet node &k equals
the gas flowing at the outlet node m of the pipeline.
The term H]’;m considers the effect of the changes in the altitude over the pipeline

[Mokhatab 2006|, and it is calculated by the following expression:

e 003759 (H,, — Hy) (1)

; T (2.4)

Note that the Equation (2.4) considers the difference of elevation over the sea level
between the inlet and outlet nodes of the pipeline (H,, and H}) and is also a function
of the average pressure along the pipeline I1*™; furthermore, the parameter g corre-
sponds to the acceleration of gravity. The following expression has been proposed to
compute this average pressure considering the nonlinear pressure drop with distance

[Mokhatab 2006]:

I = g [(Hk +11,,,) — (%)1 : (2.5)

The average temperature T, in Equations (2.4) and (2.5) can be computed as an
arithmetic average of the gas temperatures at the inlet Ty and outlet T, nodes of the
pipeline [Schroeder 2000, which is the approach typically utilized in buried natural gas
networks where the pipelines are not exposed directly to the environment temperature
T*™. Nevertheless, the following equations are used in natural gas networks where the

nonlinear effect must be included, as well as the weather to which pipelines are exposed

[Mokhatab 2006]:

Tk - Tm
kaTSkm

km __
T = :
W —Tkm

+ Tkm, (2.6)

Lastly, the friction factor for pipelines composing high pressure networks working
in the fully turbulent flow region is strictly dependent on the inner diameter of the
pipeline [An 2003] and is given by Equation (2.7):

~0.032

km
)‘fr = W (27)
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2.2.2 Dynamic Modeling

The aim of this section is to describe a suitable model to represent the dynamic behav-
ior of the natural gas flowing in pipelines, which can be applied to studies involving the
evolution of state variables over the time. In short- and medium-term operation plan-
ning studies of energy systems, the evolution of the system is analyzed for a specified
period of time ranging from a few hours up to one day in advance.

Typically, the multi-period time based studies are performed through the decompo-
sition of the whole time period into subperiods, often subperiods of one hour. Unlike
the electric power system, however, where the electricity travels at the speed of light
and the network’s transient response has completely disappeared in a subperiod of time
of one hour because the time constants associated with the network’s variables are ex-
tremely small, dynamics are much slower in high pressure natural gas systems because
the network’s time constants are much larger, and the natural gas travels typically at a
velocity around 60 to 90 km/hour. This implies that the amount of gas flowing at the
inlet node of a pipeline is different than the amount of gas flowing at its outlet node for
any instant of time, so that an amount of gas is stored inside the pipeline. Therefore,
the dynamics in the gas network cannot be neglected without gross errors for study
periods of one hour [Liu 2011].

Transients in gas systems are generally associated with the time variant nature of
loads at distribution points and from adjustments made by the system operator in order
to achieve the gas balance at each node of the network. In this context, the transient
flow of gas in pipelines is mathematically represented by a set of four nonlinear partial
differential Equations (2.8) to (2.11). Furthermore, one of the biggest complexities of
this model is the use of a distributed-parameter model for the pipeline which is time-

and space-dependent [Osiadacz 1990]:

9G 00 _

N + T 0 (2.8)
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W (pAdx) = [(pA dx) (c,,T + UQ—Q +g dh)} (2.10)

9
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(2.11)
where G is the mass flow with a density p, temperature 7" and specific heat ¢, traveling
at a velocity v in a pipeline with length z and cross section area A at the time t. The
parameter h represents the change in elevation with respect to the sea level between
the inlet and outlet node, and lastly, the parameters with the suffix “0” represent the
base conditions of the gas (pressure, temperature, compressibility and density).
Equation (2.8) is known as the continuity equation and simply states that mass may
neither be created nor destroyed, such that the changes of the gas flow is commensurate
with the alteration of the gas density: the rate of change of the gas density p in the time
corresponds to the mass flow out of or into the pipe across its boundaries. Therefore,
the gas density inside the pipeline increases if the amount of gas entering the pipe is
greater than the one leaving the pipe. Equation (2.9) is the known form of Newton’s
second law and is referred to as the momentum equation, which describes the sum of all
forces acting on the gas particles. From a physical background, this equation states that
"the force acting on a gas particle or system particles of fixed mass at a certain time is
equal to the rate of change of momentum of the particle (system of particles) at that
instant" [Osiadacz 1990]. The first term of this equation describes the forces acting on
the element of fluid in the direction of motion at a certain instant and corresponds to
the variation of the pressure force with the pipe’s length. The second term corresponds

to the gravitational force working on the gas, which is influenced by the slope of the
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pipeline. The third term is associated with the shear force due to the friction with
the pipe wall. The fourth and fifth terms represent the referred rated of change of
momentum and correspond to the gas inertia or the change of flow rate in time and the
flowing gas dynamic pressure, also called impact pressure, respectively. The equation
of conservation of energy (2.10) deals with the connection of the inner energy of gas
and the heat exchange with the soil. In this case, the gas very slowly emits energy
to the soil, such that (2.10) is used to represent the heat transfer that takes place
during the dynamic process in the gas, where changes of temperature within the gas
are due to heat conduction between the pipe and the soil. Lastly, (2.11) relates the
pressure, temperature and the density of the gas and is known as the gas state equation
[Osiadacz 1990, Moritz 2007].

Several formulations have been proposed to solve (2.8) to (2.11). By way of example,
this set of equations has been solved using a finite difference method in which the size
of discretization step on both time and space coordinates for each pipeline are critical
parameters for the computation time and accuracy |[Liu 2011, Chaudry 2008, Tao 1998|.
Other works have proposed the representation of pipelines through a transfer function
model; these models have shown higher computational efficiency at the expense of
accuracy |Behbahani-Nejad 2008, Aalto 2008, Kralik 2008|.

Recently, a model to represent the dynamic behavior of gas inside a pipeline has
been proposed in [Moritz 2007|, which consists of the simplification of the Equations
(2.8) through (2.11) by two discretized algebraic equations based on the implicit Euler’s
method. The discretization of (2.8) and (2.9) are performed in both space and time
coordinates. The former discretization is carried out considering the pipeline as a two-
port network having only two nodes representing the beginning and ending of the pipe,
which are referred to as in and out nodes, respectively. On the other hand, the time
discretization consists of decomposing the entire time period of study into equidistant

subperiods, which have been considered in hourly time steps.

The Moritz’s model neglects the heat exchange between the gas inside the pipeline
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and the soil; furthermore, it considers a constant temperature for the gas flow, so that
(2.10) is neglected in the model. Lastly, the gas state equation (2.11) is set in the
remaining Equations (2.8) and (2.9) to obtain a set of two differential equations, which
is discretized as described above. This procedure results in the following set of two

nonlinear equations for each pipeline in the natural gas system:

km, ou km,in @) I (t=At)
Gp t_ Gp n Aono M) — [Mn(=A0) _ (2.12)
Lkm I, T At '

LFm I T,T 9z 2 (L, (1))
Ay pollgT GE™eut (1)? 2 (11, (t))
2D A2ZOTQ Hm (t)
+@ Gl;m, out (t) o Gl;m, out (t _ At)
A At
GE™ (M (1) GE™ (02T (1)
polloT T, (1) B IN0) )

= 0.
+ A2 Z()TO Lkm

(2.13)

Figure 2.1 shows the transient behavior for nodal pressures at nodes 2 and 3 of
the three nodes benchmark gas network reported in [Tao 1998|, whose corresponding
parameters are presented in Appendix A. These results correspond to a numeric solution
for the set of PDE’s equations presented in [Osiadacz 1990], the solution through a finite
differences method [Tao 1998|, the transfer function model proposed in [Kralik 2008|,
and finally the two-port network modeling from [Moritz 2007]. A comparison of these
results clearly shows the numerical validity of the latter proposal, which will be the one

used in this thesis.
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Figure 2.1: Natural gas dynamic models.

Since the electricity and natural gas travel at the speed of light

respectively, and the natural gas pipeline has storage capacity, st

and 40-60 miles/hr,

eady-state gas flows

cannot be assumed strictly for multi-period simulations with time steps shorter than

several hours. This implies that pipelines with distributed parameters and time-varying

state variables must be considered for multi-period analysis. In this case, the dynamic

modeling of the gas flowing inside the pipeline is necessary to obtain an accurate as-

sessment of the influence of disturbances in the electric power systems on the gas sys-

tem performance under multi-period analysis. Note that the use of steady state or

dynamic models of the gas flow is also defined by the gas pressu

network is operating: in low (resp. high) pressure networks the dyn

re at which the gas

amics are very rapid

(resp. much slower) and can be ignored (resp. cannot be neglected) for must practical
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purpose. Lastly, Table 2.1 report different time frames of power systems control ac-
tions/phenomena and pair them with time frames of gas network phenomena in order
to help in the decision for the application of the static or dynamic models of the gas

pipelines.

Table 2.1: Disturbances range of time for electric and gas networks, [Soder 2011].

. Ph ¢
Range of Time enomena
Electric System Gas System
< 10ms Electromagnetic Transients —
<l1s Saturation and Resonances —
<10s Transients and Linear Stability =~ Plant Startup Dynamic Analysis
< 1min Secondary Frequency and Multi-phase Pipes Dynamic
Voltage Regulation Analysis
< 1 hour Hierarchical Voltage Control and Control Operation Dynamic
Operative Dispatch Analysis
> 1 hour Operation Control / Dispatch Sales and Security Static

Analysis

2.3 Compression Stations

The requirements for the transmission of large volumes of gas over long distances have
increased the necessity of higher operation pressures in the natural gas networks. When
gas is circulating inside a pipeline, there exists a loss of pressure caused mainly by the
friction of the fluid in the pipeline’s walls and the heat transfer between the flowing
gas and the environment surrounding the pipeline. Hence, compression stations are
required to control the pressure profile along the network in order to maintain the
natural gas flowing from the deposits to the consumption centers [Mokhatab 2006].
The compression stations are represented mathematically by a simple linear equation
relating the pressure value at the inner node and at the outer node of the compression

station by the ratio R*™

I, RF™ = 11,,,. (2.14)
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The energy consumption by each compression station is a nonlinear function

of the compression ratio and is computed by the following expression [An 2003,

Mokhatab 2006]:
H cp—1
Ck
L -1 2.1
( 1T, ) ] (215)

where T, is the gas temperature at the compressor’s inlet node. In addition, G¥™ cor-

km
BHP" — 0.0854 7, [GC T’“} [ G }
Ec Ne Cr — ]-

responds to the state variable of the gas flowing through the compressor; this variable is
calculated iteratively during the solution of the set of nonlinear equations modeling the
natural gas network. The parameters F. and 7, represent the parasitic and compression
process efficiencies respectively; ¢, is the specific heat ratio for the natural gas. Lastly
I1,, and II; represent the nodal pressure at the outlet and inlet nodes of the pipeline
respectively.

This energy required by the compressor to increase the pressure level is supplied
from the electric power system in the case of moto-compressors and is calculated by
(2.16) or from the natural gas system, where a quantity of gas is extracted from the
network in the case of turbo-compressors according to Equation (2.17) [Mokhatab 2006].
The former type is commonly used in urban areas, whereas the latter is preferably used

in sub-urban areas or when an electric power network is not available:

. , 7.45721076
Llccm,z _ BHPkm —:13 (2.16)
3600
T =l 4 B BHPM 44" BHPM, (2.17)

The expression (2.16) computes the instant active power load in per unit (100 MVA
base), which shall be supplied from the node i of the electric power system to deliver
the energy required by the compressor connected between nodes £ and m of the natural
gas network. The Equation (2.17) computes the quantity of gas required by the turbo-
compressor which is typically extracted from the inlet node; in addition, the parameters

Qe, B, and 7, define the efficiency in the energy conversion process from the chemical
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energy contained in the gas to the mechanical energy required by the compressor station.

The compression station model described by the Equations (2.14) to (2.17) is valid
for both steady-state and dynamic analyzes because the short time constants involved

in the transient behavior of the compression process.

2.4 Natural Gas Nodes

The nodes of the natural gas system represent the interconnection points between the
different elements of the network: pipelines, compressors, loads and sources. The most
conventional type of sources in the natural gas industry are gas fields, gas extracted
from oil fields, coal bed methane and, most recently, shale gas deposits in which the
natural gas is frequently processed through a liquefaction /regasification procedure to
be injected in some specific nodes in the natural gas system [Mokhatab 2006]. All these
natural gas sources can be modeled as constant gas injection sources at uncontrolled
nodal pressure or as constant nodal pressure sources which means no controlled natural
gas injection. Regarding the variety of gas loads, these could be categorized as industrial
load, residential load and load for electric power generation; the first and second type
of gas loads are included in the formulation as constant gas extractions, whilst the
last one is modeled as a function of the active power generated at each power plant
[Martinez-Mares 2011].

The mass flow balance at each node must be satisfied at every instant of time to
assure that the sum of gas injected at each node must be equal to zero, as given by

considering the k' node

Nng Npg

NY NY Nf
AGE = D GH+Y GH Y -G+ Y Gi =0, (2.18)
7j=1 r=1 y=1 z=1

=1

Vie Ny Vj€NEVEE (Nyy—1)
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where the first two terms of this equation correspond to the total gas injected at the k'
node through the pipelines and compressors, respectively. The third term is the total
gas extracted from the k' node by all compressors embedded at this node. On the other
hand, the fourth and fifth terms correspond to the total gas injected at and extracted
from the k" node by the gas sources and gas loads connected at this node, respectively.
Note that the nodal gas supplied and extracted by sources and loads, respectively, must

remain between operation limits as defined by the following expressions:

G < Gl < G (2.19)

Gy ™" < Gl < G (2.20)

Lastly, note that at least one nodal pressure must be specified (controlled pressure
node, which means uncontrolled gas injection) in order to attain the equilibrium in the
whole natural gas network; this node has the same function of the slack bus in the load
flow formulations for electrical power systems. Therefore, this known nodal pressure is
taken as a reference to compute all other unknown nodal pressures, and the gas injection
computed at this node will provide the gas flow balance in the network by compensating
for the gas consumed by compressors. In this case, the corresponding gas balance equa-
tion associated with this slack node is not included in the mathematical formulation,
but is solved separately by finding the gas injected at this node once the steady-state
of the overall gas network has been computed [An 2003, Martinez-Mares 2011].

2.5 Temperature Effect in Gas Flows

The temperature of the gas inside the pipeline is a variable that shall be con-
trolled to avoid critical operation conditions of the gas composition [Carroll 2003,

Mokhatab 2006].

The knowledge of gas temperature at each node of the network permits the defi-
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nition of heater’s location to prevent hydrate! formation or gas condensation, the gas
inlet temperature for compressors and the minimum gas flow values in the network
[Mokhatab 2006]. The gas condensation and hydrates formation can cause critical op-
erating problems, because they could be deposited in the inner wall of a pipeline and
block the gas flow; the solution to these problems in the natural gas industry represents
great technical difficulties and high maintenance costs [Mokhatab 2006, Carroll 2003].
Several methods to evaluate the hydrates formation have been reported in the litera-
ture, with one of the most used approaches being the chart proposed in |[Carroll 2003]

and shown in Figure 2.2.

The Hydrate Loci For Several Components Found In Natural Gas
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Figure 2.2: Hydrate formation chart [Carroll 2003].

Natural gas is composed mainly of methane, and as reported in this chart, higher

!These are solid mixtures formed by the presence of hydrogen bonds and gas compounds
[Carroll 2003]
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operation pressures require higher gas temperature conditions in order to keep the gas
composition in a safety zone (the right-hand side of the curve) to avoid hydrates forma-
tion. By way of example, the risk of hydrates formation increases for gas temperatures

below 14°C considering an operation pressure of 10 MPa.

The temperature at node £ of gas flowing in a pipeline connecting nodes k to m is
computed by (2.21), based on the proposal in [Coutler 1979|, which considers that the
gas temperature starts at the inlet pipe’s temperature and tends to the surrounding

pipe’s temperature as the gas flows through the pipeline:

km km nir Hk’ _Hm —aLkm
T — {Tk—[TS +( ’ )( o )]}e + (2.21)

e ()

where

7T.ka Ukm
e — 2.22
= (2.22)
II T 1
km b k km
= — — | Z, [ ——
me = G, (Hk> <T0> <86400) Pe
1I MW,
km kG air
=t =79 2.23
pG Za RG Tk ( )

In this case ny7 and U™ correspond to the Joule-Thompson and heat transfer
coefficients, C), is the heat capacity of the gas at constant pressure, 7o is the gas
specific gravity and MW ,;,. the air molecular weight.

When gas injections with different temperatures arrive to a given node from different

pipelines and compressors, a calculation of the thermal equilibrium of the nodal gas
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mixture based on the heat transfer theory is necessary [Coulson 1999|. Therefore, the

thermal equilibrium at the k** node is given by the following expression:

T,g’“, V=1, -, Ny, (2.24)

Gk
Tk:ZG

mek — total

DI

jek total
In this case, the same temperature value at both ends of the compression stations

is assumed.

2.6 Steady-State Formulation of the Gas Network

Once the mathematical models for steady state and dynamic behavior of the natural gas
elements have been described, this section presents an energy balance nodal formulation
suitable to perform a gas flow study for the whole gas network. The derivation of this
formulation results in a set of nonlinear algebraic equations that is solved through the
Newton-Raphson method. The formulation is based on the law of the conservation of
energy, such that the sum of all the mass flow injections to a certain node must be equal
to zero (or below a certain tolerance). Under this premise, one energy balance equation
must be obtained for each node in the natural gas network, as given by Equation (2.18),
while the temperature of gas at each node is determined by Equation (2.24). The set

of state variables that define how the natural gas network is operating is given by

(v, —1)
T1—>Nng
Tpg = | BHP™Ne (2.25)

7JaNc

1—N¢
G, 7
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where the first and second elements correspond to the set of pressures and gas
temperatures at each node of the natural gas network. The rest of the elements in the
vector x,, are associated with the compressor’s mathematical model: the consumed
energy, the gas extracted from the gas system when a turbo-compressor is employed
and the gas flowing through the compressor.

The natural gas extracted in the case of turbo-compressors expressed by (2.17) can
be included directly in the Equation (2.18) as a function of the state variable BH P*™;
this permits removing one state variable and one state equation from the nonlinear set
of equations modeling the natural gas network.

The set of algebraic nonlinear equations representing the equilibrium condition that

must exist at each node of the network are given by

AGF =0,Vk € (N, —1) (2.26)
Gglk mk ng gk
ATy =—Ti+ ) T+ =T =0,k € Ny (2.27)
mek — total jek total
ARF™ = I, R* 4+ 11,, = 0, Vkm € N, (2.28)
ABHP*™ = _—BHP" + (2.29)
cp—1
ka Tk Cc II kck
0.0854 7, | —=< k —m 1
- ooz |5 [2] | ()

=0, Vkm € N,

ATh™ = phm g qkmoy gkm g phm g akm pRPETE — 0V km € N,. (2.30)

Note that the Equation (2.30) and the state variable corresponding to the gas ex-
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tracted from the system only exist for cases where turbo-compressors are embedded in
the network. These nonlinear equations representing the equilibrium point or steady-

state operation of the natural gas network are grouped in the following expression:

AG*
AT,
fng

AR | =0Vk € (N,y —1);Vkm € N,. (2.31)

ABH P*™

ATkm

The set of nonlinear equations above is defined for all nodes IV,, in the natural gas
system except the slack and for all the compressor’s installed N..

The equilibrium point of the natural gas system is obtained by solving the Equa-
tion (2.31) for the state variables x,, and by assuming that gas sources and gas
loads are known in the system. Newton’s method is applied to provide a solution
for (2.31) by approximating f,, by its first-order Taylor’s expansion, which results in
fng (xgg) + Jng (xgg) Az, = 0. This linearized equation, with the Jacobian matrix J,,

given by (2.32), is solved for Az,, to get a new approximation value x,,, = ), 4 AZpg.

g T 2P with the corre-

This process is repeated to get a sequence of values x ngy e Thy

1 2 (p—1)

sponding initial conditions x;,, 7, .... &ng ‘which, under certain conditions, converges

to the solution z7,  where f,, (x ) = 0 or the maximum number of iterations has been

*
ng

exceeded.
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oIl or dBHP or G-«
OABHP 9ABHP 9ABHP OABHP OABHP
oIl or OBHP or oG,
OAT OAT OAT OAT OAT
| om ar dBHP or aC.

As is commonly known, if an accurate initial estimation for the state variables can
be made and if f,, is sufficiently smooth, Newton’s method converges quickly. In
this context, special caution should be taken to initialize the state variables of the gas
network. By way of example, the gas flow through the gas network is a function of the
difference of pressures at the pipeline’s ends such that initialization of pressures gives
rise to an ill-conditioned Jacobian matrix if a flat initialization is adopted when changes
in the pipeline’s altitude are not contemplated. In such a situation, the linearized mass
flow equation yields a null diagonal element in the Jacobian.

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

the changes in the pipeline’s altitude are being considered.

2.6.1 Study Case

In this section the steady-state nodal formulation is applied to the 15 nodes natural gas
system shown in Figure 2.3 and previously reported in [An 2003|. This system consists

of five loads, two sources, 12 pipelines and four compressors, with the data information
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detailed in Appendix A.
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Figure 2.3: 15 Nodes natural gas benchmark system.

In this case of study the network contains four turbo-compressors, and the gas
required by the compression stations is extracted from the natural gas system at the
inlet node. Node 1 is assumed as the slack node of the system with a controlled
pressure of 1000 PSI (6.9 MPa). For illustrative purposes, the following two scenarios are
simulated: a) supposing a constant gas temperature at all nodes of the network at 550°R
(approximately 32.4°C), and b) considering the gas temperature as a state variable to
be computed during the iterative solution with an environmental temperature of 500°R
(approximately 4.6°C), except at nodes of compressors and gas sources where a constant
gas temperature is set at 550°R. The compression ratios are 1.8, 1.9, 1.3 and 1.3 for

the compressor 1 to 4, respectively.
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Table 2.2: Nodal pressures and temperatures for study case 2.1

Node Case a) Case b)
Pressure (PSI) Temperature (°R) Pressure (PSI) Temperature (°R)
1 1000.0 250 1000 550.0
2 974.9 950 976.4 550.0
3 706.7 550 717.9 519.6
4 714.7 250 725.3 022.6
) 534.7 950 555.6 550.0
6 962.5 950 1000.0 550.0
7 568.1 550 586.0 550.0
8 1079.3 250 1113.4 550.0
9 826.7 950 870.2 550.0
10 1074.7 550 1131.2 550.0
11 816.7 250 861.2 550.0
12 1061.7 950 1119.6 550.0
13 763.5 950 852.0 519.5
14 763.0 550 851.5 520.6
15 762.3 950 851.0 519.9

Table 2.3: Energy, gas consumption and flow through compression stations for study
case 2.1

Energy Consumption (HP)  Gas extracted (MSCF) Gas flow (MMSCF)

Compressor
Case a) Case b) Case a) Case b) Case a) Case b)
1 3907 3907 32.5 32.5 4.77 4.77
2 3823 3823 31.9 31.8 4.30 4.30
3 1670 1670 13.9 13.9 4.75 4.75

4 1487 1487 12.4 12.4 4.28 4.28
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Table 2.2 reports the nodal pressures and temperatures for both scenarios of the
study case. As mentioned in Section 2.2.1, those natural gas networks operating with
gases at lower temperatures have lower pressures losses. This statement is verified
by observing that higher nodal pressures are obtained for the case b) at those nodes
where the nodal gas temperature is affected by the environment, while in case a) the
temperature of gas remains constant independently of environmental temperature. On
the other hand, from the computed nodal pressures one can verify that the ratio of
compression has been satisfied in all the compression stations. Lastly, Table 2.3 reports
the operation conditions in the compression stations.

The following step in the analysis of this natural gas network is the localization of
the operation condition (pressure/temperature) of each node of the system using the
chart proposed by Carroll [Carroll 2003] in Figure 2.2 to determine if any node of the

system is in risk of hydrates formation. This study is presented in the next chapter.

2.7 Dynamic Formulation of the Gas Network

The energy balance model presented in the previous section is modified to include the
equations representing the dynamic behavior of the natural gas flowing through the
pipelines. First, instead of using the Equation (2.1) to compute the nodal injections
and extractions of gas by the pipelines in the natural gas network, the Equation (2.12)
is incorporated to calculated the nodal gas balance in Equation (2.18). In this equation
there are two new unknown variables: G5™°** and GE™ ™, solving the Equation (2.12)
for G’;m’ in however, permits having an expression for the gas injected at both ends of
the pipeline with a single variable. In this case, the variable G’;m’ out js expressed as

follows:

Mo(t)  Tha(t—Ab)
2010 () — 2m(i—At)

1,7, At

Gl;m, in _ Gﬁm, out + LkmA . (233)

This allows only one additional variable in the natural gas modeling; this imbalance

in state variables and equations is overcome with the addition of the Equation (2.13) in
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the f,, nonlinear equations set for a single subperiod of time, which is now expressed

in the following form:

AG*

AGHE™

fng AR
ABH P

ATV

=0Vk € (Npy —

1);Vij € N.;Vkm € N,

(2.34)

The set of nonlinear equations described above is defined for all the nodes N,,, except

the slack, as well as for all the compressor N, and pipelines NV, in the gas network,

where AGR™ corresponds to the dynamic homogeneous Equation (2.13) which is a

function of xt~!. to obtain the initial values xf. If these values are not available for

ng ’

the initialization, they can be obtained through the steady-state formulation presented

in the previous section; this strategy has been used during the development of this

thesis. Lastly, this set of nonlinear equations is solved through the Newton-Rapshon’s

method as described in the last section, but with the Jacobian matrix for the dynamic

formulation given by the Equation (2.35) and the vector of states (2.36)

YNe, NG NG NG YNe,
a1l aGgut dBHP ar aC.
NGy NGy NGy NGy LGy
oIl aGgut dBHP ar aG.
Jo = AR AR AR AR AR
g all aGgut dBHP ar 8C.
dABHP OABHP OABHP 9ABHP 9ABHP
a1l aGgut dBHP ar aC.
OAT OAT OAT OAT OAT
| om aGgut d9BHP ar aG.

(2.35)
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(v, -1

Gout 1=N,p
d

Ty = BHPNe | . (2.36)

7_1—>Nc

1—N¢
G, 7

The iterative process is performed until the mismatch is reduced below a certain
tolerance, and in such a case the final value of the vector z;  represents the solution
for the natural gas network for the corresponding subperiod of analysis. The operation
conditions for loads and sources in the next subperiod of analysis are then included,
and the process is repeated to obtain the solution for the ¢ 4+ 1 subperiod. Finally, this

process is repeated for the entire period of study.

2.7.1 Study Case

In this section the nodal formulation is applied to the three nodes benchmark system
presented in [Tao 1998|, which consists of three pipelines, two loads and one source. The
detailed information of this gas network is described in Appendix A, and the one-line

diagram of this gas network is presented in Figure 2.4.

2
L

Figure 2.4: Three nodes natural gas benchmark system.

In this study case, node 1 is considered as the slack node with a reference pressure
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of 5 MPa, while loads at nodes 2 and 3 have the cyclic load shown on Figure 2.5. The
results of nodal pressure in nodes 2 and 3 calculated by the static and the dynamic

models presented in Sections 2.6 and 2.7, respectively, are reported in Figure (2.6).
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Figure 2.5: Load in the three nodes benchmark system.
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Figure 2.6: Nodal pressure static and dynamic models.

Clearly from Figure 2.6, a slower change in nodal pressure in the dynamic model
takes place with respect to the static formulation. This effect is associated with the
physical characteristics of the pipelines and gas flowing in the system: the longer the

pipelines, the slower the dynamic behavior.

2.8 Conclusions and Remarks

The strategies and techniques employed for the analysis of electric power systems have
been applied to the modeling and analysis of natural gas networks operating in either
steady or dynamic states. The importance of the environmental temperature in the gas
network design and operation has been presented in this chapter, examining its effect
in the efficiency of the natural gas network and the assessment of hydrates formation
inside the pipelines. The two different models for pipelines presented in this chapter

have different applications which basically relies on the analysis of a single time-shot
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gas flow analysis or the evolution of the state variables of the system for a specific time
period of study.

In this chapter the basic configuration of natural gas infrastructures has been de-
scribed as well as the static and dynamic models with their corresponding applications,
the function of each component in the network and the assessment of gas loads and
sources, these characteristics of the gas system will be analyzed deeply during the anal-
ysis of the interaction between primary energy networks in the following chapters of

this work.



Chapter 3

A Steady-State Interdependency
Analysis of Natural Gas and
Electricity Coupled Networks

3.1 Introduction

The restructuring of energy markets has increased the concern about the existing in-
terdependency between the primary energy supply and electricity networks, which are
analyzed traditionally as independent systems. The aim of this chapter is focused on an
integrated formulation for the steady-state analysis of electricity and natural gas cou-
pled systems considering the effect of temperature in the natural gas system operation
and a distributed slack node technique in the electricity network. A general approach is
described to execute a single gas and power flow analysis in a integral framework based

on the Newton-Raphson’s formulation.

3.2 Electricity System Formulation

The AC power flow model is used to represent the electricity network, which is already

well documented in [Acha 2004]|. The steady-state operation of a power system is for-

44
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mulated by stipulating that at each system’s node the power injected by generators,
the power demanded by loads and powers exchanged through the transmission elements
connected to the node must add up to zero. This applies for both active and reactive
powers and the mathematical expressions representing this balance are termed mis-
match power flow equations. These equations take the following form at the i*" node of

the network, [Acha 2004].

AP;=Pi, —Pi,—P.,=0 VYieN, (3.1)
AQ; = Qyen — Qload — Qe = 0, Vi€ (Ne— Npy) (3.2)
where:
Ply =Y {ViGi+ViV; [Gyjcos (6; — 0;) + Bysin (0; — 0,)]} (3.3)
j€E
ta = Y _{=VPBii + ViV; [Gijsin (6; — 6;) — Bijcos (0; — 0;)] } (3.4)
j€EL

The equilibrium point of the power system is obtained by solving the set of Equations
(3.1) and (3.2) for the voltage magnitudes and phase angles at all nodes in the network,
[ze] = [V, 0], by knowing the generations and loads injected in the system.

The active and reactive power flows throughout the transmission elements embedded
at the i"" node are then determined in accordance to Equations (3.3) and (3.4). Besides,
since the power transmission losses cannot be calculated without knowing the power
flow through the transmission elements, one of the generator nodes is designated to pick
up this slack in power generation, which is referred as the slack node, with its voltage
magnitude and phase angle assumed to be known. Since the value of the phase angle
at the slack node remains constant, this value becomes the reference against which all

other voltage phase angles in the system are measured.
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In the real operation of the electric power systems, the losses associated with the
transmission elements are distributed over all the online generators. Hence, in order to
overcome the shortcoming of only adjusting the active power of a single slack generator
to achieve a total active power balance, the concept of distributed slack nodes is used
in this work, [Guoyu 1985|. In this case, the active power output of a selected number
of generators is regulated during the power flow solution, based on their assigned par-
ticipation factors, to supply the generation required to satisfy the entire active power

imbalance in the system. Hence, the variable active power of regulating generators is

defined as:

Pi — PiO + ki

gen gen gen

AP,.,,  VieN, (3.5)

> k=1 (3.6)

i€Ng

where AP, is the unknown additional generation of active power required to satisfy
the existing imbalance between the set-point system generation and the total active
power demand plus the transmission losses. On the other hand, all the corresponding
participation factor must add up to one in order to distribute the existing imbalance

between the specified regulating generators, as expressed in Equation (3.6).

In this approach [Guoyu 1985], the slack node is considered as any of the other
system’s nodes with corresponding active and reactive power mismatch equations, and
the reference voltage phase angle can be arbitrarily selected at any of the system’s
nodes. In addition to the standard classification of system nodes into: generator voltage-
controlled (PV), generator voltage-uncontrolled (P@) and load (P@) nodes [Acha 2004],
two new nodes types are defined: a generator (PV) node with variable active power
generation and a generator (P@) node with variable power generation. It is important

to take into account that in these nodes, the active power output constraints imposed on
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each generator correspond to the generator’s own operational limit and to the amount of
primary energy available for power generation. If any regulating generators reaches one
of its active power generation limits, its active power output is fixed at the offended limit
for the remaining of the power flow solution process, and the active power balance of the
system is provided by the rest of online regulating generators. On the other hand, even
though the reactive power mismatch Equation (3.2) of a (PV) node is not considered in
the formulation, it is solved at each iterative step to assess whether or not the generator
reactive power is within limits. If the generator cannot provide the necessary reactive
power support to constraint the voltage magnitude at the specified value, then the
reactive power is fixed at the violated limit and the voltage magnitude is freed. Lastly,
the unknown vector of state variables that determine the power system’s equilibrium
point is now given by [z.] = [V, 8, AP,.,], where V€ RWe=New) g ¢ RWe=) and
APy, € R.

3.3 Heat Rate Curves

The energy conversion process on thermal-generators is characterized by the efficiency
of the process, which corresponds to 40745% for coal-fired generators and 50~55% for
gas-fired generators considering that the most advanced technologies are used in these
fossil fuel power plants, |[Breeze 2005]. The efficiency of the process is associated with
how much fuel is necessary to produce a certain amount of electric power, and is given
by the relation of the energy output over the energy input. On the other hand, the
heat rate curve corresponds to the ratio of values of fuel to values of generation: is
the ration of the input energy to the output energy scaled by MWs. Figure 3.1 shows
the relationship between the heat rate and efficiency curves of a typical combined cycle
plant. In this context, all generators are designed to reach their maximum efficiency at

their corresponding rated capacity.
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Figure 3.1: Heat rate curve.

The heat rate curve is typically represented by a polynomial expression of second

order, which is a function of active power output in the electrical generator as given by

i i i pi i i )2
HR' = o, + B Pren + 7, (Pley) (3.7)

The use of Equation (3.7) permits to determine the amount of calorific power nec-
essary to produce the active power output of each generator, which in turn is used to
determine the amount of natural gas or coal required to provide this calorific power.
This amount is computed by Equation (3.8), and represents the quantity of fossil-fuel
extracted from the k™ node in the primary energy network by the electric generator to
deliver active output power to the i*" node of the electric system

i
Gl = % (3.8)

The parameter GHV in (3.8) represents the gross heating value per volume unit

of the corresponding primary energy, and for purposes of this work the values of 1150

BTU/ft3 and 12500 BTU/Ib have been considered for natural gas and coal, respectively.
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Figure 3.2: Heat rate vs. cost curves.

In the context of this chapter, the relationship between the natural gas and elec-
tricity systems is provided by the gas-fired turbines’ generators, which act as energy
converters. This coupling is mathematically formulated by Equation (3.7), which rep-
resents the efficiency conversion of the energy contained in natural gas at the k™ node

th node of the electrical network.

into electrical energy injected at the ¢

Additionally, the gas flow required for the energy demanded by the heat rate curve
is computed by Equation (3.8). Note that the gas consumed by a gas-fired turbine is a
function of the active power generated by the unit and the natural gas available at the

extraction node.
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3.4 Unified Gas and Power Flow Solution Considering
Distributed Slack Generators.

The integrated gas and power flow formulation of the natural gas and electricity systems
is obtained by combining the stated flow models considering the link between both
networks through gas-fired power plants connected to gas pipelines and compressors
using electrical energy. Hence, the set of nonlinear equations that has to be solved for

the state variables of both networks is given by

AG
AT
ABHP
f= AR =0 (3.9)
AT
AP

AQ

where AG corresponds to the gas nodal balance according to the Equation (2.26)
defined for R™»s=1) AT the nodal gas temperature by (2.27) for RM=1): ABHP,
AR and At from Equations (2.28) - (2.30) for energy consumption, compression ratio
and gas extracted by compressors employed in the natural gas network, respectively,
and defined for RMe. As mentioned in section 2.6, the term 7 associated with the gas
extracted by compressors in Equation (2.26) can be expressed as a function of the state

variable BH P, reducing the set of nonlinear equations to the following expression:

AG
AT
I ABHP | _ (3.10)

AR

AP
AQ
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Besides, AP and AQ defined by Equations (3.1) and (3.2) with a domain of R
and RWe=Npv)  respectively, represent the active and reactive power balance in the
electric power system. Note that an active power balance for every node in the electric
network is required considering the slack distributed formulation; in this case the term
P! . in Equation (3.1) is substituted by the following expression:

gen

gen gen gen

APyep Vi € N, (3.11)

where P;Sn correspond to the base case condition of the " electric generator, and
AP, describes the total imbalance existent in the electric network that must be dis-
tributed between the electric generators in accordance to their participation factor
defined by the parameter £ It is important that in order to distribute totally the

gen”

imbalance the following expression must be satisfied:

> k=1 (3.12)

1€ N,

The vector of total state variables is defined by [z] = [zng, 7] =
[, T, BHP, G., 0, V, AP,e,]" with their corresponding domains: RWVns=1)  RNng=1),
R®e) RWe) RWe—1) R(Ne=Npv) R

The proposed integral solution approach consists of applying the Newton’s method
to provide an approximate solution to the total set of equality constraints defined in
Equation (3.10), by solving for Az in the linear problem J'/Az! = —f (2'), where
J is known as the Jacobian matrix and is given in expanded form by (3.13). For
given initial values of [xl] = [xlng, xfe]t, the method updates the solution, [wl“] =

1 _ ol ! 1 _ ol ! : : :
[xng = Ty + DTpy, Ty =T, + Axe}, at each iteration until a pre-defined tolerance

is satisfied or a maximum number of iterations is reached.



CHAPTER 3. GAS AND ELECTRIC COUPLED NETWORKS 52

[ 9AG NG ING IAG 0 0 NG
o1l oT OBHP 0G. O0APgen
AT AT AAT
ol or 0 0G. 0 0 0
AABHP 9ABHP 9ABHP OABHP 0 0 0
_ o1l aT OBHP oG,
J = OAR (3.13)
ook 0 0 0 0 0 0
0 0 AAP 0 AP  AAP AAP
OBHP a6 v OAPy
AINQ  IAQ
L 0 0 0 0 a6 v 0 i

The coupling terms between the natural gas and electric nonlinear equations cor-

respond to the change of nodal active power balance due the electricity extraction by

moto-compressors aéjs%{P 5 and the nodal gas balance due the gas extracted by gas-fired

NG
9D Pgen?

generators which is a function of the active power imbalance existing in the
electric network.

The attractiveness of using Newton’s method is that it arrives at the solution with
local quadratic convergence regardless of the network size if all state variables involved
in the study are suitably initialized and the Jacobian matrix is non singular at the
solution point [Ortega 2000].

For the electric power system, the voltage magnitudes are initialized at 1 p.u. at all
uncontrolled voltage magnitude nodes, while the controlled PV nodes are initialized at
specified values that remain constant throughout the iterative solution if no generator
reactive power limits are violated. The initial voltage phase angles are selected to be
0 at all buses [Sttot 1971]. The unknown additional generation of active power AP,

is initialized in zero. Finally, guides for initial conditions for the state variables of the

natural gas system are given in Section 2.6.
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3.5 Case Studies Considering Distributed Slack Gen-
erators

The suitability of the proposed approach for conducting steady-state flow studies of an

electric power system coupled with a natural gas network is reported in this section.

3.5.1 Belgian Gas Network Coupled with the IEEE-14 Bus Sys-

tem

The proposed approach is applied to analyze an integrated gas-electricity net-
work composed by the Belgian gas network [Wolf 2000|, shown in Figure 3.3,
and by the IEEE-14 bus test system [Power Systems Test Case Archive”,
http://www.ee.washington.edu/research /pstca/|. The 20-nodes natural gas network is
composed of eight gas non-electric loads, seven sources, 24 pipelines and two compres-
sors driven by an external energy source, as shown in Tables 3.1 and 3.2. The pipelines’
constants are calculated according to the Equation (2.2) and are given in Table 3.1.
The node referred to as Zeebugge in Table 3.2 is considered the slack node. On the
other hand, the electricity network has the electric energy demand reported in Table
3.3, and it is assumed there are two gas-fired generators at nodes 2 and 3 which are sup-
plied from nodes 4 and 12 of the gas network, respectively. For the purpose of analysis,
the gas and power flow solution was firstly obtained considering the gas temperature
constant at 506.7 °R at all natural gas nodes and assuming the following two cases of
slack nodes in the electricity network: 1.a) a single slack node and 1.b) distributed slack
nodes. In the former, generator 2 is selected as the single slack generator to produce
sufficient power for any unmet system load and for system losses, while holding all other

active power generation at the set values reported in [Unsihuay 2007|. This single slack

2

2en = 1 with all other participation factors

node option is simply obtained by setting k
k;en =0, Vi=1, 3, 6, as indicated in the second row of Table 3.4. In the latter, all

generators regulate their active power according to the assigned participation factors

reported in the third row of Table 3.4. A second set of flow analyzes in both networks
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is also performed considering the slack node options mentioned above but supposing a
constant gas temperature of 515.0 °R only at those nodes where compressors and gas
sources are connected, while for the rest of nodes the temperature is considered a state
variable to be computed during the iterative solution process assuming an environmen-
tal temperature of 500°R and a heat transfer coefficient of 0.025 BTU/ft* for every
pipeline of the network. These cases of studies are referred to as 1.c) and 1.d) for the
single slack node and distributed slack nodes, respectively.

The state variables were initialized according to the guidelines given in Section
(2.6) for all case of studies, performing two simulations for each case to consider the
initialization of BH P at null values and at values computed by (2.14) and (2.15).

For each case, the same gas flow solutions were obtained independently of the BH P
initialization. For cases 1.a, 1.b, 1.c and 1.d the solutions were obtained in 7, 10, 7 and
10 iterations, respectively, to a mismatch tolerance of 1076 in the gas network and a
107! in the electricity network. From a physical point of view and according to the
proposed formulation, a tolerance of 107% in the natural gas state variables represents
a nodal mismatch balance of mSCF, and in order to set a comparable framework, a
tolerance of 1072 in the electrical state variables corresponds to a nodal mismatch
balance of 100 mVA.

The results obtained for all cases are reported in Tables 3.1 and 3.2 for natural
gas flow in pipelines and natural gas nodal variables, respectively; the electric network
results are shown in Table 3.3. For purposes of validation of the proposed approach, the
results obtained in case 1.a are compared with the optimal equilibrium point reported in
[Unsihuay 2007], both being practically the same results. Note that in the formulation
proposed in [Unsihuay 2007] both networks are solved sequentially, compressors are
not included explicitly in the mathematical formulation and the gas temperature is
always considered constant. In the sequential solution, Newton’s method is used to
solve the power flow equations of the electric power system, and an interior-point linear

programing approach is used to solve the gas flow problem.
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Figure 3.3: Belgium natural gas transmission system.
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Table 3.1: Natural gas flows at pipelines.

Gas flow

Pipeline Cy,, (SCF/PSIA) From To (SCF/hour)

l.a) 1.b) 1.¢) 1.d)

1 6566436 1 2 10.80 10.81 10.80 10.81
2 6566436 1 2 10.80 10.81 10.80 10.81
3 4912482 2 3 1562 1562 15.62 15.62
4 4912482 2 3 1562 1562 15.62 15.62
3 4326324 3 4 2547 2549 2547 2549
6 240319 5 6 0.562 0.561 0562 0.562
7 1175149 6 7 -5.373 -5.373 -5.373 -5.373
8 764054 7 4 -13.10 -13.10 -13.10 -13.10
9 1728699 4 14 11.67 11.67 11.67 11.67
10 1144991 8 26.76  26.76  26.76  26.76
11 123179 8 2879 2879 2879 2879
12 4907626 9 10 19.75  19.75 19.75 19.75
13 2457651 9 10 9.892 9.892 9.892  9.892
14 3641178 10 11 1245 1245 1245 1245
15 2285681 10 11 7820 7820 7.820 7.820
16 2869666 11 121775 1775 1775 17.75
17 3497039 12 13 14.028 14.022 14.028 14.022
18 0874893 13 14 1931 19.30 1931  19.30
19 3500118 14 15 33.05 33.05 33.05 33.05
20 2491576 15 16 2297 2297 2297 2297
21 109941 11 17 2522 2522 2522 2522
22 160430 17 18 2522 2522 2522 2522
23 304984 18 19 2522 2522 2522 2522
24 204329 19 20 2823 2.823 2.823 2.823
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Table 3.2: Natural gas supply, demand and nodal pressures.
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Table 3.3: Electricity supply and demand.

Generation (MW/MVAR) Demand
Node 74)/1¢)  1b)/1.d) (MW/MVAR)

P Q r Q r Q
1 63.43 21.89 61.19 22.49 0 0
2 94.79 429 95.66 3.84 21.7 12.7
3 82.84 -6.44 83.71 -6.73 94.2 19
4 0 0 0 47.8 -3.9
S 0 0 0 7.6 1.6
6 21.64 7.84 2207 7776 11.2 7.5
7 0 0 0 0 0 0
8 0 17.35 0 17.35 0 0
9 0 0 0 0 29.5 16.6
10 0 0 0 0 9 0.8
11 0 0 0 0 3.5 1.8
12 0 0 0 0 6.1 1.6
13 0 0 0 0 13.5 5.8
14 0 0 0 0 14.9 )

TOTAL 262.71 44.94

262.67 44.72 259.0

73.5

In Figure 3.4, the Belgium natural gas networks has been represented with the gas

flow values corresponding to the scenario I.a of this study case.
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Figure 3.4: Belgium natural gas network, representation of case 1.a

29
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Table 3.4: Participation factors of electric generators.
Nodes 1 2 3 6

Single slack node 0.0 1.0 0.0 0.0
Distributed slack node 0.5 0.2 0.2 0.1

Lastly, the use of the chart proposed by Carroll [Carroll 2003| shows that for cases
1c and 1d, three nodes (6, 7, and 17) of the gas network have a relation of nodal pressure
and temperature within the unsafe operating zone with a risk of hydrate formation in
the inner-wall of pipelines, as shown in Figure 3.5. Based on these observations and in
accordance to section 2.5, reducing the level of pressure along the network in order to

operate in the feasibility region free of hydrate formation is necessary.

Figure 3.5: Operation condition of the natural gas network for case 1.c.

Figure 3.6 shows the convergence process for each energy network in the case 1.qa, in
this figure the faster convergence in the electric networkwith respect to the gas system

is observed.
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Figure 3.6: Convergence process in energy network for case 1.a.

3.5.2 15-Nodes Natural Gas and IEEE-118 Bus Test Systems

The analyzed energy network consists of the 54-machine, 118-bus
IEEE  electric  power system [‘Power Systems Test Case  Archive”,
http://www.ee.washington.edu/research/pstca/| and a 15-nodes natural gas net-
work [An 2003]. The networks are coupled via eight gas-fired generators as shown
in Figure 3.7. The gas network has five gas non-electric loads, two sources and four
compressors. Two compressors are driven by gas turbines, and the gas is tapped from
the inlet node of the compressor station, while the other two compressors are driven
by electric motors supplied from the electric network. The node NG-1 serves as the
slack node in the gas network. The parameters of the heat rate curves are given in

Table 3.5, while the pipelines’ and compressors’ data are reported in Appendix A.
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Figure 3.7: Natural gas and electricity coupled networks.

In order to assess the temperature effect on the equilibrium point associated with
the natural gas network, the following two scenarios were simulated: i) The first sce-
nario assumes a constant temperature of 550°R at all natural gas nodes and considers
two types of slack nodes in the electrical network, 2.a) a single slack node as defined
in the second row of Table 3.6 and 2.b) distributed slack nodes with participation fac-
tors as reported in the third row of Table 3.6; ii) The gas temperature is considered
as a state variable to be computed during the iterative solution, except at nodes of
compressors and gas sources where a constant gas temperature is set at 550°R. In this
second scenario, an environmental temperature of 500°R and a heat transfer coefficient
of 0.025 BTU/ ft? for every pipeline of the network are assumed. Similarly to the first
scenario, a single slack node and distributed slack nodes have been considered in the
electricity network, as reported in Table 3.6, to perform the steady-state analysis of the

overall energy grid. These study cases are referred to as 2.c) and 2.d), respectively.
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Table 3.5: Gas-fired generator’s heat rate curves.

Nodes Heat rate parameters
Electric Gas Natural o [} o)
10 9 350000 10 2
16 10 16000 10 2
25 5 255000 10 2
49 7 240000 10 2
59 11 195000 10 2
61 6 200000 10 2
69 12 300000 10 2
103 8 60000 10 2

Table 3.6: Participation factors of electric generators.
Nodes 10 16 25 49 59 61 69 103

Single slack node 0.0 0.0 00 00 00 00 1.0 0.0
Distributed slack node 0.25 0.02 0.1 0.1 0.07 0.08 0.35 0.03

Table 3.7 summarizes the results for the natural gas network associated with the
natural gas supply, gas demanded by gas-fired plants, nodal pressures and nodal tem-
peratures. The last two set of results are reported in order to identify the operating
conditions with risk of hydrate formation according to the chart proposed by Carroll
[Carroll 2003|, Figure 2.2. The equilibrium point obtained for each case is located within
the safety zone of operation. Furthermore, these results provide information about how
far the equilibrium point is from the boundary of this safety zone. By way of example,
the pressure at node NG-4 has a value close to 1040 PSIA, such that the risk of hydrate
formation occurs for temperatures below 511°R. As the data from columns 5 and 6 of
this table show, the gas consumed by electric generators is reduced when distributed
slack nodes are considered in the electrical system. However, this observation cannot
be considered as a general rule because the gas consumed by fired-gas plants depends

on the online regulating generators and their assigned participation factors.
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Table 3.7: Natural gas supply, demand and nodal pressures.
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The natural gas flows through pipelines and compressors as well as the energy
consumption of compressors are reported in Tables 3.8 and 3.9, respectively. The former
set of results numerically demonstrates that the selection of the type of the slack node
in the electrical network affects the flow through the gas network, which clearly shows
the interdependency between both networks. Lastly, the algorithm convergence for
this solutions are seven, six, nine and eight iterations for scenarios 2.a, 2.b, 2.c and
2.d, respectively, to a mismatch tolerance of 107% and of 10~!2 for the natural gas and

electricity systems, respectively.

Table 3.8: Natural gas flows at pipelines and compressors.

o C Gas flow
Pipeline km From To (SCF?/hr)

(SCF/PSIA) 2.a) 2.b) 2.¢c) 2.d)

1 240932.8 1 3 624 6.18 6.24 6.18

2 241232.7 2 4 800 800 800 8.00

3 289126.6 3 4 -1.27 -1.30 -1.24 -1.27
4 242008.5 3 5 668 6.6 6.66 6.61
5) 232459.1 4 7 650 648 6.594 6.51

6 225390.3 6 9 453 448 450 4.45
7 141801.1 8 11 512 5.09 5.16 5.12

8 146427.1 10 13 178 1.70 1.75 1.67

9 135148.8 12 14 0.216 0.30 0.25 0.33
10 152148.7 13 14 0.640 0.58 0.62 0.56
11 158598.1 13 15 0918 0.89 091 0.88
12 146339.1 14 15 0.582 0.61 0.59 0.62
Compressor From To 2.a) 2.b) 2.¢) 2.d)

1 5 6 5.429 5.381 5.398 5.350
2 7 8§ 5.351 5.318 5.382 5.349
3 9 10 1.839 1.756 1.808 1.724
4 11 12 4.257 4.221 4.289 4.253
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Table 3.9: Energy consumption by compressors.
Horse Power (HP)

2.a) 2.0) 2.c) 2.d)

bt 6 184.89 183.26 183.83 182.19
7 8 197.88 196.66 199.04 197.82
9 10 0.00 0.00 0.00 0.00

11 12 1116 11.06 10.63 10.54

Compressor From To

= W || =

On the other hand, the results reported in Table 3.9 demonstrate that the energy
consumed by compressors is affected by the gas temperature along the network. In
these study cases, compressors consume more energy when a constant gas temperature
of 550°R is assumed at all nodes of the gas network. These results are in accordance
to Equation (2.15), i.e. a higher gas temperature along the network, the higher the
energy consumption in compression stations. Lastly, the power supplied by gas-fired

generators is reported in Table 3.10.

Table 3.10: Electricity supplied by gas fired generators.
Generation (MW/MVAR)

Electric node NG node 2.a) / 2.c) 2.b) / 2.d)
P Q p Q

10 9 450 - 454.89 -
16 10 10 18.34 10.39 18.25
25 5 220 - 221.96 -
49 7 204 8.72 20596 7.55
59 11 155  99.66 156.37 99.36
61 6 160 - 161.57 -
69 12 645.38 - 632.25 -
103 8 40 17.04 40.59 16.84

TOTAL 1884.3 - 1883.9 -
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3.6 Unified Gas and Power Flow Solution Considering
Primary Frequency Regulation.

In the formulation presented in the last section a random participation factor has been
assigned to each gas-fired power plant in order to contribute to reduce the active power
imbalance in the electric network. Another way to assign these participation factors
is considering the primary frequency regulation characteristic, which permits to deter-
mine the spinning reserve allocation that is required to withstand a set of pre-defined
load variations. There are several proposals to evaluate the primary frequency regula-
tion effect on power generations dispatch, [Restrepo 2005, Okamura 1975, Ping 1998,
Kremens 2000]; which also consider load models with dependence of frequency and volt-
age. Nevertheless none of these formulations perform an integral analysis that permits
the understanding of how this primary regulation control affects the mass flow in the
natural gas network under load variations in the electrical system.

In order to address the challenge of analyzing the steady-state interdependency
between natural gas and electricity networks considering the primary frequency regu-
lation as well as the voltage magnitude and frequency dependence of electric loads, the

Equations (3.1) and (3.2) are modified as follows,

AP = (Pi Pri f) (3.14)

gset R,
i

, V; Vi \?
- {Plzset (1+ KuAf) (ppi + Dei (E) + Dz (E) > }

- P Vie N,

cal —
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. Pr Pri 2
AQ; = ( lgset _aQi%Af_bQi ( RR Af) ) (315)

. Vi Vi \?
- {%“ FHwal) (q ca (7)o (70) )}

b =0, Vie (N.— Npy)

where P; <ot 18 the active scheduled output of generator, Pg; is the rated output, R;

is the speed regulation, and Af is the system’s frequency deviation. Similarly, @ .,
is the reactive scheduled output of generator whilst ag; and bg; are the coefficients of
reactive power generation control characteristics.

Regarding the load model, P}, and Q; .., are the rated power of load. In addition,
K,; and K,; are frequency characteristic coefficients and p.; and ¢.; are the portion of
total load proportional to constant impedance load. Furthermore, p.; and g.; are the
portion of total load proportional to constant current load, while p,; and g, are the
portion of total load proportional to constant power load. Lastly, Vg, and V; are the
nominal and actual voltage magnitude at load node, respectively.

For both power mismatch Equations (3.14) and (3.15), the first term corresponds
to the power modulation according to the system frequency deviation; the second term
considers the consumption of power as a nonlinear function of nodal voltage magnitude
and of system frequency deviation. The last term is associated with the power injected
at the terminals of the transmission elements. Note that an increment of the frequency
value due to a load shedding will produce an increment in the energy demanded by those
loads that remains embedded in the network, which in turn reduces the disturbance
impact on the electric power system behavior.

In this new formulation the state variable A f replaces the former state variable AP,
such that the new vector of the state variables to be computed in the electricity system
is [z] = [Tng, z)' = [, T, BHP, G., 6, V, Af]" with their corresponding domains:
RWng=1)  R(Nng=1) RWNe) R(Ne) RWNe—1) RNe=Npv) R,
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Besides, it is important to consider the modification to the Equation (3.7), which is

the link between the electric network and the natural gas network, as follows

i i i i P i i Pri i
HR' = ag + Bg (Pgset — EAf) + ’)/g (Pgset — EAf) . <316)

The set of coupled nonlinear mismatch equations is now defined by

AG
AT
ANBHP
f= AR =0 (3.17)
AT
AP

AQ

where AG corresponds to the gas nodal balance according to the Equation (2.26)
defined for RWns=1 AT is the nodal gas temperature balance given by (2.27) for
RWVna=D: ABHP, AR and A7 are defined by Equations (2.28) - (2.30) for energy
consumption, compression ratio and gas extracted by compressors employed in the
natural gas network, respectively, and defined for R™e. Finally, if the term 7 associated
to the gas extracted by compressors in Equation (2.26) is expressed as a function of the

state variable BH P, the set of nonlinear mismatch equations are reduced to:

AG
AT
f= ABHP (3.18)
AR

AP
AQ

Besides, AP and AQ are now defined by Equations (3.14) and (3.15) with a domain

of RNe and RWVe=Nrv) respectively, and represent the active and reactive power balance

in the electric power system considering primary frequency regulation.
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The vector of state variables is defined by [2] = [ 2 =
[II, T, BHP, G, 0, V, Af]' with their corresponding domains: R®ee=1) RNng—1),
RWe) RWNe) RWNe—1) RNe=Npv) R,

Lastly, the new Jacobian matrix for this new formulation is given by

NG NG NG NG 0 0 094G
o1l T OBHP 9G. ONf
AT AT AT
a11 T 0 G, 0 0 0
OABHP  9ABHP  9ABHP  9ABHP | 0 0
_ oI T 9BHP aG..
J=1 (3.19)
S 0 0 0 0 0 0
0 0 oAP 0 dAP AP  OAP
9BHP 90 EA )N
INQ  9AQ  9AQ
. 0 0 0 0 90 v onf

The coupling terms between the natural gas and electric nonlinear equations cor-

respond to the change of nodal active power balance due the electricity extraction by

OAP
0OBHP

moto-compressors and the nodal gas balance due the gas extracted by gas-fired

generators %, which is a function of the frequency deviation.

3.6.1 Study Case

The proposed methodology is applied to assess the steady-state operation of the inter-
connected natural gas and electricity systems shown in Figure 3.8. The former system
consists of four nodes connecting two pipelines and one compressor, while the power
system consists of 14 nodes (IEEE 14-bus test system) and has two gas-fired generators
at nodes 1 and 2. The compressor maintains the pressure at 4.0 MPa at node 4. The
natural gas network data are given in Appendix A. In order to assess how the primary
frequency control affects the natural gas operation condition, the active power load is
modified at different nodes of the electrical system with respect to the base case. A
summary of the results associated with the gas and power flow solutions are reported
in Table 3.11 for the following cases: 1.a) Load reduction of AP, = —100 MW in
nodes 3 and 4; 1.b) Base case; 1.¢) Load increment of AP,,.q = +100 MWW at node 10;
and 1.d) Load increment of APj,q = +200 MW at node 10.
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Figure 3.8: Natural gas and electricity coupled systems.

Table 3.11 shows how the increment in the load demand by the electric system
modifies the gas system operation condition because of the change in active power
produced by gas-fired generators. From these results is clear the reduction of the gas
temperature at node 4 as well as the energy consumption by the compression station in
accordance to the increments in electric load. Please note that the proposed approach
only permits to assess the existing interdependence between the electricity and gas
systems for a time horizon corresponding to a single time period. Hence, it is not
posible to determine the rate of change of gas temperature with respect to a normal
electric load variation.

As a final remark, de-watering the gas and methanol injection can be beneficial in
the problem of the formation of hydrates. As reported in [Carroll 2003|, the elimination
of one of the following three conditions prevents hydrate formation: a) The right com-
bination of temperature and pressure, b) A hydrate former: methane, ethane, carbon
dioxide, etc. and ¢) Water. The hydrate former are not removed from gas because they
are the desired product [Carroll 2003|, such that the other two considerations have to

be addressed in order to reduce the risk of hydrate formation. The gas quality that
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the purchaser will accept, in terms of the amount of water contained in the gas, is
commonly defined in the commercial arrangements, which implies that the operating
conditions that could lead to harmful hydrate formation in pipelines can be identified
by the combination of temperature and pressure, as presented in this Chapter. On the
other hand, in the natural gas industry methanol and other glycols are used to inhibit
hydrate formation. However, as indicated in [Carroll 2003], “It is important to note
that they do not prevent hydrate formation, they inhibit it. That is, they reduce the
temperature or increase the pressure at which a hydrate will form. The mere presence
of an inhibitor does not mean that a hydrate will not form.” Hence, the proposed ap-
proach will allow us to identify operating conditions that could lead to harmful hydrate

formation in pipelines once the inhibitor has been injected in some concentration.

Table 3.11: Resume of energy flow solution.

Natural gas network Electrical system
Case of study Node 4 Gas consumption (MSCF /hr) gener:i(i):; Y(MVV) Af
Temperature (°C) Genl Gen2  (Hz)
l.a) 4.883 3.078 77.6 84.6 +1.32
1.b) 4.871 3.125 130.4 1374 0
l.c) 4.853 3.188 179.3 186.3 -1.11
1.d) 4.830 3.259 222.1 229.4 -2.14

3.7 Conclusions and Remarks

In this chapter an integrated energy flow analysis of natural gas and electric power
systems has been proposed. In the latter, it is assumed that an arbitrary number of
gas-fired generators have variable active power as a function of gas supply to better
represent the interaction between both networks. Since the environmental temperature
has an important impact on the design of pipelines and the operation of the natural
gas network, the conventional modeling of this network has been expanded to con-
sider the gas temperature as a state variable in order to assess the compressors’ energy

consumption and to identify operating conditions that could lead to harmful hydrate
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formation in pipelines. The set of nonlinear equations representing the combined nat-
ural gas and electricity systems have been obtained based on the nodal balance of gas
and power flows, respectively. This set of equations has been linearized and solved
using the Newton-Raphson’s technique. Numerical examples have been presented to
demonstrate the prowess of the proposed approach to analyze the interdependency be-
tween both energy networks, where the generation of gas-fired plants as a function of
the gas supply and the electric energy consumed by compressor motors are computed
automatically together with both gas and electric state variables in a integral frame of

reference.



Chapter 4

Optimal Flow in Power and Gas
Networks Considering Wind

Uncertainty

4.1 Introduction

As power generation plants, which use wind energy are increasingly integrated into
existing electric power systems, it becomes important to evaluate how the wind power
uncertainties affect the power system’s operation as well as its interdependency with
those networks utilized to transport the various forms of primary energy that is con-
verted into electric energy. Currently the operation conditions of the electric power
systems is determined considering the best available forecast for the uncertain param-
eter, this means, the operation is based on the scenario with the highest probability
of ocurrence. This chapter proposes a robust optimization model for analyzing the
interdependency between natural gas, coal, and electricity networks considering their
operation constraints and wind power uncertainties. The optimization model obtains
an uncertainty-immunized solution in a integral framework based on the balance of
nodal energy flows, which remains feasible and nearly optimal for all values of uncer-

tain data. Since the models of natural gas and electricity networks have been reported

74
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in Chapters 2 and 3, respectively, only the mathematical models adopted for the coal
supply network, hydraulic energy system, and wind power generation are reported in

detail.

Cases of study are presented to verify the effectiveness of the proposed solution for
a multi-energy system composed by the IEEE-118 test system coupled to a 15-nodes
natural gas network and a 4-nodes coal distribution system as well as for the real life

Belgian natural gas and electricity systems.

4.2 (Coal Network Model

The coal is transported from the mine-mouth to the electric power plant over long
distances and in large quantities, with diesel locomotives as the dominant transportation
mode [Kaplan 2007]. For the purposes of this work, the coal transportation system is
modeled by a linear network composed of nodes and railways.

Nodes are used to represent the system’s facilities such as coal mines, coal piles
and/or coal-based thermal power plants which are connected through railways. The
steady-state operating point of the coal network is formulated by the coal flow balance
equation that must be satisfied at each node of the system: the total amount of coal
transported by the rails connected to a nodal point must be equal to the total coal

demanded at that node. The balance equation is then given by the following expression.

— MCF —MC}"=0; VYkeN, (4.1)

source

AMCy =Y MCF™ 4+ MC?

mek
It is important to take into account the physical limits associated with the coal
extraction at the mine-mouth, which are determined by the available resources, the

storage facilities or railroad transport:
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MCSOUTC@ < Mck < M source (42)

k,min — source — k, mazx

Based on the coal flow computed by 4.1, calculating the locomotive’s energy con-
sumption is possible, which also permits to assign a cost to the coal transportation.
Several formulations have been proposed for calculating the energy consumed by loco-
motives based on the distance, weight and average train speed in which both geographic
and driving aspects are assumed constants, [Hickman 1999]. On the other hand, the
methodology presented in [Network Rail 2008] recommends estimating the energy con-
sumption on each railway based on statistical data, considering that the driving condi-
tions, type of locomotive and average speed among other parameters for a given railway
are practically the same. Lastly, an efficiency weight is used to penalize the coal freight
in such a way that the energy at the inlet node of the railway is different to the energy
on the outlet node, [Quelhas 2006]. The computation of energy consumption proposed

in [Hickman 1999] is also used in this work and is given by

ECH™ = I MCy™

" dn (IFm) | pkm

km) 2

where (™ represents the railway length running from the k™ to the m™ MC*™ is the
coal amount transported by the railway, V*™ is the average speed of the locomotive,
n*™ corresponds to an efficiency in the coal transportation by the locomotive; and lastly
the parameters C*™ and K*™ characterize the energy consumption of this railway.

This consumed energy is expressed in joules in such a way that the diesel required

by the locomotive is computed by

= GOV, (4.4)

where GHV, represents the energy contained in one gallon of diesel. Finally, the cost
related to the coal freight at each railway of the transportation network is obtained
based on cost of diesel in the fuel’s market.

Even when the speed of coal transport has not an important impact in the short-
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term operation of the electric power systems or real-timer dispatch, it is important to
be considered in order to ensure its availability in time and quality, and to determine

the storage capacity.

4.3 Hydraulic Reservoir Model

Hydro-power plants consist of water reservoirs located at different elevations; when
the water is released, the potential energy in the water is converted to electricity in
the hydro-plant. For purposes of this chapter, the available hydrological resource is
considered known, and the elevation of the surface of the reservoir is assumed constant.
This last assumption is regarded as correct because the study is performed for a single
time period (snapshot); however, this becomes an important issue in multi-time analysis
[Wood 1984]. The coupling between the water reservoir and the electric power system
is given by the water rate Equation (4.5); which relates the amount of water needed
to generate a specified active power, and whose coefficients «, § and v define the
efficiency in the energy conversion process from the potential energy contained in the
water volume to the electrical energy generated by the group turbine-generator:
hf"ate i i pi i ( pi 2
WR; = e [04 + B Py, ny 7' ( gen, hy) } (4.5)

where h!_, is the nominal height of the level surface for the i*" reservoir, h; is the

rate
current height of this level surface; the parameters o, 5° and 7* describe the efficiency
in the energy conversion process for the hydro-electric generators.

The water resources available in each basin are delimited by

WRM < WR; < W R~ (4.6)
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4.4 Wind Generator Model

The increasing level of wind penetration has augmented the concern about its impact on
the power system’s performance and the effect on the economic dispatch of generators
due to the variability of wind [Hetzer 2008]. The power output of a wind turbine is
given by (4.7), which indicates that large fluctuations of wind power may occur because

of wind speed variations [Castro 2012] :

1
Pind = 3 C,p Aws? (4.7)

where C), is the wind-power turbine coefficient, p corresponds to the air density, A is

the wind-rotor swept area and ws the wind speed impacting the wind-generator.

Wind-Turbine power curve

Power
rated

u> Uraten
Pwmd = Prated

Power output

S e

2 4 6 8

J Wind speed (m/s)
Figure 4.1: Typical power curve for a wind turbine.
Figure 4.1 shows a typical wind power curve as a function of the wind speed ws,

which can be used to express the output power obtained from the wind generator by

the following polynomial function
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Puindg = G + by w5+ o ws? +dyws® + ey ws + fows® + gy ws® 4+ hy ws” +i, ws® (4.8)

The expression (4.8) provides the active power in per unit of the generator’s rated
power, in order to convert this per unit power in MW we use the following equation.

Pl =P Ppina (4.9)

gen,w gen,w

where Pir%% corresponds to the rate capacity of the " wind-generator.

gen,w

Figure 4.2: Wind speed forecast 24 hours in advance.

From Figure 4.2 it is possible to identify the importance in the wind-speed pre-
diction, this high variability in the wind energy is likely the major challenge in the
assessment and integration of wind power to the electric power systems; currently some
studies indicate that the mean absolute error could be around 16.8% for 24 hours in ad-
vance forecasts, which obviously has bigger impacts in systems with higher wind power

penetration, |Zack 2006].
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4.5 Robust Optimization Model

Mathematically, the single-period, deterministic multi-energy OPF is stated by the

following constrained nonlinear optimization problem:

min f (z, )
s.t. h(x,08)=0;, z<zx<= (4.10)

where the mapping f (z, ) : R® — R is the objective function to be optimized,
@1 = (R®+R" + R + R?), where R®, R", R® and R’ represent the dimension of
the state vector corresponding to the coal, gas and electricity as well as the set of
uncertain parameters respectively. The set of equality constraints h (z, §) : R — R®
corresponds to the nodal energy balance in the primary energy and electricity networks,
g2 = Ng + Nypg + 3N, + 2N, — Npy; the set of inequality constraints € Sgpeee C
R corresponds to decision variables with lower and upper limits given by z and Z,
respectively; and the parameter vector 8 is only composed of deterministic data. The
point z in the search space Sgpqc that satisfies all constraints is defined as the feasible
point x. When data take values different than the nominal or expected values, the
computed optimal solution considering the nominal data may no longer be optimal
or even feasible. Hence, the goal of robust optimization is to provide a solution that
remains feasible and near optimal when data changes within a prescribed uncertainty
set. The robust optimization (RO) counterpart of (4.10) is formulated by introducing
a set of scenarios ¢ = {1, 2, 3,---, S}, where each scenario is modeled and solved
deterministically with a probability of occurrence ps, where Y ps = 1, and composed
of the values that uncertain data take in the analyzed scenario as well as by the fixed
values of deterministic data s = {f4, 55} Vs € ¢. Note that the values of p,; such
that > ps = 1 imply that a discrete probability distribution for the selected number of
scenarios is known.

The optimal solution of (4.10) is robust with respect to optimality if it remains
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close to the optimal solution of any scenario of the input data, and it is robust in terms
of feasibility if all constraints are satisfied for all possible values that may be realized
for the uncertain parameters. However, it is unlikely that the solution remains near
optimal and feasible for all possible scenarios, such that a trade-off between solution and
model robustness could be achieved by introducing a function to control the variability
in the optimal solution for all realizations of s, and/or by relaxing the constraints in
a controlled way to permit a certain degree of infeasibility [Malcom 1994]. This latter
option is not considered in this chapter: all equality constraints are regarded as active
at any solution since they must be satisfied unconditionally at any operating point.
Furthermore, the active set of inequality constraints consists of those variables to be

explicitly enforced to specified values in a particular feasible solution.

Therefore, the robust optimization model is formulated as:

2

SES EISS s'€g

s.t. hs(z, Ba, B5) =0; 2 <z <Z Vseg (4.11)

where & corresponds to the conventional objective function for each scenario analyzed,
and the suffix s” is utilized to indicate the term belonging to the weighted summation
in the variance calculation. Then, the objective function is composed of the expected
optimal solution & = f (x, B4, B2) weighted over all possible scenarios plus a constant
A times the variance of &, this variance represent the dispersion of the solutions for the
different scenarios. In addition, the sets of equality and inequality constraints of the
multi-energy system, which must be simultaneously satisfied for all scenarios s € ¢, are

given by the following equations,

AMC; =0;  Vke N, (4.12)
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AGL=0; VkeN,
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11
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(4.13)

]:[5 cp—1

Ck
m — 1| =0
<Hz) ]

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)
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2, Min 1,8 i, Matc, 7 7 7 7 7
g7en S g76n S g76n ) ngen € {Qgen,ng7 Qgen,co? gen, hy» Qgen,w} (423)

Vi L VE L ype Vk € (N, — Npy) (4.24)

The set of decision variables for the RO problem is given as follows: for the gas
system, x,, € {H € RS<N"9_N5§WES), BHP c R*Ne, G, € RSNC} which corresponds to
nodal pressures, energy consumption by compressors, and gas flow through compressors;
for the coal system, z.,, € {MC, € R°"} which corresponds to the coal flow in each
railroad; and finally x. € {Pgen € R¥WNoen—Ngenw) 1/ ¢ Rs(Ne=Npv) g € R® (Ne_l)} for
the electric power system, which corresponds to the active power output, nodal voltage
magnitude and nodal voltage angle. In this set of equations s represents the set of
scenarios, r the set of railways in the coal transportation network, N,, and Njo“e
correspond to the number of nodes without and with a constant pressure, respectively,
for the natural gas system.

In addition, NV, is the number of compressors online in the natural gas system, Ny,
is the number of generator nodes in the electrical system in which Ng,,, correspond
to the wind-energy generators, and N, is the set of nodes in the electrical network in
which there are Npy nodes with constant voltage magnitude.

Lastly, the value of A penalizes the variability of the cost values associated to each
scenario, which has a direct effect on the robustness, with respect to optimality. The
null or low value of this parameter results in a high variance of the optimal value of
the objective function over all possible scenarios. On the other hand, a high value of
the penalization factor provides a low dispersion of the optimal values of the objective

function associated with the set of scenarios for wind speed.
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4.6 Study Case of a Multi-Energy Network

The robust optimization model described in the last section is applied to the analysis
of a multi-energy system in order to assess the impact of wind power uncertainties
on the cost associated with the production of coal and natural gas, which directly af-
fects the existing interdependency between primary energy networks and the electricity
system. Furthermore, a RO model is formulated and solved to achieve an “almost”
constant active power generation from gas-fired plants, over all wind power scenarios,
in order to maintain invariant the operating conditions in the natural gas network.
The energy system is composed of gas, coal and electricity systems, the first two net-
works are depicted in Figures 2.3 and 4.3, while their data are reported in Appendix
A. The four compressors in the natural gas system are driven by gas turbines, and
the gas is tapped from the inlet node of the compressor station. The electrical net-
work corresponds to the IEEE 118-bus system [‘Power Systems Test Case Archive”,
http://www.ee.washington.edu/research /pstca/|, which is coupled to the other pri-
mary energy networks through thermal, hydro, and wind power generators at those
nodes reported in Table 4.1. The parameters for heat rate curves in thermal units
and water curves for hydraulic units have been chosen to reflect the typical efficiency
behavior in each unit. The generation limits for the thermal and hydro generators are

0.2 < P

gen

<4puand0< P}, <4 pu, respectively, with a base of 100 MVA. Finally,
the water available for each hydroelectric generator is computed by Equation (4.5) con-
sidering the coefficients and rate powers given in Table 4.1, and a constant gross head
for all hydro plants is considered. In accordance with the rated power reported in Ta-
ble 4.1 the wind power capacity represents approximately 22% of the total installed
capacity for this study case.

Based on the idea reported in [Outcalt 2009], we only consider five different wind
speed scenarios of 5, 8, 10, 12 and 15 m/s to represent the wind-speed forecast un-
certainty. For purposes of this case of study, the probability of each chosen scenario

is hypothetically selected as 10, 10, 20, 50 and 10%, respectively. Note that our as-

sumption of five wind speed scenarios with hypothetical probabilities of occurrences



CHAPTER 4. OF&WIND UNCERTAINTY 85

do not affect the proposed RO formulation since these data are considered as input
parameters in the proposed formulation; i.e. our proposal does not lose its generality.
The same wind power curve characteristic is assumed for all wind generators, which
is approximated by the eighth-degree polynomial function (4.8), whose coefficients are
reported in Table 4.1. Therefore, each wind generator produces an active power de-
fined by Equation (4.9). In this study case to different variances are considered for the
penalization term in Equation (4.11); for the examples A to C the variance of the total
operation cost is considered to attain a suitable and robust solution for the fossil fuel
management, which determines the quantity of gas and coal required for the operation
at which the total cost could be independent of the wind speed scenario for large A val-
ues. On the other hand, in the example D, the penalization is realized for the variance
of the gas consumption. This solution leads to an invariant active power generated by
the gas-fired generators, this means that the operation conditions in the natural gas

infrastructure remains constant independently of the wind speed scenario for large A

values.
Table 4.1: TEEE-118 Test system, generators.

Electric Node Type Primary energy bus Rated power o B Y
E-10 Gas NG-4 197.0 150000 12 4
E-12 Gas NG-5 204.4 150000 12 4
E-16 Gas NG-8 179.2 140000 14 )
E-25 Gas NG-12 183.1 140000 14 5
E-26 Gas NG-13 187.0 140000 14 5
E-31 Gas NG-15 169.9 140000 14 5
E-40 Coal C-1 199.1 150000 120 7
E-46 Coal C-2 186.5 150000 120 7
E-49 Coal C-3 211.2 150000 120 7
E-54 Coal C-3 225.9 150000 120 7
E-59 Coal C-4 222.4 150000 120 7
E-87 Hydro 138.7 4000 480 0.2
E-89 Hydro — 231.6 9000 450 0.2
E100 Hydro — 218.2 9000 450 0.2
E-103 Hydro — 201.9 9000 450 0.2
E-111 Hydro 159.9 4000 480 0.2
E-61 Wind 217.0 a, = 1.07 b, = —0.806 cw = 0.245
E-65 Wind — 217.1
E-66 Wind 212.7 dy, = —0.043 ew=050%e—-3 f,=38—4
E-69 Wind 220.9

E-80 Wind 231.1 gw = 1.66e =5 h,, = —3.85e -7 i, =3.65e—9
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Figure 4.3: Coal transportation system

The RO model (4.11) associated with this multi-energy system is composed by 303
variables, 306 equality constraints and 298 inequality constraints per wind scenario,
Equations (4.12) to (4.24), and is numerically solved using the software GAMS/MINOS
[“GAMS/MINOS”, http://www.gams.com/solvers/solvers.htm#MINOS| for the follow-

ing three study cases detailed below:
A. A base case for the cost of fossil fuel production considering no penalization

in the variance between scenarios, i.e. A = 0;

B. Similar to Case A but considering 0 < A < 1 to penalize the variance of the

total cost of fossil fuel production between scenarios;

C. Similar to the case B considering a reduction of 20% in hydroelectric re-
sources;
D. A case that minimizes the fossil fuel consumed by thermal power plants

considering a penalty factor in the range of 0 < A < 10 to penalize the cost

variance of natural gas used to generate electricity.

The following reference prices are considered for all study cases:
Diesel is 1 USD/liter [‘Gasoline and Diesel Fuel Update”,  Febru-
ary 2014, http://www.eia.gov/petroleum/gasdiesel /|, natural gas
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is 4 USD/MSCF  [“Natural Gas  Prices”, January  3lst, 2014,
http://www.eia.gov/dnav/ng/ng pri_sum_dcu_nus_m.htm| and coal is 80.15
USD/Ton [“Coal”, December 12, 2013, http://www.eia.gov/coal/data.cfm# prices]. A
coal heating value of 12,500 Btu/lb has also been considered for all studies, which
corresponds to the category of sub-bituminous coal [‘Coal”, December 12, 2013,
http://www.eia.gov/coal /data.cfm#tprices|.

The objective function for each scenario is defined as the total cost of primary

resources of fossil fuels injected by all natural gas and coal sources:

NGSO’U/TCQS COSOU”‘C@S
§ = Z (NG];st:JcSCFH G’sﬂ) + Z (COZmeTon MC’?) (4.25)
k1=1 ko=1
Nrailways
+ chost x liter Z (DRfs)
k=1

4.6.1 Case A

For the case of study, the results of the cost of primary resources and the active power
generation dispatch are summarized in Figure 4.4 for each wind speed scenario. The
CPU time for this simulation was 1.6 s. The cost and generation dispatch are indicated
by bars and solid lines, respectively. Note that the increment of active power produced
by wind generators has a major impact on the total generation associated with coal-
fired power plants, which is reduced by approximately 10 pu; meanwhile the generation
due to natural gas plants is only reduced by less than 2 pu. These results are caused
by the efficient energy conversion process, fossil fuel prices, and gross heating value
of each generation technology. As expected, the optimization solution provides no
immunization to the wind speed forecast uncertainty, A\ = 0; there then exists a variance
of the operation costs between scenarios, which is about 30 KUSD between the first

and last scenarios.
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Figure 4.4: Generation dispatch and operation cost, Case A

Table 4.2: Energy Balance, Case A

88

Gas System, MMSCF

Coal System, Ton

Electric System, MW

Scenario Supply  Industrial Generator’s Supply Industrial Generators’ Supply Load Losses
Load Load Load Load

S1 15.725 6.000 9.640 560.9 0 560.9 4396.8 4173.1 223.7

Sa 15.237 6.000 9.150 446.4 0 446.4 4352.1 4173.1 179.0

Ss 15.405 6.000 9.319 337.3 0 337.3 4335.9 4173.1 161.9

Sy 14.755 6.000 8.755 288.2 0 288.2 4315.5 4173.1 142.4

Ss 14.600 6.000 8.600 256.8 0 256.8 4307.5 41731 134.4

In Table 4.2, the energy balance of each energy network has been presented, for

the case of the natural gas system, the difference between gas supplied and the total

gas required by industrial and generators corresponds to the gas extracted by turbo-

compressors installed in the system.

4.6.2 Case B

Study case A is repeated but considering different penalty factors, 0 < A < 1, on the

operation cost variance. This penalization allows an uncertainty-immunized solution
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for all wind speed scenarios but at a suboptimal operation cost as demonstrated in
Figure 4.5. The total operating cost of each scenario tends to the same value, which
is the most expensive one as the penalty factor is increased. In this case, the same
robust optimal operation cost &, is obtained for scenarios 2 to 5 from a penalty factor
of A = 1073; at this value of X the operation cost is 112.4 KUSD. On the other hand, all
scenarios have the cost of 118.8 KUSD for a penalty factor of A = 1, which corresponds
to worst-case RO solution. The execution time for each simulation was 25 s of CPU
time, except for the case where A\ = 0. The standard deviation of the robust operating
costs is also shown in Figure 4.5, which is calculated from the existing variance between

the costs of a set of scenarios related to the same value of .

Figure 4.5: Standard deviation and operating costs by scenario, Case B
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Table 4.3: Energy Balance for A = 0.1, Case B

Scenario Gas System, MMSCF Coal System, Ton Electric System, MW
Supply  Industrial Generator’s Supply Industrial Generators’ Supply Load Losses
Load Load Load Load

S 15.696 6.000 9.606 560.9 0 560.9 4392.9 4173.1 219.9
Sa 14.567 6.000 8.476 554.6 0 554.6 4366.9 4173.1 193.8
S3 14.369 6.000 8.277 550.9 0 550.9 4389.7 4173.1 216.6
Sy 14.306 6.000 8.214 517.8 0 517.8 4365.9 4173.1 192.8
Ss 14.536 6.000 8.444 602.5 0 602.5 4548.6 4173.1 375.5

In Table 4.3, the energy balance of each energy network has been presented, for
the case of the natural gas system, the difference between gas supplied and the total
gas required by industrial and generators corresponds to the gas extracted by turbo-
compressors installed in the system.. The standard deviation of active power dispatches
over all possible scenarios are shown in Figure 4.6, as a function of the penalty value .
A close relation between the variance of the total operation cost shown in Figure 4.5
and the total power dispatched by coal-fired plants shown in Figure 4.6 is observed: the
higher penalty factor, the smaller variance in the operation cost and total coal-based
power generation associated with the set of scenarios for wind speed. This smaller
variance is because of the coal-fired power rises with increments in the values of the
penalization factor, as shown in Figure 4.7. This increment in the participation of coal-
fired units causes a reduction in the amount of active power supplied by the hydro and
gas-fired units in order to meet the electric demand and transmission losses, as shown
in Figures 4.8 and 4.9, respectively. In this context, if hydro resources are reduced, or
even eliminated, the deficit in active power will be compensated by the natural gas-fired
generators. In this case, the profile of both the standard deviation of gas dispatch and
the nodal gas pressures along the gas network will be a function of the active power
supplied by the gas-fired units at each wind speed scenario. If this power differs between
scenarios, the nodal gas pressures do not remain constant and the standard deviation

of gas dispatch increases in value.
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Figure 4.6: Standard deviation for power dispatch between scenarios, Case B

Figure 4.7: Active power and standard deviation of coal-fired units, Case B
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Figure 4.8: Active power and standard deviation of gas-fired units, Case B

Figure 4.9: Active power and standard deviation of hydro-electric units, Case B
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The optimal costs obtained by the proposed approach and the expected cost value
are numerically reported in Tables 4.4 and 4.5, respectively. The latter was computed
by performing an optimal power flow study for each wind speed scenario considering
as an objective function the minimization of the total cost of primary resources of
fossil fuels given by Equation (4.25), and the expected cost value was then calculated
considering the result of each scenario and its corresponding probability of occurrence.
Since the objective function (4.11) of the RO approach includes a weighted penalization
term of the cost variance; if this term is set to zero, the total RO cost is similar to the

expected cost.

On the other hand, the robust operation cost of each scenario £, and the total RO
cost tend to the same value as the penalization factor increases its value, such that
the optimal solutions are not affected by the volatility of wind power: an uncertainty-

immunized solution is obtained for all scenarios of wind speeds.

Table 4.4: Costs obtained by the RO approach, Case B

Robust cost per scenario &,
Sl SQ S3 S4 S5

0 118632.1 104189.8 94194.1  87435.9  83886.1 93227.0
0.001 117400.6 112400.6 112400.6 112400.6 112400.6 115150
0.01 117919.9 117420.4 117420.3 117420.2 1174204 117690

0.1 117608.8 117558.8 117558.8 117558.8 117558.8 117590
0.3 1174279 117411.2 117411.2 117411.2 117411.2 117420
0.5 117650.4 117640.4 117640.4 117640.4 117640.4 117650
0.7 117994.9 117987.8 117987.8 117987.8 117987.8 117990
0.9 117409.5 117403.9 117403.9 117403.9 117403.9 117410
1.0 118779.1 118774.1 118774.1 118774.1 118774.1 118780

Total RO cost

Table 4.5: Costs obtained by the expected value approach, Case B

Cost per scenario &,
s, S, S, s, S- Expected value cost

117730.0 104260.0 94390.7 87410.6 83781.5 93160.1
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Lastly, since the optimization is performed over the cost of primary energy sources,
large industrial loads embedded at the natural gas and coal networks can have an
undesirable effect on the amount of fossil fuel that can be supplied to the thermal
power plants, constraining their power dispatch. This statement is illustrated in Table
4.6 which reports the active power dispatched by gas-fired generators for two different
values of natural gas industrial demands. As expected, a decrement in the active power
dispatched by these plants occurs when the industrial demand of natural gas increases.
Future research work in which these industrial loads participate in the gas consumption

“bidding” can represent this problem from a energy market point of view.

Table 4.6: Electric power generated by gas-fired plants (pu), A =0
NG industrial load S, S Ss Sy S5

6 MMSCF 151 143 139 140 134
4 MMSCF 172 16.8 16.5 16.1 15.8

4.6.3 Case C

When hydroelectric resources are reduced, or even eliminated, the deficit in active power
will be compensated by the natural gas- and coal-fired generators. In order to show
this interdependency between the primary energy networks, the case of study reported
in the last section has been repeated considering a reduction of 20% in the hydraulic
resources. The active power generated from each type of primary energy is shown in
Figures 4.10 to 4.12 together with the profile of the corresponding standard deviations;
an increase in the active power dispatched from thermal units is observed in Figures 4.10
and 4.11, as a result of the decrement in the participation of the hydroelectric plants
shown in Figure 4.12. Furthermore, the active power generated by gas-fired plants
differs between wind speed scenarios and values of the penalization factor, such that
the standard deviation of these active power increases in value. These interdependencies
also cause the nodal gas pressures along the gas network to not remain constant for the

different conditions of generation dispatches.
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Figure 4.10: Active power and standard deviation of coal-fired units, Case C

Figure 4.11: Active power and standard deviation of gas-fired units, Case C
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Figure 4.12: Active power and standard deviation of hydro-electric units, Case C

Table 4.7: Energy Balance for A = 0.001, Case C

Scenario Gas System, MMSCF Coal System, Ton Electric System, MW
Supply  Industrial Generator’s Supply Industrial Generators’ Supply Load Losses
Load Load Load Load

S1 16.617 6.000 10.527 612.5 0 612.5 4433.2 4173.1 260.1
Sa 14.509 6.000 8.417 612.6 0 612.6 4385.4  4173.1 212.3
Ss 14.580 6.000 8.489 612.6 0 612.6 4438.9 4173.1 265.8
Sy 14.430 6.000 8.338 612.6 0 612.6 4515.3 4173.1 342.2
S5 14.456 6.000 8.472 612.6 0 612.6 4536.8 4173.1 363.7

In Table 4.7, the energy balance of each energy network has been presented, for
the case of the natural gas system, the difference between gas supplied and the total
gas required by industrial and generators corresponds to the gas extracted by turbo-

compressors installed in the system.

4.6.4 Case D

The cost minimization of fossil-fuel consumption by thermal power plants is considered

as the objective function in this study case as given by
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w = Z (NGcosthCFH MGI l) + Z (COcosthon MCZ Z) (426)

iEPgen, ng iEPgen, co
In addition, the cost variance of natural gas consumed by each gas-fired plant is
penalized in order to set a similar operation condition in the natural gas network for
all wind speed scenarios. Therefore, the objective function of the robust model is now

given by expression (4.27) to achieve both goals.

min Zpsws +  (4.27)

EISIS

2
k s,k Z k sk,
E § Ds (NGcost:rSCFH MGload - pS/NGcosthCFH MGload >

i€ Pt s€g s'eg

gen,ng

The results obtained are reported in Table 4.8 for the nodal pressures in the natural
gas network and for the active power dispatched by gas-fired plants considering all wind
speed scenarios and three different values of the penalty factor. These results illustrate
how the robust optimization solution steer the multi-energy system to an equilibrium
point where the operation in the natural gas network is immune to the uncertainties
in wind speed forecast, as the penalty factor is increased. This immunity is achieved
because each gas-fired plant has a similar power dispatch; in such a way that their gas
consumption remains constant over all wind speed scenarios, as also indicated in that

table.
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Table 4.8: Natural gas nodal pressure and active power generated by gas-fired plants,

Case D
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Table 4.9: Energy Balance for A = 0.001, Case D

Scenario Gas System, MMSCF Coal System, Ton Electric System, MW
Supply  Industrial Generator’s Supply Industrial Generators’ Supply Load Losses
Load Load Load Load

S 14.909 6.000 8.820 597.0 0 597.0 4374.2 4173.1 201.1
Sa 14.858 6.000 8.770 454.1 0 454.1 4335.5 4173.1 162.4
S3 14.804 6.000 8.715 355.5 0 355.5 4315.6 4173.1 142.5
Sy 14.791 6.000 8.702 288.6 0 288.6 4306.6 4173.1 133.5
Ss 14.779 6.000 8.690 252.2 0 252.2 4303.2 4173.1 130.1

In Table 4.9, the energy balance of each energy network has been presented, for
the case of the natural gas system, the difference between gas supplied and the total
gas required by industrial and generators corresponds to the gas extracted by turbo-

compressors installed in the system.

4.7 Study Case of the Belgian Natural Gas and Elec-
tricity Networks

In this case of study the integrated Belgian natural gas and electricity networks are
considered to show the applicability of the proposed approach. The main components
of the 20-nodes natural gas network are 24 pipelines, eight gas nonelectric loads, seven
sources and two compressors. Data of these components and the gas network topology
are reported in Appendix A. The electrical network is represented by an equivalent
model composed of 32 buses, 16 loads, 25 transmission lines, 15 transformers and seven
generation units, three of which are non-voltage regulating generators [Stubbe 1995].
For the purpose of this case of study, these three generators have been considered as
wind power plants, while the rest of the power plants have been considered gas-fired
thermal generators that connect both energy networks at those natural gas and electric
nodes reported in Table 4.10. The parameters of the heat rate equations are also
reported in Table 4.10 and have been selected considering that an efficiency close to
65% can be attained for the rated capacity of each generator. Lastly, the wind speed

scenarios described in the previous case of study in section 4.6 are also considered for



CHAPTER 4. OF&WIND UNCERTAINTY 100

this analysis.

Table 4.10: CIGRE-32 Belgium test system, generators

Electric Node Type Primary energy bus Rated power MW @ B v
M1 Gas Gent 850.0 450000 250 1.00
M2 Gas Liege 500.0 300000 150 1.60
N10 Gas Mons 2000.0 800000 550 0.25
N15 Gas Blaregnies 745.0 400000 250 1.30
N105 Wind 175.0 aw=1.070  bw=-0.806 cw=0.245
N101 Wind — 175.0 dw=-0.043 ew=5.09¢-3 fw=3.80e-4
N103 Wind — 150.0 gw=1.66e-5 hw=-3.85e-7 iw=3.65e-9

The objective function to be minimized is the cost of natural gas consumed for

thermal units, as given by the Equation (4.28).

g = Z (NGlzostzSCFH MG;C(;;d) (428)

i€Pgen, ng
The formulated RO counterpart consists of 83 variables, 102 equality constraints
and 86 inequality constraints per wind scenario and penalizes the variance of this cost
in order to set a similar operation cost for all wind speed scenarios. Therefore, the

objective function of the robust model is defined by the following expression (4.29).

2
min ZpsaS + A Zps (os — Zps/05/> (4.29)

SE EISN s'€g

Since the active power required to attain the load-generation balance for each wind
speed scenario is supplied only by the gas-fired generators, the total active power de-
livered by these units for a given scenario remains almost constant for different values
of A as shown in Figure 4.13. The consequence of this pattern of generation is that the
standard deviation for the total active power is almost constant for every value of A
as also shown in Figure 4.13. Finally, the existing difference of this power for different
values of )\ is due to the transmission losses re-location, as a result of the penalization

of the cost variance.
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Figure 4.13: Active power and standard deviation of gas-fired units, Case 4.7

Figure 4.14: Natural gas consumption and standard deviation by generators, Case 4.7
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Figure 4.15: Natural gas consumption and standard deviation by generators, Case 4.7

On the other hand, since the gas used for electric generation is the only variable
affecting the penalized cost, the reduction in the cost variance is achieved by reducing
the variance of the total amount of natural gas consumed by all thermal generators at a
given set of wind speed scenarios, as shown in Figure 4.14. Note that even though gas
units have a constant production for all values of A, the corresponding gas consumption
follows a completely different profile because of the way in which these generators are
dispatched for different values of \: we can generate the same amount of active power
considering different generation dispatches, which means a different consumption of
natural gas. When a low value for the penalization factor is selected, thereby putting
more weight on the total expected cost while there is a lower concerned about the cost
variance, the balance in load-generation is attained through the most economic power
generating schedule, which implies lower natural gas consumption. On the other hand,
a higher value of A results in an increase in the active power dispatch of the most

expensive generators, which means higher gas consumption.
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In addition, the optimal results obtained for all wind speed scenarios and three
different values of A\ are shown in Table 4.11 for the natural gas nodal pressures and
for the active powers generated by thermal units. In order to show the prowess of the
proposed approach to obtain an uncertainty-immunized solution, Table 4.12 reports
the robust operation cost for each scenario and the total operation cost for each set of

scenarios considering different values of the penalization factor .

Lastly, the correlation between the standard deviations of the natural gas consumed
by thermal units and the total robust operation cost of the multi-energy system is

shown in Figure 4.15.
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Table 4.11: Belgian natural gas nodal pressure and active power generated by gas-fired

plants
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Table 4.12: Operation costs obtained by the RO approach
Robust cost per scenario &

A Total RO cost
S S S Sy S’
0 101192.4 97124.0 93556.9 90574.8  98263.2 93656.7
0.001 101188.1 98291.5 98120.8 97762.4 98045.4 09247.6

0.01 101191.3 100822.8 100831.6 100800.6 100822.5 100980.0
0.1 1012074 101156.3 101153.4 101153.6 101148.4 101190.0
1 101195.7 101189.5 101189.2 101189.3 101189.0 101190.0
10 101215.8 101215.5 101215.5 101215.5 101215.5 101220.0

As a final remark, the concepts of RO are related to the practical operation of the
multi-energy system as follows: the RO problem has been formulated in such a way that
its RO solution is robust in terms of feasibility over all possible scenarios, independent of
the value of the penalization factor A, which means that the system operation robustness
is ensured because all constraints imposed for each energy network are satisfied over all
possible scenarios. On the other hand, a series of robust solutions have been reported
with different values of the penalization factor X\. The solution to be selected in terms of
solution robustness is based on the operator’s preference or some preferable criteria. For
this case, a criterion will be based on the desired trade-off between the total expected
cost and the cost variance. If the operators want the total expected cost to be stable
over all possible scenarios, the solution to be selected corresponds to the one where the
cost variance is minimized, e.g. the solution corresponding to A = 10 and a RO cost
of 101220. Furthermore, for this selected RO solution, the power system operator has
the information regarding how the generators must be dispatched for each wind speed
scenario, as shown in Table 4.11, to satisfy the network operation conditions and to

obtain the corresponding expected cost very close to the RO solution.

4.8 Conclusions and Remarks

The problem of considering wind power uncertainties within the context of the inte-

grated optimization analysis of a multi-energy system composed by natural gas, coal
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and electricity systems has been addressed in this chapter. A RO model has been de-
rived from first principles and has been implemented to obtain an optimal operating
point of the overall multi-energy system, taking into account the influence of uncertain-
ties in the optimality and feasibility of the solution without making any distributional
assumptions; therefore, an uncertainty-immunized solution is achieved for any realiza-
tion of the wind power scenarios. Numerical examples have been reported to illustrate
how the economic and secure operation of the multi-energy system is optimized over all
wind power scenarios. The secure operation of the natural gas network is achieved by
keeping the nodal gas pressures unchanged along the network for all possible variations
of electric power flows. In all these analyzes, the model robustness has been prioritized
in order to satisfy all physical and operation constraints associated with each network
at the cost of losing optimality with respect to the best objective value.

In the daily real-time operation of power systems, the required power generation is
recalculated and updated every specified period of time, based on a economic dispatch
or a optimal power flow study, to achieve the power system balance for the correspond-
ing estimated operating conditions. This is the background and justification of our
decision to extrapolate this practice to the analysis of multi-energy systems focusing
on the wind power randomness. In this context, the proposed approach allows us to
fully understand and analyze how the variability in wind power generation affects the
steady-state infrastructure interdependencies in a real-time, multi-energy operation en-
vironment. Since that study is performed at a specified instant of time, our proposed
approach is also carried out for a single time period (snapshot).

The proposal of this chapter is framed in the assessment of the operation condition
of a multi-energy infrastructure considering a single time period, where the fossil fuel
prices are known in advanced for a daily time horizon. In this context, uncertainties of
wind power outputs have the higher impact on the existing interdependency between
multi-energy systems. Nevertheless, the proposed approach is completely general and
could be extended to consider uncertainties in the supply of coal and gas or in the fossil-

fuel prices in order to assess their impact in an energy market environment, which is



CHAPTER 4. OF&WIND UNCERTAINTY 107

actually out of the scope of this thesis.

Lastly, The pros and cons of robust optimization have been described in Section
1.2 of Chapter 1, and can be listed as follows. The pros are: i) The formulation has
flexibility for the construction of the penalized variance term in the objective function,
ii) The problem can be formulated to get the desired trade-off between the robustness
with respect to optimality and to feasibility, iii) The simple implementation of the
algorithm benefits their application in different branches of engineering, and iv) The
uncertainty model is not stochastic, but rather deterministic. On the other hand,
the cons can be framed as: i) The selection of the representative scenarios for the
uncertain parameter requires a pre-processing of the input data, ii) The dimension of
the problem to be solved is a function of the number of scenarios considered in the
study, such that the problem could be intractable for a large number of scenarios, iii)
The number of scenarios to be analyzed must be reduced in order to get an equilibrium
between accuracy and performance of the solution and, iv) The importance of the
penalization factor in the robust optimization problem is that its value indicates the
optimal robustness of the solution. High values of the penalization factor indicate that
the optimal solution tends to be very close for all scenarios. The opposite applies to
low values of this parameter. Hence, the penalization factor value has to be selected
based on the operator “s intuition and knowledge of the problem according to the desired

trade-off between the robust and the economic aspects of the model.



Chapter 5

Multi-Energy and Multi-Period
Optimal Flow Under Wind Power

Uncertainty

5.1 Introduction

Nowadays, wind energy conversion systems are one of the fastest growing type of re-
newable energy resources used in electric power systems for generating electricity. From
the power system operation viewpoint, however, two of the major challenges in using
wind as a source of power are associated with the unpredictable nature of wind speed,
which translates into generation output variability, and with the possible unavailability
of wind power when it is required. Consequently, the quantification of the impact that
the high-level of penetration of wind turbine generation will cause on the operation of
power systems is of paramount importance. On the other hand, this increasing pen-
etration of wind generation in electric power systems has made evident the necessity
of a integral energy network interdependency analysis, in order to explore the optimal
use of fossil fuel-based generation and the security constraints associated with different
energy networks.

In this context, the optimal generation dispatch of online generating units is impor-
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tant in the daily operation planning. Hence, a multi-energy day-ahead optimal power
flow (OPF) approach is proposed in this Chapter in order to assess the wind energy
penetration in an electric power system and its impact on the fossil fuel-based gen-
eration management. The applicability of the proposed approach is demonstrated by
integrating a 15-node natural gas network and a 4-node coal distribution system with

the IEEE 118-bus power system.

5.2 Wind Speed Uncertainty

Unlike fossil-based generation where the rate of energy output is controllable, in the
wind power it is variable, uncertain and therefore non-dispatchable. This creates new
challenges for both system planners and operators in not only the electricity system,
but also the fossil fuel industry [Wang 2008, Liu 2009, Monteiro 2009, Kaplan 2007|.
Among these challenges has been the need to ensure a suitable generation dispatch
strategy and to assess its impact on the existing interdependency between the primary
energy supply and electricity systems, which will be affected by the uncertainty associ-
ated with non-dispatchable wind generators.

The assessment of this uncertainty in the energy production in all dispatchable gen-
erators as well as the operation conditions of each primary energy network requires new
methodologies and formulations; in this context, several efforts have been made for de-
veloping software and models to forecast wind speed [Monteiro 2009, Kariniotakis 2006],
which have an error around 10% in short-term predictions (24 hours in advance). Since
the accuracy of wind forecasts depends on the forecasting horizon, a longer time wind-
speed forecast would have larger errors than those of the short-term; in this chapter
the impacts of wind forecast error and the amount of wind energy participation in the

electric power system have been analyzed.
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5.3 Multi-Energy and Multi-Period OPF Model

The mathematical models representing each energy network are integrated in a generic
multi-time OPF formulation to assess the impact of wind energy penetration on the

fuel scheduling of the integrated energy system.

5.3.1 Hydraulic Energy System

The hydraulic generators model presented in section 4.3 must be extended to consider
intertemporal constraints associated to the water consumption at each subperiod of
analysis.

The amount of energy available in one unit of water to electric energy is equal
to the product of the mass of the water and the height that the water would fall
[Wood 1984]. Figure 5.1 shows a typical representation of hydroelectric reservoirs and

the corresponding height of the water falling to the group turbine-generator.

Figure 5.1: Hydraulic reservoir.

In real operation of power systems, the initial hydrological resource availability and
the hourly inflow for each dam are considered to be known, and the height that the water

would fall is computed as a function of the volume contained in the basin [Wood 1984].
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During the water consumption the height of the water level in the reservoir changes
as a function of the volume in the current subperiod ¢ of analysis; therefore, from the
Equation (4.5), the ratio between the parameter i, and the variable ; represents the
impact of the water’s height in the efficiency of energy conversion process. Based on the
mentioned above, the water consumption must now be computed for each subperiod of
analysis as

t hi‘ate i i pist i ( pist 2
WR{ =S o+ 5P, (B (5.1)
The efficiency in the energy conversion process of hydraulic power plants is close to 90%,
and these units have two important operational characteristics: they have a larger load
ramp compared with thermal generators and they lose efficiency at light loads and the
minimum active power for this units is frequently limited by mechanical vibrations,

[Wood 1984]. A typical water consumption for these units is shown in Figure 5.2 for

three different values of height ratio.

Figure 5.2: Water consumption.
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Since the consumption of water is changing with time, the volume in the reservoir at

the end of each subperiod of analysis shall be computed by the following linear function,

Vol = Vol ™' + Infl — WR! — Sp! (5.2)

where the parameter inf! represents the forecasted inflow of water at the subperiod ¢
for the reservoir i, and the parameter Sp! is the expected spill of water from the same
reservoir and at the same subperiod.

Two variables are usually applied to quantify the status of each hydraulic resource,
the volume and the water surface level. In this proposal, the second order function (5.3)
considers the polynomial relationship between these two variables, and its coefficients

are associated with the basin structure

ht = ol + B Vol + i (Volt)? (5.3)

Finally, the level of the water shall be limited by the following security constraint:
R < b < B (5.4)

5.3.2 General Formulation

The mathematical models representing each energy network are integrated in a generic
multi-time OPF formulation to assess the impact of wind energy penetration on the
fuel scheduling of the integrated energy system. The objective function could be set-
tled to minimize electric losses, compression station energy consumption, train energy
consumption, fossil fuel required by power generators or primary energy delivered by
sources such as mines or natural gas deposits, among others; this is represented in a

generic form as

min Z fo(xy) VteT (5.5)

The set of equality constraints is defined by the following list:
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e Nodal balance equation in coal system

AMC}, = Y MCH™ +MCEL . — MCP' — MC"" =0

source
mek

VkeNy, VteT

e Nodal balance equation in natural gas system

N N N N N
kit _ kit kj,t wi,t Y.t zt
AGRt = STGEt NGt Nt N s Y G =0
=1 7j=1 1 y=1 z=1

Vie NV Vje NS VEe (Ny—1);VteT

e Compression station energy consumption

km, t T,
BHP'™t — 008542, |G Tk | G
E.n. cp — 1

cp—1
()
I, ¢

Vee N, VteT

e Pressure compression ratio

O RM™ = Tl

VEAmME N, VteT

Hydraulic reservoir volume, Equations (5.1), (5.2) and (5.3).

Active and reactive electric power nodal balance equations

R

7 gen

— Z {‘/z?tG“ -+ ‘/i,t‘/j,t [GijCOS (Qi,t — ij) -+ Bl-jsm (Qi,t — ij)]} = 0

Jj€t

113

(5.6)

(5.7)

(5.8)

Vie N VteT (5.10)
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AQZ = getn - ;;szd
- Z {_‘/;?tBu + V;,t‘/},t [GUSZTL (Qi,t - 9]‘715) - BijCOS (em - ej,t)]} =0
JEL
VZ.G(Ne—NP\/);\V/tGT (511)

e Energy conversion equations

7, _ i i i, i it\2
HR"' = o+ 69Pge$z + % (Pgefz) (5.12)
; HR»
G’L,t —
”“ GHV

V1 € Thermal generators; ¥Vt € T

The set of inequality constraints is defined by the following:

e Coal mine-mouth max. and min. supply limits
T
MO <) MO e < MO (5.13)
t
e Natural gas deposits max. and min. supply limits
—mi ,t _
G < Gy < que (5.14)

e Hydro-level surface, Equation (5.4).

The set of security constraints considered in this paper is defined by the following:

e Active power in each generator

Pi,min < Pi,t < Pi,ma:p (515)

gen — gen — * gen

vpglen € {Pg;en,ngp P;en,cm Pg;en,hgp Pg;en,w} ) vieT
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e Up/down thermal generation ramps. These equations represent the dynamic be-
havior of the thermal process inside the power plant, in which the boiler temper-
ature and vapor pressure cannot changed instantly to drive the generator from its
minimum to its maximum capacity. Therefore a certain maximum change can be
allowed for increasing and decreasing the active power capacity between succes-
sive subperiods of analysis in each generator. The mathematical model of these

operative constraints are formulated as follows:

If Pit > pii

gen gen

Ry > Pyt — Pot ™! (5.16)
i t—1 i
If Pii=t > it
O (5.17)

e The nodal voltage and pressure magnitude limits for the electric and natural gas,

respectively, are represented by the following expressions

V;min S V;t S ‘/;maac (518)

I < TI¢ < TIee (5.19)

5.4 Cases of Study

The suitability of the proposed approach to analyze the existing interactions between
energy systems is tested on the electricity system related to the IEEE-118 bus test sys-
tem, which is coupled to other energy networks via 21 generators according to Table 5.1.
The cases of study have been formulated and analyzed utilizing CONOPT [Drud 1995/,
which is a nonlinear optimization solver for GAMS®) [Brooke 1998].
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Table 5.1: IEEE-118 Test system, generators.

Electric Node Type Primary energy bus Rated power @ B ~
E-10 Gas NG-4 197.0 200000 12 3
E-12 Gas NG-5 204.4 200000 12 3
E-16 Gas NG-8 179.2 200000 12 3
E-25 Gas NG-12 183.1 200000 12 3
E-26 Gas NG-13 187.0 200000 12 3
E-31 Gas NG-15 169.9 200000 12 3
E-40 Coal C-1 199.1 300000 120 3.5
E-46 Coal C-2 186.5 300000 120 3.5
E-49 Coal C-3 211.2 300000 120 3.5
E-54 Coal C-3 225.9 300000 120 3.5
E-59 Coal C-4 222.4 300000 120 3.5
E-61 Coal C-4 138.7 300000 120 3.5
E-80 Hydro 231.6 4000 480 0.2
E-87 Hydro — 218.2 4000 480 0.2
E-89 Hydro — 201.9 9000 450 0.2
E100 Hydro — 159.9 9000 450 0.2
E-103 Hydro — 217.0 9000 450 0.2
E-111 Hydro — 217.1 4000 480 0.2
E-65 Wind — 100.0 a=1.070  b=-0.806 c=0.245
E-66 Wind — 100.0 d=-0.043 e=5.09¢-3 {=3.80e-4
E-69 Wind — 100.0 g=1.66e-5 h=-3.85e-7 i=3.65¢-9

The base power of the wind generators is assumed to be equal to their rated ac-

tive power, and the limits for all the generators is defined by the following inequality

constraints

0 MW < Pht <300 MWV

40 MW < P&t

OMW <

gen gas

gen coal

Pi,t

gen hydro

< 300 MW

< 300 MW

(5.20)

(5.21)

(5.22)

In addition, the security constraint for nodal voltage magnitudes is defined by Equa-
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tion (5.23), while the surface level for hydraulic reservoirs is constrained according to
Equation (5.24) considering h,.qe = 200mts for the six hydro reservoirs described in

Table 5.1.

0.8pu < V! <12pu (5.23)

0.85 !

rate

<h!<1.15h! (5.24)

rate

The parameters defined in Table 5.1 for hydraulic reservoirs correspond to the pa-
rameters of Equation (5.1). In addition, the following parameters are used in accordance
with expression (5.3), aj, = 0.5, 8, = 2.52107% and v;, = 7.921078, in order to compute
the height variation with respect to the volume of water in the reservoir. Finally, the
parameters for heat rate curves of thermal units and water consumption for hydraulic
generators are chosen to reflect the typical efficiency behavior of each unit in accordance
with its best technology available.

The wind speed and load profiles values for 24 hours are shown in the Figure 5.3,
where the wind speed profile has been adopted from [Kariniotakis 2006]. Each value
in the curve defined as “the load profile factor” in Figure 5.3, corresponds to the factor
affecting the load specified at each node of the electric and natural gas systems for
each single period ¢ contained in 7. All three wind-generators defined in Table 5.1
are exposed to the same wind-speed profile and are driven by the same wind power
curve expressed in per unit of each wind-generators’ rated power. This power curve
is mathematically represented by a 8 degree polynomial function given by Equation
(4.8) with coefficients defined in Table 5.1; therefore, each wind-generator produces

active power in accordance with the expression (4.9).
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Figure 5.3: Forecast of wind speed and load profiles for 24 hours.

The natural gas system has three loads, two sources and four compressors driven
by gas turbines supplied from the inlet node of the compressor station, as depicted
in Figure 2.3, [An 2003]. The coal supply network depicted in Figure 4.3 has been
considered for the reported cases of study, which consists of four nodes interconnected
by three railways, two mines supplying coal at nodes 1 and 2, and two constant loads
at nodes 2 (20 tons) and 4 (10 tons). The parameters for the train energy consumption
for each railroad depicted in Figure 4.3 are C, = 0, K, = 10, n = 80%, and V,. = 60.

The initial volume for each basin in the hydro-electric generators is 50,000 Mm?3,
and an hourly inflow of 550 m? is considered. The cost function defined in Equation
(5.25) is related to the cost of primary resources of fossil fuels (natural gas, coal, and
diesel) delivered by all the sources at each single period ¢ contained in T' (coal, natural

gas and diesel)
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An important issue to be considered with this objective function is the impact of

other natural gas and coal loads that are not associated with electric generation on

the dispatch of electric generators: industrial natural gas (coal) loads can have an

undesirable influence on the primary energy resources management, which could be

avoided by changing the objective function to optimize the primary energy required by

each electric generator. Lastly, the following assumptions are considered:

i)
i)

iii)

iv)

A 30 MW up/down ramp limit is considered for all thermal generators.
Wind energy penetration from 0% to 25% is assumed.

The reference prices are 1 USD/liter for diesel, 4 USD/MSCF for natural gas
and 80.15 USD/Ton for coal “Gasoline and Diesel Fuel Update”, February
2014, http://www.eia.gov/petroleum/gasdiesel /| and [“Coal”, December 12,
2013, http://www.eia.gov/coal/data.cfm#/prices.

The coal is assumed to be extracted from Central Appalachia,
which has a heating value of 12,500 Btu/lb and belongs to
the category of sub-bituminous coal [‘Coal”, December 12, 2013,
http://www.eia.gov/coal /data.cfm#£prices|.

5.4.1 Case of Study 5.A

A multi-time OPF simulation for 24 hours is performed considering the pressure pro-

file in the natural gas network as a security constraint 400 < IT < 1800 psia, 0% of
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penetration of wind generators and a price of diesel of 0 $/liter. The resulting electric
power dispatch profile is shown in Figure 5.4, where it is possible to identify how the
active power delivered by fossil fuel generators follow the hourly electric load behavior.
For all the coal- and gas-generators the following thermal generation ramps have been
considered, 30 MW limit for up ramp and 60 MW for down ramp.

Note that efficiencies of 60% and 44% (at rated power) have been assumed for the
natural gas-fired and coal-fired generators, respectively. These efficiencies combined
with the price of fossil fuels and the omission of the cost of coal transportation are the
reasons for a higher participation of coal-fired generators in this study case, see Figure

5.4.

Figure 5.4: Power generation dispatch and electric load profiles, Case 5.A

Under the same operation conditions a wind-energy penetration variations from 0 to
25% of the electric installed capacity (FWP) and a wind-speed forecast error of £10%
(DFW) are considered to assess the impact of wind energy in fossil fuels management.
Figures 5.5 and 5.6 show the energy production cost for natural gas and coal electric-

generators, respectively.
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Figure 5.5: Cost of natural gas consumption and total operation as function of the
wind-energy penetration, Case 5.A

Figure 5.6: Cost of coal consumption and total operation as a function of the wind-
energy penetration, Case 5.A
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5.4.2 Case of Study 5.B

In this second study case the pressure profile in the natural gas system is constrained
to 400 < IT < 1200 psia, and the cost of diesel is assumed to be 1 $/liter. A penetration
of wind generators between 0%-25% (FWP) and a wind-speed forecast error of +10%
(DFW) are considered to assess the impact of wind energy in fossil fuels management.
In Figure 5.7, the electric power dispatch profile associated with each type of primary
energy examined in the study is shown for a null wind energy penetration. From Figure
5.7 it is possible to identify that coal-fired plants dispatch follow the load profile closer

than gas-fired generators, which is opposite to the expected result.

Figure 5.7: Power generation dispatch and electric load profiles for 24 hours, 0% of
wind-energy penetration, Case 5.B

This behavior is caused by the combination of a poor efficiency conversion, the
fossil fuel prices assumed, the gross heating value for the fossil fuels assumed, the
cost associated with coal transportation by rail and the natural gas network security
constrained with a pressure profile between 400 and 1200 PSIA. Note that the hourly

variation of the active power in fossil fuel plants is limited by the up/down ramp.
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The total operating cost of the multi-energy system and the cost of the natural gas

consumption by electric generators are shown in Figure 5.8.

Figure 5.8: Cost of natural gas consumption and total operation as function of the
wind-energy penetration, Case 5.B

Figure 5.8 demonstrates that the increase in wind-energy penetration will increase
the uncertainty of natural gas consumption, given the existing gap between the corre-
sponding curves associated with NG-DFW=1.1 and NG-DFW=0.9 due to wind forecast
errors. By way of example, for the 25% of wind-energy penetration the difference in
gas consumption is 17.7 KUSD caused by the wind-speed forecast error (approximately
0.94% of the total operation cost). Additionally, the increase of wind penetration re-
sults in a reduction of 100.7 KUSD in the cost of natural gas from the case with 0% to
the 25% of wind energy, (this reduction is approximately 37.2% of the total operating
cost reduction in the IEEE-118 nodes with a maximum load of approximately 4.173
GW).

The coal-fired cost reduction is illustrated in Figure 5.9. In this case, the maximum
difference caused by the wind-speed forecast error is 28.99 KUSD (approximately 1.5%

of the total operation cost) when the 25% of wind-energy participation is considered,
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and a 149.1 KUSD of reduction in cost of coal from the case with 0% to the 25% of wind

energy, (this reduction is approximately 55.1% of the total operation cost reduction).

Figure 5.9: Cost of coal consumption and total operation as a function of the wind-
energy penetration, 5.B

In order to summarize the results for fossil fuels consumption, Figure 5.10 shows
level curves for a variation of FWP and of DFW from 0 to 25% and from 0.8 to
1.2, respectively. Note that the higher wind energy penetration factor, the higher
non-linearity of fossil fuel consumption uncertainty considering the forecast wind-speed
error. By way of example when the FWP is 5%, the fossil fuel consumption remains
almost constant in approximately 1200 KUSD independently of wind-speed forecast
error, nevertheless in the case of 20% of FWP, the difference in fossil fuel consumption

is approximately 97.3 KUSD.
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Figure 5.10: Fossil fuels consumption in KUSD, considering different wind penetration
factor and wind-speed forecast error, Case 5.B

5.4.3 Case of Study 5.C

Owing to the fact that the wind power production is uncorrelated with the level of
electric demand, the case study reported in the last section has been newly analyzed
but considering the profiles of wind power production and electric load variation, as a
function of time, as shown in Figure 5.11. Note that there exists an opposite variation
between these two profiles in the time period between 4 and 9 hours. Besides the thermal
up and down ramps for generation have been modified to 40/60 MW for up-ramp/down-
ramp, respectively, in gas fired power plants, and to 10/10 MW for up-ramp/down ramp
in coal-generators. The resulting electric power dispatch for each type of generators is
shown in Figures 5.12 and 5.13 considering 0% and 20% of wind-energy penetration in

the power system, respectively.
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Figure 5.11: Forecast of wind speed and load profiles for 24 hours, Case 5.C

Figure 5.12: Power generation dispatch and electric load profiles for 24 hours, 0% of
wind-energy penetration, Case 5.C

From Figure 5.12 it is possible to identify that in the first hours of analysis the
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rate of change in the active power delivered by the thermal generators is constrained
by their corresponding thermal generation ramps. Hence, the decrement in the electric
power load is mainly compensated by regulating the active power produced by hydro-
generators.

On the other hand, the effect of the wind-energy penetration on the power dispatch
of thermal-based units is clearly observed in Figure 5.13. In this case, these fossil fuel
generators have a smaller participation in the load dispatch than when wind generators
are not embedded in the system. Besides, the hydro-generators have a larger variation
in their active power delivered to the electric power system, compensating the small
changes in the thermal generators active power caused by their corresponding ramps

constraints and the wind-energy contribution.

Figure 5.13: Power generation dispatch and electric load profiles for 24 hours, 20% of
wind-energy penetration, Case 5.C
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5.5 Conclusions and Remarks

A nonlinear multi-energy OPF approach has been proposed in order to assess the in-
teractions among different energy networks. As shown in the cases studied, gas-fired
generators supply base load and coal-fired generators following the electric load profile
as intermittent units, which is the opposite of the typical case. These results are caused
mainly by five important parameters assumed in these study cases: 1) the heat rate
curves considering the maximum efficiency available for each technology, 2) the gross
heating value for each fossil fuel, 3) the price of each fossil fuel, 4) the cost associated
with coal transportation by rail, and lastly 5) the natural gas network security con-
straints for the pressure profile between 400 and 1200 PSI, which could be observed in
the nonlinear network formulation.

The study cases reflect the importance of the integral formulation of the different
primary energy systems in order to assess their interactions, in this chapter the impact
of the forecast error in the wind speed prediction has been remarked and how this
becomes more relevant in electric power systems with high wind power penetration
factor due to the impact of forecast error increases polynomially and not linearly has

happens for systems with low penetrations of wind energy.



Chapter 6

Short-Term Operation Planning in

Multi-Energy Systems

6.1 Introduction

In the daily optimal operation planning of electric power systems, the restrictions as-
sociated with the primary energy systems are implicitly considered through the active
power generation limits of the dispatchable electric generators, which are set below
their rated power. These operating limits intend to approximate the physical con-
straints associated with each generator as well as those restrictions caused by their
corresponding primary energy system that supplies its mechanical torque. In order to
avoid this simplistic way of managing the constraints of primary energy systems, this
chapter describes a integral formulation of the mathematical models for each primary
energy system to assess the short-term optimal operation planning of the electric plants’
commitment in multi-energy systems. Simulations are then performed on benchmark
systems to achieve an optimal operation condition for all the energy systems while

satisfying their corresponding security and operation constraints.

129
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6.2 Short-Term Operation Planning

Short-term operation planning for electric power systems is defined in this thesis as the
process to economically determine a schedule of what generation units, involving the
turn-on and turn-off times and the active power production for each generator, will be
used on a day-ahead basis to meet the forecast demand as well as operating constraints.
The problem is, therefore, to determine which power plant units should be kept online
and which should not, in order to achieve maximum economy.

The solution of this optimization problem involves two separate but mutually con-
nected subproblems: i) the unit commitment or pre-dispatch consisting of the selection
of units to be placed in operation and the determination of when they start-up and
shut-down in a given period of time, and ii) the economic dispatch, which deals with
the most economic allocation of the forecast demand in the same given period of time
among the generation units that have been scheduled. For this analysis mixed integer
formulations for the optimization problem are commonly utilized, in which the solution
gives the scheduled on/off status and the active power contribution of the committed
generators for the whole time period of study, which is usually divided into discrete
subperiods of one hour [Wood 1984].

This Unit Commitment problem has been approached by a wide group of method-
ologies and mathematical formulations, in [Narayana 2004| a good bibliographical re-
search has been presented. Based on the information mentioned above, the UC model
formulated in this chapter is considering the variable duplication method, explored in
[Beltran 2001] and [Murillo 2000]. This formulation proposes a duplication of state vari-
ables: the variables associated with only one single time subperiod (static variables)
and the variables that are part of multiple time subperiods (dynamic variables). In
order to split the original problem into two subproblems, the first one deals with the
integer variables to attain the optimal scheduling of generators, the dynamic variables
and the intertemporal constraints.

The solution of this subproblem through a dynamic programming (DP) technique is

proposed in [Murillo 2000, Beltran 2001|, which works on one generator at a time and
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for all the subperiods composing the entire time period of study. The second subproblem
addresses the static variables and the constraints dependent on static variables, and it
is solved by using a nonlinear optimal power flow (OPF) formulation, which solves for
the optimal operation condition of one subperiod at a time and for all the subperiods

in the study term.

6.3 Unit Commitment Formulation

The conventional UC problem can be formulated as an optimization problem with an

objective function given by the following equation:

T Ny
@zn { —i—ZZ utt F(Pr) } (6.1)

t=1 i=1

The first term in (6.1) describes the minimization of the start-up costs, which is
a function of the amount of time that a given generator has been offline or banking
[Rajan 2009], while the second term corresponds to the production energy cost of all the
online units for all the subperiods in the study term. On the other hand, the constraints
of the most basic formulation of the UC problem consist of the power balance equations
neglecting losses and the operative limits of committed generators, which are expressed

by Equations (6.2) and (6.3), respectively:

=) wh'Phl: VteT (6.2)
uhtpiomin < plt <y tpizmer. e N, (6.3)

6.3.1 Unit Commitment by the Variable Duplication Technique

In this section the UC process is described considering the variable duplication technique
[Murillo 2000, Beltran 2001]. The basic algorithm is detailed in [Murillo 2000], where

the decision variables corresponding to the dynamic d and the static s processes are
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first defined as follows:

e Dynamic variables

— v is the commitment status {0, 1} for generator i at time ¢

d;';t is the active power output for generator ¢ at time ¢

df]’t is the reactive power output for generator ¢ at time ¢

— U is the set of commitment statuses u®!, Vi € Ngenw NV €T

— D, is the set of generated active powers d;;t, Vi € Nyen, NVEET
— D, is the set of generated reactive powers df;t, Vi € Nyen, NVEET

— D is the set of generated active and reactive powers {D,, D,}
e Static variables

— sj;t is the active power output for generator ¢ at time ¢
— sg’t is the reactive power output for generator ¢ at time ¢

— S, is the set of generated active powers si;t, Vi € Nyen NVEET

— Sy is the set of generated reactive powers sfl’t, Vi € Ngen NVEET

— S is the set of generated active and reactive powers {S,, S,;}

The Equation (6.1) is then defined in terms of the dynamic and static variables as

T Ngen
iy 2 2 B E () + K () (6.4)

where [ (d;;t) corresponds to the operation cost of the i*" generator delivering d, active
power in the subperiod ¢, and the term K% (u®!) is the start-up cost of the i** generator
which depends on the time that the unit has been offline or banking. In addition, the

change in the status of one generator is subjected to minimum up/down constraints,
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which describe the physical characteristics of the thermal processes in the power plants:
if one generator is online, it must remain in this status for a certain quantity of hours

before it can be turned off.

Similarly, if one unit is offline, its status must remain the same for a certain number
of hours before it can be turned on. On the other hand, the set of equations that

constrain the feasible solution space of the optimization problem is

e Dynamic subset of constraints:

uiﬂt P;lm S d;;t S ui’tprina:r (65)
u’ht :nm g df;t S ui,t fna:t: (66)
{U ] MDT/\MUT} (6.7)
e Static subset of constraints:
0< s <Pl (6.8)
inin S Sfjt S Qinax (69)
{Spy NSy | APf =0NAQ; =0} Vie NsVEeT (6.10)

where the power flow constraints correspond to the following power flow mismatch

equations defined for the i node and the subperiod t¢:
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AP = Pgi’efl - Pziééd
— > AVAGi + ViV, [Gijcos (0;,0 — 0,,0) + Bigsin ;0 — 0;,,)]} = 0
éez €N, VteT (6.11)
AQ; = i}etn — Qnd
— > {=VABi+ ViiVii [Gijsin (05, — 0;.1) — Bijcos (05,0 — 0;,0)]} =0
éez € (N.— Npy);VteT. (6.12)

Additionally, in order to reach the same active and reactive power solution obtained
by the DP (dynamic variables) and the OPF (static variables), the following equality

constraints shall be included in the problem formulation:

st —uttdit =0, Vi € Nyew A VEET (6.13)
st —utdit =0, Vi € Ny AVt ET. (6.14)

The equality constraints defined by (6.13) and (6.14) permit the application of the
variable duplication technique to converge to the same values for both sets of optimiza-
tion variables. Furthermore, these constraints are included through Lagrangian mul-
tipliers to formulate the constrained optimization problem (6.4) as an unconstrained

optimization problem in the following function:
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T Ngen

£W.D) = Y3 () + K (1)
t=1 i=1
T Ngen
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D N s -]
t=1 i=1
T Ngen

+ OO N [kt — utd] (6.15)
t=1 i=1
Reordering terms is possible to split the Lagrangian function into two terms de-

pending only on static and dynamic variables, respectively.

T Ngen

,C (U, D, )\) — Z Z [uz,th (d;;t) + Kz,t (uz,t) _ )\;’tul’td;’t . /\;,tuz,td;,t}
t=1 =1
T Ngen

D (N NS

t=1 =1

= L,(UD,N + Ls(S,N) (6.16)

where \ = {)\;’t, )\f]’t} are the corresponding multipliers to the relaxed equality con-
straints (6.13) and (6.14). It is important to note the separable nature in Equation
(6.16) for the static and dynamic variables.

According to the algorithm proposed in [Murillo 2000], this last Lagrangian function
can produce convergence problems towards the feasible solution because the cost re-
flected in the reactive power outputs for the dynamic subproblems is linear (not strictly
convex). To circumvent this potential problem, it has been proposed to augment the

Lagrangian function (6.15) by including two convexification terms as follows:
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T Ngen

L(U,D,\ = Z Z [u”F’ (d;’t) + Kt (uzt)]
t=1 i=1
Ngen

T
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D N s -]
t=1 i=1
T qun
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t=1 i=1

S s -ty (6.7

Despite the solution for the non-convexity problem is achieved by the convexification
terms, we have newly a non-separable Lagrangian function where the static and dynamic
variables of the same subperiod are mixed in the perfect square trinomial that arises

from the convexification terms.

The above mentioned problem has been solved by using the auxiliary problem prin-
ciple, which consists of substituting the convexification terms for the set of terms given
in Equation (6.18) at the k' iteration of the iterative solution process of the optimiza-
tion problem without affecting the convergence process in the algorithm. For details,

please refer to [Murillo 2000].
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+ Z Z p (Sg,tk—l - U%t—ldzia’,tk—l) (sp" — ud,")
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(6.18)

In Equation (6.18) uijt_l, d;,tk—h dfj,tk—p s;’fk_l and sé’fk_l correspond to the values
obtained at the (k — 1)thiteration in the solution process, and the new constants b, and
b, are the weights used in the auxiliary problem principle against the original objective
function. Lastly, the terms in (6.18) are now separable in such a way that for the k"

iteration the Lagrangian function is expressed as
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(6.19)

Currently, the Equation (6.19) has the same separable structure as Equation
(6.16) for the static and dynamic variables, and the following algorithm proposed in
[Murillo 2000| can be used to solve the optimization process associated with the unit

commitment problem:
1. Iteration k =1

2. Initialize the vector of Lagrangian multipliers A by running ¢ OPF subprob-

lems considering all the units committed.

3. Solve t OPFs in which all generators are committed and their generation
ranges are expanded to include P/, = 0, and the special cost £, is used.
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4. Solve N, single generator dynamic programming problems:
min L1 (U, D, Ne—1, Up—1, Dy_1, Sk_1) (6.20)
D,U
5. If the commitment schedule U, obtained in the previous step is not in a

data base of tested commitments, perform a cheap primal feasibility test. If
the results are not encouraging, store the schedule in the database labeled

as “infeasible” and go to step 8; otherwise continue to step 6.

6. Perform another primal feasibility test by running ¢ OPFs with the original
P,.in constraints. If all OPFs are successful, store the commitment in the

database labeled as “feasible,” and go to step 8.

7. If the mismatch between the two sets of variables (dynamic and static) is

small enough, stop.

8. Update all multipliers using subgradient techniques, with a step size no

larger than ¢, or ¢, times the corresponding subgradient, and let & = k + 1.
9. Go to step 3.

This previous algorithm has been proposed in [Murillo 2000] as a means to obtain a
suitable solution for the unit commitment problem, by solving for £, through a dy-
namic programming technique which is detailed in Section 6.3.2 and for £, by an OPF
formulation in a separable manner. The update of all multipliers using subgradient
techniques is one of many existing methodologies for solving UC problems. In the
Lagrangian Relaxation algorithms there are three main updating methods: i) The sub-
gradient method which is the one used in this work, ii) The cutting plane method in
which a linear subproblem must be solved to determine the multipliers update, and iii)
The bundle method which is a more sophisticated method which updates the multipliers
solving a quadratic subproblem; see [Bertsekas 1982, Hiriart 1996].
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In the context of this work, the OPF must be solved considering the constraints
associated with the primary energy networks involved in the conversion energy process

as defined in Section 6.3.3. Figure 6.1 shows a flow chart of this optimization process.

Initialize
K=1

Single period OF’s with all units
committed considering: gas, coal
and electric network models

Update A and perform a Dynamic Program ]
for each generator for all the study term J

Single period OF's with the DP
scheduling considering: gas, coal
and electric network models.

no
[ Convergence ]—»[ K=K+1 ]7

yes

End

Figure 6.1: Unit Commitment flow chart.

The first step of the algorithm solves t individual OPFs with a nonlinear program-

ming formulation named modified barrier-augmented Lagrangian [Goldfarb 1999|. This
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optimization method, which is detailed in Section (6.3.3), is considered an interior-
exterior point approach because of the treatment of inequality constraints with a mod-
ified barrier term and the equality constraints with a penalization term included in the
Lagrangian function.

Once the OPFs have been solved, these results provide the initial condition for the
Lagrange multipliers, and one dynamic programming (DP) study is then performed
for each thermal-generator to set the plant operation condition. The detailed dynamic

programming algorithm is presented in Section 6.3.2.

In the case of hydro-generators, their active/reactive power levels are determined
considering that these units are always committed and that their water consumption
over the entire time period of analysis shall be less than or equal to the total resource
available in their corresponding dam.

Note that under certain operation conditions, the optimization process could lead
to one solution where some generators are offline but consuming a certain quantity of
fuel to keep the boiler ready to start over in the following subperiods of analysis. The
power plants operating in this regime are referred to as “banking units” [Murillo 2000]
and [Rajan 2009|. After the operating conditions of all dispatchable generators have
been established by the dynamic programming module, a new set of ¢t single period
OPFs studies is performed considering only the units committed for each subperiod of
study. The algorithm is stopped when the difference between the active /reactive powers
obtained from DP (dynamic variables) and OPF (static variables) for each subperiod
is below a predefined tolerance [Murillo 2000].

6.3.2 Dynamic Programming Module

This module determines the status on, off, or banking for each generator and for all the
subperiods of analysis based on the comparison of its individual cost and the system’s
cost.

The initial state for each generator must be specified: the initial operative status
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for each generator in the subperiod t — 1 with its corresponding number of hours that
the unit has been in this condition.

Figure 6.2 shows a typical dynamic programming graph for one generator where
its operating status between two consecutive subperiods is illustrated. In this case,
the operation parameters are defined as follows: the Minimum Down Time (MDT)
corresponds to four hours, the Minimum Up Time (MUT) is three hours, and the
Downtime Cold Start (DCSA) corresponds to eight hours. The numbers inside the
circles indicate the number of subperiods of time that the generator has been operating
in either on or off status. The positive numbers indicate the number of subperiods
that the generator has been online; otherwise, the generator has been offline by n
subperiods.

If the generator has been in “on” status, the unit must remain online for a minimum
of MUT hours: if the generator has been online one or two hours, this unit must remain
online for a least the next subperiod of analysis (the unit cannot be turned off). On
the other hand, if the unit has been online for at least three hours, now the generator
has two options: remain online or be turned off depending on its individual cost with
respect to the system’s operation cost. In these cases where the unit is already online,
the transition cost is represented by the operation cost c.

Based on the operating parameters described in the last paragraph, if the generator
has been in “off” status, the unit must remain offline for at least MDT subperiods: if
the generator has been offfine one, two or three subperiods, it must remain offiine for
a least one extra subperiod (the unit cannot be turned on) to satisfy the minimum of
four subperiods defined by MUT. On the other hand, if the generator has been offiine
by four subperiods or more, it has two options: to remain offline or change its operating
status to online depending on the comparison of its individual cost with respect to the
system’s operation cost. In this case, the cost of turning on the unit is represented in
Figure 6.2 by SC4, SCb5, etc., which is a function of the operating cost plus the start-up

cost.
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Figure 6.2: Dynamic programming graph for a single generator.

Based on the parameters defined above, Figure 6.2 shows the possibilities for change
or remain the status for the generator between consecutive subperiods. The first column

of circles represent different options of hours that the variable n can take, for example:

e If n =1, this means the unit has been online for one subperiod and in accordance
with the parameters defined for this single unit where MUT = 3, the unit must

remain online for at least three subperiods before it can be turned off. Because of
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this constraint, the unit cannot change its status and shall remain online in the
next subperiod as it is represented in Figure 6.2 with the transition from n =1

in the subperiod t — 1 to n = 2 in the subperiod t.

e If n = 2, the unit has not been online enough time to satisty the MUT = 3

constraint, therefore, the unit must remain online for another subperiod.

e If n = 3, the unit has been enough time online, and the generator now has two
operating options: if its marginal operation cost is less than the system’s marginal

cost, the unit shall remain online; otherwise the unit must be turned off.

e If n > 3, the same logic must be applied to determine the operating status of the

thermal-generator in the next subperiod of analysis.

e In the case where n = —1, this means that the unit is offline in the stage t — 1,
and the unit has not been offiine enough time to be switched on given that the
minimum down time has been defined by M DT = 4. Therefore, this unit must

remain offline as indicated by the transition state in Figure 6.2.

e [fn = —2orn = —3, the unit still has not been enough time offiine to be switched
on.
e If n = —4, the unit has two operating options: remain offline if its marginal

operation cost is higher than the system’s marginal cost, otherwise the unit must

be turned on.

e Once the unit has been offline for n > M DT subperiods, the start-up cost consid-
ers the residual temperature in the boiler of the thermal-generator which becomes
exponentially colder as a function of n. This means that if the unit has been of-
fline for a large number of subperiods n > DCSA, the unit is considered to be
starting up with a down time cold start DCSA plus an additional cold start-up
cost CSUT. On the other hand, if M DT < n < DCSA, the unit takes advantage

of the residual temperature in the boiler, and less fuel is required for the start-up
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of the generator, since the unit is turned on at the hot start-up time HSUT plus
minimum down time M DT

Lastly, the following intertemporal constraints must be satisfied in this dynamic pro-

gramming module:

1. Ramp up/down of thermal power generators, per Equations (5.16) and

(5.17).

If Pl > Phi-t

gen gen

A o
Rup > Py, — Py, (6.21)
If P;’etn* > P;vetn
i1 :
RUP > P;ez - P;efl (622)
. aximum and minimum limits for thermal generators, according to Equa-
2 Maxi d mini limits for th lg tors, ding to Eq
tion (5.15).
Pimin < Pil < Pie (6.23)
vpgjen S {Pgien,ng7 Pgien,cm gien,hy7 Pgien,w} ) vieT
3. The constraints associated with the thermal process in the power plant:
3.1. The minimum up time MUT that the generator must remain

online before being able to be turned off.

3.2. The minimum down time MDT that the generator must remain

offline before being able to be turned on.

3.35. The must run constraint, MR, which indicates that the unit

must remain online Vt € T.
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Regarding the start-up cost, which is a function of the time that the unit has been

offline, it can be computed by

= Start’

Start! i (1 - e—%f) (6.24)

cost

where 7} represents the time constant associated with the thermal processes inside the

)

boiler for i* power plant. In addition, Starti, .

is the cost for the starting process
considering that the unit is completely cold: the unit has been offline for a number of
subperiods higher than the Down time cold start applies (DCSA).

The algorithm for the dynamic programming modules applied to each dispatchable

generator in the system is described as follow:

1. Determine the current status of each generator and the number of hour that
the unit has been in this status or if the unit has and declaration of “Must

Run’”.

2. Determine if the unit is able to change its current status, based on the MUT

or MDT parameters defined for each generator.

3. Compute d;;t for each generator and for each subperiod of analysis.

(A;’t—ﬁé—i-cp(s;’t—ui’td;’t)—&-bpui*td;;t)

it _
dp =

(2eptbp)

4. Compare the dynamic active power with respect to the load ramp con-
straints of each generator.

5. Compare the marginal cost of the unit with respect to the operative cost of
the system for one subperiod of analysis at the time, and determine if the
unit must change its status.

6. Continue to the next subperiod for the complete analysis term.

7. Use this schedule of the units in the next Optimal Flow step.
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6.3.3 Optimal Power Flow Module

The optimal power flow solution method adopted in this chapter is based on the Modified
Barrier - Augmented Lagrangian (MBAL) formulation presented in [Goldfarb 1999]. In

which, departing from the classical OPF formulation given by

minimize  fo (x)

st. fi(x) >0i=1,..,p (6.25)

where z € R”, and f,, fi1, ... , f, and g1, g2, ..., g, correspond to the inequality
and equality constraints sets, respectively, defined by C? functions from the mapping
R™ — R. Transforming the original constrained optimization problem (6.25) to an un-
constrained optimization problem, the Lagrangian function defining the latter problem

is given by

L (1:7 u, U) = fo (l’) - qu (ZE) - UTg (ZE) (626)

where u € RE, v e RY, f(z) = [fi(2),-- fp ()] and g (2) = [g1 (), -~ g4 (7)]

are column vectors. RY denotes the nonnegative orthant of RP. Let z* be a strict local
minimum of problem (6.25), and I* = {i : f; («*) = 0} where i € {1,--- ,r} is the set of
indices of the active inequality constraints in the optimal solution. Assuming that the
second-order sufficient conditions for an isolated local minimum hold at x* and given
that Vf; (z*) and Vg; (z*) are linearly independent, there exists a unique Lagrange

multiplier vector wx = (u*, v*) € R% x R? such that

VoL (2%, u*, v*) = Vf (z Z“Vf% Zvvgj ) =0 (6.27)

Hence, the Hessian of the Lagrangian function with respect to = at (z*, u*, v*) is
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given by

=)

V2L (", ut, v) = V2 o (x Zu V2 fi(x Z vIV2g; (%) (6.28)

which is positive definite on the affine subspace tangent to the feasible set at z*.

Lastly, strong complementary slackness holds for the p inequality constraints:

ui fi(v7) =0,i=1,---,p (6.29)
U:>O,Z:177r’fz(x*)>ojzz7’—|—]_77p
where {1,---, r} represents the active set of inequality constraints.

Based on the theoretical description reported above, the modified barrier-augmented

Lagrangian function (MBAL) is defined as follows:

fo(x) = k7130 wiln (kf; (z) +1)

F(z,u,v, k)= _Zgzlng]( )—|- ZJ 1g]( x), if x € int )y, (6.30)
00, if © ¢ intQy
where Q) = {z: f; () > —k~',i=1,---, p} represents the solution space.

Note that F'(x, u, v, k) contains the penalty-barrier parameter k& which shall be
large enough (typically &£ > 10000), which is used in the modified barrier terms for the
inequality constraints and augmented Lagrangian terms for the equality constraints in
(6.25).

If the complementary slackness condition (6.29) holds at the point (z*, u*, v*), then
for any £ >0

F(x*, u*, v*, k) = fo(x") (6.31)
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with its corresponding gradient

V.F(z*, u*, v k) = Vf(z")

* q
u;
- —sz — kg; (z")) Vg (z7)
kfz (l'*) ; J )
(6.32)
furthermore, the corresponding Hessian term is given by
V2 F (x*, u*, v*, k) = V2 L(2% u*, v*)
+ EVfT (2 UV (z*) + kVg" (2%) Vg (z%)
(6.33)

where V f (z) and Vg (x) are the Jacobian matrices of the vector functions f and g
respectively. In addition, U* is a diagonal matrix with diagonal entries w}, ¢ =1,--- ,p.
Contrary to the classical OPF mathematical models where the state variables’ vector
is composed of the set {z, u, v}, in the MBAL model this state variables vector is
composed only by x.

The MBAL formulation detailed in [Goldfarb 1999] shows that if the vector of La-
grange multipliers w = (u, v) € R% x R? is close enough to w* = (u*, v*), then 7 is
a good approximation of x* if & = 7 (u, v, k) = argmin {F (z, u, v, k) | x € R"}. The
minimizer & can then be used to improve the approximation of w = (u, v) to the opti-
mal Lagrange multipliers w* = (u*, v*) given that the fixed penalty-barrier parameter
k > 0 is sufficiently large. Hence, the sequential minimization of F' (x, u, v, k) and the
corresponding updating of the Lagrange multipliers (u, v) make possible to get a glob-
ally convergent method by solving the problem 6.25 with any initial condition (z, w),
where @ € int Q; and w = (u, v) € RE x R? with a parameter k large enough.

When the optimal power flow module is only applied to the analysis of an electricity
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system, the nonlinear constraints associated with the power flow mismatch Equations
(6.34) and (6.35) must be satisfied V¢t € T, and this formulation is referred to as the

generalized unit commitment GUC problem [Beltran 2001];

APl = Pul— Py = {V2AGi + ViiVii [Gijeos (64 — 05.4) + Bijsin (6:, — 0;,4)]} = 0

i gen
S
Vie N;VteT (6.34)
AQL = Quly = Quna— > _ A=V Bii + ViiVit [Gigsin (0; — 0;.4) — Bijcos (8,0 — 0;4)]} = 0
S
Vie (N, — Npy);VteT (6.35)

In the context of multi-energy systems optimization, however, the physical and oper-
ating constraints related to each network must also be included in the OPF formulation
in order to obtain a feasible solution. Hence, the following equality constraints shall be

included:

e Nodal balance equation in coal system

AMC) = Y MCI™ + MCE!. . — MCP = MCP™ =0 (6.36)

source

mek

VkeNy, VteTl

e Nodal balance equation in natural gas system

Nk

c

Nng Nng NY NF
’i, '7 l’l,t ,t z,t —
i=1 j=1 y=1 z=1

Vie NV, Vje NS VEe (Nyy—1);VteT

r=1
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e Dynamic behavior of natural gas in pipelines

km, ou km,in Oy @) I (t=Al)
G, t_ Gy N Aono 2 () — 20 (=A10) _ (6.38)
Lkm 11,7 At '
1L, (¢) — 11, (¢ Tooh 11, (¢
LFm [T Ox z (I, (1))
A polloT Gy (1) 2 (I, (1))
2D A220T0 Hm (t)
+@Gl;m, out (t) _ Gl;):m, out (t o At)
A JAN
Gp™ M (M (D) Gp™ " ()2 2(T(1)
n pollyT I (2) - I () * — 0
A220T0 Lk:m
e Compression station energy consumption
ck—l

ka,tT
BHPF™! — 0.0854Za[ c ’CH i }
E.n. cp, — 1

Vece N;VteT

(1)
I, +

e Pressure compression ratio. In our firsthand experience, for multi-period studies it

- 1] (6.40)

is better to use the compression stations to regulate the reception node’s pressure
within a specified range more than setting a compression ratio to a fixed value.
The reason behind this recommendation is that high load variations can lead to

undesirable pressure values:
I < 108 < I (6.41)

e Energy conversion equation
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HR™ = ol + ByPhs + 7, (Pat)” (6.42)
. HR
G’L,t
k= Ghv

V1 € Thermal generators; ¥Vt € T

On the other hand, the set of inequality constraints is defined by the following
equations:

e Coal mine-mouth maximum and minimum supply limits

T
ML <y MClyyee < MO (6.43)
t

e Natural gas deposits maximum and minimum supply limits

G < QY < qre (6.44)

Lastly, the set of security constraints considered in this paper is defined by the
following:

e Active power in each generator

Pi, min < Pi,t < Pi, max

gen

gen — * gen (645)
vpglen € {Pg;en,ngp P;en,cm Pg;en,hgp Pg;en,w} ) vieT
e Nodal magnitude voltage profile in an electric system
‘/imin S V;t S ‘/imam (646)

e Nodal pressure profile in a natural gas system

Iy < Ik < T (6.47)
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6.4 Case Studies

6.4.1 Case Study A

In this case of study, the proposed Multi-Energy Unit Commitment (MEGUC) is ap-
plied to a multi-energy system composed by the following networks: a 5 nodes electrical
system with a maximum load of 165 MW [Stagg 1968|, a 3 nodes natural gas network
with a maximum load of 216.7 MSCM [Tao 1998|, and a 4 nodes coal supply network
[Martinez-Mares 2013]. The network’s topologies are shown in Figures 6.3, 6.4 and 6.5
for the electricity, natural gas and coal networks, respectively, while the generator’s

parameters are reported in Table 6.1.

Figure 6.3: Electrical system, 5 nodes benchmark system
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Figure 6.4: Natural gas system, 3 nodes benchmark system.

C1
100 km
Mine-mouth sesslp@- - --------- :
: 10 kM 4
T T I
200 kM :
Mine—mouth ﬁ.
c2

Figure 6.5: Coal supply network, 4 nodes benchmark system.

Table 6.1: 5 nodes benchmark system, generators

Electric Node Energy bus MWmaz MWmin « B8 v > Hours HSUTGEMDT MUT DCS&CST K R 1t UR LR MR
North NG-3 200.0 0.3 150000 12 4 3 4 3 8 10e3 35e3 2 0.3 03 0
South C-4 65 0.3 140000 120 4 1 4 3 8 20e3 35¢3 2 03 03 0

In order to assess the interdependencies between energy networks, a wind-generator
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is connected at the “MAIN” node of the electric power system. For the sake of simplicity,
the same load variation profile has been considered in all the energy networks in such a
way that the load at each node of the multi-energy network is computed by Equation
(6.48). Figure 6.6 depicts the load and wind speed variation profiles as a function of

time:

Load; (t) = Load™™ fioada (t) (6.48)

Figure 6.6: Load and wind speed profiles for the analysis term.

According to Equation (6.48), the load at each node of the multi-energy system is

always expressed as a fraction of the maximum load Loa , and the corresponding

dmas
factor is determined by the function fi,qq (). On the other hand, the wind energy profile
shown in Figure 6.6 together with expressions (4.8) and (4.9) permit determining the
active power delivered from the wind generator to the electric power system at each
subperiod of analysis.

A MEGUC analysis for 24 hours in advance is performed in the multi-energy system

described above, where the security constraints for nodal pressure and voltage magni-
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tude profiles are defined as 60 < II < 30 M Pa and 1.4 < V < 0.7 pu, respectively.
The production cost considered in this study is 100 USD/MSCM for natural gas, 80
USD/Ton for coal and 1 USD/liter for diesel. Lastly, Figure 6.7 shows the active powers

produced by coal- and natural gas-fired generators.

i | | i
0 5 10 15 20
Hours

Figure 6.7: Generated active powers for 24 hours of study, Case 6.A.

From Figure 6.6, clearly the wind speed in the first hour of analysis is not sufficient to
produce the maximum capacity of the wind generator, as shown in Figure 6.7; however,
the natural gas-fired generators’ capacity is enough to supply the load during the entire
period of study. Despite these observations, though, that may indicate how the demand
can be satisfied, the operation of the whole multi-energy system is subjected to security
constraints that determine how the optimization process looks for the most economical
combination of generators to satisfy the load at every subperiod of the study term. In
this case study, the response of the natural gas and the coal generators to the load
demand could be identified, as shown in Figure 6.7, where in between 9 and 12 hours of
study the coal generator is delivering its minimum capacity (only 0.3 pu). Hence, there
are two options for the MEGUC' algorithm: to keep the unit running at its minimum

capacity or turn it off during these hours. The reasons to chose the first condition could



CHAPTER 6. SHORT-TERM MULTI-ENERGY 157

include the following:

e In the analysis of the entire period of study the algorithm identifies the most
economical operation condition with the unit running at its minimum with re-
spect to the case where the unit is turned off during the referred period of time.
Furthermore, it is turned “on” few hours after the minimum load scenario has

occurred.

e The security operative constraints associated with the voltage magnitude profile

along the electrical system is satisfied when the two coal-fired units are active.

e Lastly, the number of subperiods requiring the units off are lower than the mini-
mum number of subperiods where the unit shall remain in an off status before it
is turned on because of the thermal constraints involved in the energy conversion

process.

Figure 6.8 shows the results of analyzing only the first 12 hours involving the same
load and wind speed profiles depicted in Figure 6.6. From this Figure results evidence
emerge that the coal-generator will not be used beyond the seventh hour, and therefore
the most economical operation condition, which also satisfies all the security constraints,

is achieved when the coal unit is offline.

The dynamic behavior of the natural gas flows is shown in Figures 6.9 and 6.10,
which was obtained by using the dynamic model approach described in Section 2.2.1.
The maximum load of this multi-energy systems occurs at the first hour of analysis
and is reduced to approximately 70% of this value after 10 hours. This load behavior
is reflected in the reduction of natural gas flowing in the pipelines, as shown in Figure

6.9 and the increment of nodal pressures, as shown in Figure 6.10.

Lastly, the sudden change in the nodal voltage magnitude occurs after the ninth

hour in which the coal-generator has been turned off, and therefore the reactive power
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support in the electrical power system has been reduced. Nevertheless, the nodal voltage
magnitude constraints are satisfied and the active power demand is supplied only with

the natural gas and the wind generators remaining online in the electric power system.

Figure 6.8: Generated active power for 12 hours of study for Case 6.A.

Figure 6.9: Dynamic behavior of natural gas in pipelines for Case 6.A.
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Figure 6.10: Dynamic behavior of nodal pressure for Case 6.A.

Figure 6.11: Nodal voltage of electric system for Case 6.A.

Figure 6.12 correspond to the active power delivered by the generators considering
an increment in the reactive power load at the electric node 2 of 15 MVAR. This change
in the operation conditions causes the coal-generator to remain on-line for another hour
with respect to its operation without an increment in the rective power load, shown in
Figure 6.8, in order to satisfy the security constraints. This results is very important
because shows that even when the active power demand can be supplied by the gas and

wind generators, the increment of the reactive power demand requires the coal unit to
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remain online. The resulting voltage magnitudes are shown in Figure 6.13.

Figure 6.12: Generated active power for 12 hours for additional 15 MVAR at node 2.

Figure 6.13: Nodal voltage of electric system for additional 15 MVAR at node 2.

6.4.2 Case Study B

An increment of 20% in the installed wind energy capacity is noted in this study case,
and the impact of this increment on the unit commitment is shown in Figure 6.14. Note
the earlier shut-down of the coal-fired generator with respect to the previous analysis

(Figure 6.8). Another important difference with respect to the previous study case is
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that the nodal voltage magnitude at node 5 of the electric power system has dropped

below 1.02 pu because of the reduction of online units, as shown in Figure 6.15.

Figure 6.14: Generated active powers for 12 hours of study for Case 6.B.

Figure 6.15: Nodal voltage of electric power system for Case 6.B.

In this case of study, the same load ramps have been considered for the gas and

coal units, such that the dynamic behavior of both units is very similar with the main
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difference associated with the efficiency in the conversion energy process, which makes

the coal generator a more expensive unit than the gas-generator.

6.4.3 Case Study C

In this case of study, the well-known IEEE 118 nodes benchmark system [“Power Sys-
tems Test Case Archive”, http://www.ee.washington.edu/research/pstca/| is coupled
to the 15 nodes natural gas system depicted in Figure 2.3 [An 2003], and to the four
nodes coal system shown in Figure 6.5. The type of primary energy driving the electric
generators and their corresponding parameters are reported in Table 6.2, while the load

and wind speed variation profiles are those reported in Figure 6.6.

Table 6.2: IEEE-118 Test system, generators.

Electric node Primary energy Primary energy node P, [Pu]  Prin, [pu] @ Ié] vy
10 Natural gas 1 6 0.5 150000 12 4
12 Natural gas 3 6 0.5 150000 12 4
16 Natural gas 6 6 0.5 140000 14 5
25 Natural gas 8 6 0.5 140000 14 5
26 Natural gas 10 6 0.5 140000 14 5
31 Natural gas 12 0.5 140000 14 5
40 Coal 3 6 0.5 150000 12 7
46 Coal 3 6 0.5 150000 12 7
49 Coal 3 6 0.5 150000 12 7
54 Coal 4 6 0.5 150000 12 7
59 Coal 4 6 0.5 180000 12 7
61 Wind — 1.7 0 a=1.070 b=-0.806 c=0.245
65 Wind — 1.7 0
66 Wind — 1.7 0 d=-0.043 e=5.09e-3 {=3.80e-4
69 Wind 1.7 0
80 Wind 1.7 0 g=1.66e-5 h=-3.85e-7 i=3.65e-9
87 Hydro — 2.5 0 4000 480 0.2
89 Hydro — 0 9000 450 0.2
100 Hydro — 2.5 0 9000 450 0.2
113 Hydro — 2.5 0 9000 450 0.2
111 Hydro 2.5 0 4000 480 0.2

In order to perform this study, the parameters related to gas loads and compressor’s

parameters have been changed with respect to the base case, as reported in Table 6.3.
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Table 6.3: Load’s and compressor’s parameters for case study C.
Natural gas node Load, [MMSCEF]|

2 1.25
3 0.75
12 1.58
13 1.66
14 1.75
Compressor Ratio
1 1.2
2 1.2
3 1.5
4 1.5

The initial condition in ¢, for the natural gas system is reported in Table 6.4, which
has been determined by a gas flow study based on the steady-state formulation reported
in Section 2.2.1.

Table 6.4: Initial condition for state variables in the natural gas system.
Natural gas node Pressure, [PSIA| Natural gas node Pressure, [PSIA]

1 1000 9 650
2 1000 10 975
3 844 11 835
4 856 12 1252
5 662 13 820
6 794 14 806
7 T 15 814
8 932 — —
Compressor Horse Power Gas flow, [MMSCEF|

1 1282 5.6096

2 835 3.6970

3 2370 4.5360

4 1341 2.5975

Lastly, the following parameters have been used: K = 10000 for Equation (6.30),
and ¢, = 1210%, ¢, = 1210°, b, = 1.5210° and b, = 1.5210° for the parameters in
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Equation (6.19). For purposes of this simulation, a constant active power generation

has also been considered for the hydro-generators.

6.4.3.1 Base Case

The results of this study are reported in Table 6.5 and correspond to the schedule
and active powers for generators considering the first 12 hours of the load and wind
variation profiles depicted in Figure 6.6. In this case, the primary energies costs have
been considered as follows: 141.3 USD/MSCM for natural gas, 65 USD/Ton for coal
and 1 USD/liter for diesel. For this study case the no ramp constraints have been

considered for the power generators.

Table 6.5: Active power generated for 12 hours of simulation for the base case.

Active power generated in hour, [pu]

Generator
1 2 3 4 5 6 7 8 9 10 11 12
10 3.528  3.196 2452 2808 2.394 2241 1971 1.882  1.718 1.584 1.828 1.584
12 3.574 3.243 2504 2.851 2.438 2289 2015 1.923 1.756 1.620 1.864 1.620
16 2.721 2477 1925 2188 1.878 1.764 1.558 1.489 1.362 1.258 1.445 1.258
25 2.873 2591 1.970 2271 1927 1.798 1.579 1.506 1.373 1.265 1.466  1.265
26 2.888 2.603 1.977 2280 1933 1.804 1.583 1.510 1.376 1.267 1.469  1.267
31 2.868 2.597 1.995 2280 1.945 1.823 1.603 1.530 1.397 1.288 1.484  1.288
40 3.643 3.251 2418 2.833 2378 2202 1927 1.836 1.671 1.537 1.797  1.537
46 3.623 3.214 2359 2797 2332 2146 1875 1.786 1.624 1.493 1.758 1.493
49 4.071  3.552 2516  3.048 2.494 2272 1968 1.869 1.691 1.547 1.845  1.547
54 4.122  3.609 2.576 3.099 2.544 2326 2.015 1.913 1.730 1.583 1.882  1.583
59 4289 3.712 2586 3.165 2.567 2.328 2.008 1.904 1.718 1.569 1.882  1.569
61 0.000 0.484 1.700 0.484 1.052 1.700 1.700 1.700 1.700 1.700 1.052  1.700
65 0.000 0484 1.700 0.484 1.052 1.700 1.700 1.700 1.700 1.700 1.052  1.700
66 0.000 0.484 1.700 0.484 1.052 1.700 1.700 1.700 1.700 1.700 1.052  1.700
69 0.000 0.484 1.700 0.484 1.052 1.700 1.700 1.700 1.700 1.700 1.052  1.700
80 0.000 0484 1.700 0.484 1.052 1.700 1.700 1.700 1.700 1.700 1.052 1.700
87 1417 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1407 1.407
89 1417 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1407 1.407
100 1.417 1.407 1.407 1.407 1407 1407 1.407 1.407 1407 1.407 1.407 1.407
113 1417 1.407 1.407 1.407 1407 1.407 1.407 1.407 1.407 1.407 1407 1.407
111 1.417 1.407 1407 1.407 1.407 1407 1.407 1.407 1.407 1.407 1.407  1.407

TOTAL 45.285 43.5 40.813 39.075 37.125 38.528 35.637 34.683 32.951 31.546 31.015 31.546

From Table 6.5, the coal-fired generators clearly supply more of the electric load
than the gas-fired generators; in addition, these thermal-generators have a behavior in

accordance with the load profile depicted in Figure 6.6. Note that no generator has
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been turned off, which means that all the units remain online for the 12 subperiods
of analysis. Lastly, Figure 6.16 shows the convergence towards the MEGUC s feasible

solution. The nodal pressure for the natural gas system is presented in Table 6.6.

Table 6.6: Nodal pressure in Natural Gas System for 12 hours of simulation for the
base_case.

Node

Nodal pressure in hour, [BARS]
2 3 4 ) 6 7 8 9 10 11 12
1 68.95 68.95 68.95 68.95 68.95 68.95 68.95 68.95 6895 6895 68.95 68.95
2 68.95 68.95 68.95 68.95 68.95 68.95 68.95 68.95 6895 6895 68.95 68.95
3 58.54 58.54 58.53 ©58.53 58.53 5853 58.53 58.52 5852 5852 58.53 58.53
4 59.31 59.32 59.33 59.33 59.32 59.32 59.32 59.31 59.30 59.29 59.28 59.27

) 44.36 43.29 4277 4197 41.44 40.93 40.60 40.30 40.08 39.93 39.64 39.43
6 55.89 55.67 54.97 ©55.22 55.01 54.85 54.84 54.91 55.08 5527 55.63 55.78
7 53.13 5277 5232 51.74 51.04 50.20 49.20 48.05 46.74 45.26 43.64 41.87
8
9

69.78 66.62 62.95 63.71 62.35 62.98 63.00 64.19 65.51 67.33 69.82 72.05

44.04 4349 4343 43.22 43.27 43.46 43.81 44.26 44.81 4545 46.06 46.84
10 64.76 6535 66.92 66.25 66.89 67.22 67.52 67.55 67.56 67.53 67.08 67.20
11 55.85 54.79 54.90 54.78 55.38 56.25 57.66 59.36 61.43 63.81 66.18 68.83
12 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37
13 56.28 56.17 56.21 56.19 56.32 56.44 56.62 56.81 57.04 57.30 57.54 57.79
14 5538 55.28 55.33 5541 55.56 55.65 55.88 56.11 56.39 56.69 56.97 57.21
15 5596 55.79 55.75 55.77 55.87 56.01 56.15 56.36 56.59 56.87 57.14 57.40

From Table 6.6, it is observed that the change of nodal pressures, at nodes eight and
ten, between consecutive subperiods of analysis could be an important constraint in the
operation of gas fired power plants if the variation of these pressures is an operative

constraint in the coupling point between the gas and electricity systems..
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Figure 6.16: Algorithm convergence for case base C.
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Figure 6.17: Nodal pressure in gas system, case C.

In Figure 6.17 the variation of nodal pressure for the nodes delivering gas to ther-
mal generators are presented, the nodes one, three and twelve correspond to pressure
controlled nodes, the curve corresponding to the node eight presents large variations

during the period of study, these variations must be considered in the operation limits
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associated to the inlet gas controls for each particular power-plant.

6.4.3.2 Heat Rate Curves Modification for gas-generators

In this case of study the parameters corresponding to the heat rate curves for generators
12, 16 and 25 have been changed as reported in Table 6.7; in addition, the active power
limit of P,,,. = 2.8 pu has been considered for all the wind power generators and of

Pin = 0.8 pu for all thermal generators.

Table 6.7: Heat rate parameters for generators 12, 16 and 25.

Generator Q 8 v

12 30000 12 4
16 30000 14 5
25 30000 14 5

The active power and schedule results are shown in Table 6.8.

Table 6.8: Active power generated for 12 hours of simulation.

Active power generated in hour, [pu]

Generator
1 2 3 4 5 6 7 8 9 10 11 12
10 3.528 3.196 2.439 2.808 2.394 1.893 1.670 1.567 1.561 1.789 2.082  1.545
12 3.574 3.243 2490 2.851 2.438 1.940 0.000 0.000 0.000 0.000 0.000 0.000
16 2.721 2477 1914 2188 1.878 1499 1.343 1.261 1.255 1.434 1.662 0.000
25 2.873 2591 1959 2271 1.927 1511 1.308 1.227 1.224 1406 1.640 0.000
26 2.888 2.603 1.966 2.280 1933 1.515 1.311 1.230  1.227 1.410 1.646 1.221
31 2.868 2597 1.984 2280 1.945 1.542 1338 1.256 1.251 1428 1.656 1.234
40 3.643 3.251 2.403 2.833 2378 1.829 1.552 1455 1.457 1.687 1.982  1.392
46 3.623 3.214 2344 27797 2332  1.768 1480 1.387 1.394 1.626 1.923 1.310
49 4.071  3.552 2498 3.048 2.494 1.842 1.524 1.424 1433 1.692 2.028 1.340
54 4.122  3.609 2.558 3.099 2.544 1.892 1.563 1.460 1.468 1.727 2.063  1.369
59 4289 3.712 2566 3.165 2.567 1.871 1.537 1.434 1.446 1.717 2.072 1.346
61 0.000 0.484 1.729 0.484 1.052 2451 2800 2.800 2451 1.729 1.052 2.800
65 0.000 0.484 1.729 0.484 1.052 2.451 2.800 2.800 2.451 1.729 1.052  2.800
66 0.000 0.484 1.729 0.484 1.052 2.451 2800 2.800 2.451 1.729 1.052  2.800
69 0.000 0.484 1.729 0.484 1.052 2451 2800 2.800 2.451 1.729 1.052 2.800
80 0.000 0484 1.729 0484 1.052 2451 2800 2.800 2.451 1.729 1.052  2.800
87 1417 1.407 1.407 1.407 1407 1.407 1.407 1407 1.407 1407 1407 1.407
89 1417 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407
100 1.417 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1407 1.407
113 1417 1.407 1.407 1.407 1407 1.407 1.407 1.407 1.407 1.407 1.407 1.407
111 1417 1.407 1.407 1.407 1407 1.407 1.407 1407 1.407 1.407 1407 1.407

TOTAL 45285 43.5 40.801 39.075 37.125 38.392 35.661 34.736 33.006 31.596 31.049 31.792
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Table 6.8 clearly shows how the generator connected to the electrical node 12 is
disconnected from the seventh subperiod of analysis, and the generators connected to
the electrical nodes 16 and 25 are turned off in the last subperiod of analysis. Note
that the heat rate curves corresponding to these three generators are those that were
intentionally modified in accordance to Table 6.7. On the other hand, it is important
to compare the total active power generated between Tables 6.5 and 6.8, in the second
one a smaller number of online generators causes a redistribution of active power flow-
ing on the transmission elements causing different losses in the electric power system.
The convergence of the proposed MEGUC algorithm based on the variable duplication

technique is shown in Figure 6.18.

Figure 6.18: Algorithm convergence.

Lastly, the dynamic behavior of the natural gas flowing in pipelines and the nodal

pressures at the gas network are reported in Tables 6.9 and 6.10, respectively.
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Table 6.9: Natural gas in the reception node of the pipelines.
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Gas flow in hour, [MSCM]

Pipeline From To
1 2 3 4 5 6 7

8

9

10

11

12

170.2 170.2 170.2 170.2 170.2 170.2 170.2 170.1

170.1 170.1

170.0

170.0

165.7 165.8

165.8

165.9

56.1 56.3 56.4 56.4 564 564 56.0

3
4 165.6 165.6 1656 165.6 165.6 165.6 165.6 165.7
3

55.6  55.1  54.6

53.9

53.1

157.1 158.5 158.9 159.6 159.8 159.7 157.0 153.2

1479 1404

129.3

111.7

142.1 145.1

147.9

150.5

5
7 1203 1224 1247 1272 130.0 1329 136.0 139.0
9 1186 121.0 116.1 117.6 1173 1148 114.6 113.1

114.4 1155

117.5

115.5

11 1005 91.7 756 79.7 709 654 59.5

574 55.6  56.5

59.4

53.9

10 13 754 766 83.7 81.7 838 872 879
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84.8

86.6
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152 138 13.0

12.9

13.2

Table 6.10: Natural gas nodal pressure.

Node Pressure in hour, [BARS]

1 2 3 4 5) 6 7 8

10

11

12

68.95 68.95 68.95 68.95 6895 68.95 68.95 68.95

68.95

68.95

68.95

68.95

68.95 68.95 68.95 68.95 6895 68.95 68.95 68.95

68.95

68.95

68.95

68.95

54.86 54.86 54.86 54.86 54.86 ©54.86 54.86 54.87

54.87

54.88

54.89

54.90

55.92 5593 55.93 55.93 5593 5593 55.92 55.91

55.90

55.89

95.87

95.86

35.85 34.99 34.74 34.23 34.05 34.14 35.92 3781

39.87

42.17

44.79

47.92

45.36 45.64 44.31 44.51 44.37 43.76 43.75 43.40

43.65

43.72

43.84

43.24

46.91 46.52 46.06 45.52 44.89 44.17 43.37 4249

41.52

40.47

39.35

38.17

64.17 60.54 55.93 56.79 54.80 54.31 54.27 55.27

96.51

58.21

60.11

62.32

O 0| [ | O =W N~

30.49 29.77 29.59 29.21 29.04 29.14 29.23 29.28

29.14

28.66

27.67

27.55

[
[es)}

44.15 44.57 4755 46.57 47.53 49.07 49.43 49.91

49.59

49.06

48.27

49.14

—_
—_

4748 46.25 46.23 4591 46.28 47.22 48.58 50.15

51.90

53.61

95.18

58.54

—_
[N}

74.05 74.05 74.05 74.05 74.05 74.05 74.05 74.05

74.05

74.05

74.05

74.05

—_
w

29.32 29.14 29.09 2890 2891 28.99 29.15 29.26

29.45

29.64

29.84

30.14

—_
>

27.52 2731 2728 2727 2735 27.36 27.59 27.80

28.08

28.38

28.65

28.92

[
ot

28.87 28.48 28.25 28.12 28.09 28.20 28.19 28.37

28.55

28.79

29.05

29.34

6.4.3.3 Heat Rate Curves Modification for coal-generators

The previous exercise is repeated from the case base with the modification of the param-

eters corresponding to the heat rate curves for generators 40, 46 and 49 in accordance

with Table 6.11.
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Table 6.11: Heat rate parameters for generators 40, 46 and 49.

Generator Q J5
40 50000 24 9
46 50000 24 9
49 50000 24 9

The active power and schedule results are shown in Table 6.12.

Table 6.12: Active power generated for 12 hours of simulation.

Active power generated in hour, [pu]

Generator
2 3 4 5 6 7 8 9 10 11 12
10 3.724 3378 2583 2972 2537  2.006 2.022 1896 1.897 2192 2568 1.758
12 3.765  3.422 2.633 3.013 2579 2.054 2.064 1.937 1935 2226 2.597 0.000
16 2.862  2.610 2.022 2309 1.985 1.586 1.595 1.499 1.498 1.721 2.002  1.409
25 3.037  2.743  2.077 2407 2.044 1.603 1.615 1.513 1.515 1.759  2.071  1.377
26 3.004  2.757 2.08 2418 2.052 1.608 1.620 1.517 1.520 1.766 2.081  1.382
31 3.023  2.741 2.099 2410 2.058 1.633 1.639 1.537 1.537 1.771 2.071  1.400
40 3.122 2775 2.034 2410 2.013 1.538 0.000 0.000 0.000 0.000 0.000 0.000
46 3.138 2,770 1.997 2399 1.988 1.494 0.000 0.000 0.000 0.000 0.000 0.000
49 3.463  3.010 2.101 2,576 2.099 1.541  0.000 0.000 0.000 0.000 0.000 0.000
54 4.449  3.890 2.748  3.338 2.736 2.029  2.070 1.924 1.941 2.329 2.848 1.686
59 4.626 3.998 2.755 3.406 2.758 2.005 2.020 1.876 1.898 2.298 2.838 1.643
61 0.000 0.484 1.729 0.484 1.052 2451 2800 2800 2451 1.729 1.052 2.800
65 0.000 0.484 1.729 0.484 1.052 2451 2800 2800 2451 1.729 1.052 2.800
66 0.000 0.484 1.729 0.484 1.052 2451 2800 2800 2451 1.729 1.052 2.800
69 0.000 0.484 1.729 0.484 1.052 2451 2.800 2.800 2.451 1.729 1.052 2.800
80 0.000 0.484 1.729 0484 1.052 2451 2.800 2.800 2451 1.729 1.052 2.800
87 1.417  1.407 1407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407
89 1.417  1.407 1407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407
100 1417  1.407 1407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407
113 1.417 1407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407
111 1.417  1.407  1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407 1.407  1.407
TOTAL  45.347 43.546 40.815 39.111 37.145 38.385 35.679 34.733 33.031 31.743 31.372 31.689
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Table 6.12 shows a higher participation of the gas-fired generators because the in-

crement in the heat rate curves of the coal power plants. Lastly, the dynamic behavior

of the nodal pressures at the gas network are reported in Table 6.13.
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Table 6.13: Natural gas nodal pressure.
Pressure in hour, [BARS)]

Node
2 3 4 5 6 7 8 9 10 11 12

1 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948
2 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948 68.948
3 58.543 58.537 58.532 58529 58526 58523 58522 58521 58521 58.521 58.520 58.524
4 59.312 59.323 59.330 59.329 59.330 59.327 59.320 59.313 59.304 59.295 59.286 59.273
5 44.149 42.884 42.232 41.243 40.551 40.127 39.707 39.339 38.966 38.407 37.556 38.140
6 56.19 55.84 5497 55.28 55.02 54.62 54.76  54.88 55.14 5556  56.06  55.70
7 53.13  52.77 5230 51.72 51.00 50.14 49.12 4794 46.60 45.10 43.44 41.64
8 70.86 67.19 62.79 63.64 61.86 61.58 62.30 63.40 64.90 67.02 69.35 70.15
9 43.89 43.22 43.11 42.83 42.83 43.16 43.54 44.01 44.53 4495 4522 45.89
10 64.35 64.94 66.67 65.95 66.68 67.66 67.56 67.63 6746 6691 66.26 67.39
11 55.52  54.18 54.14 53.80 54.25 5537 56.76 5848 60.44 62.34 64.02 66.62
12 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37 86.37
13 56.24  56.11  56.14 56.11  56.23  56.40 56.57 56.76  56.99 57.20 57.39  57.69
14 55.36  55.23  55.27  55.33  55.48 9 55.83 56.06 56.34 56.61 56.84 57.10

[
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6.5 Conclusions and Remarks

The integration of different energy networks in a integral model permits the assess-
ment of the interdependencies between the different types of energy used for electricity
generation considering the impact that constraints associated with the different pri-
mary energy systems has in the operating condition of the multi-energy system. These
constraints represent the integrated physical characteristics of each system and their
security operation conditions which must be satisfied. Furthermore, these operative
and security constraints modeling the different primary energy systems are represented
by equality and inequality constraints.

The unit commitment problem formulated by the variable duplication method has
a modular structure, which is an important characteristic that permits the addition of
equality and inequality constraints modeling the physical characteristics associated with
the primary energy systems in the OPF module without altering the basic structure of

the MEGUC algorithm.



Chapter 7

Final Remarks and Suggestions for

Future Research Work

7.1 General conclusions

The integration of the primary energy systems under a single formulation permits the
identification and analysis of the existing interdependencies between networks. Cur-
rently, there are many tools and techniques for the independent analysis of the natural
gas, coal and electricity systems composing an entire energy system, and these tech-
niques can be extended to perform the study of a multi-energy system in which the
existing interactions between subsystems can be straightforwardly analyzed. This inte-
gral study in a single frame of reference leads to superior integral solutions and proposals
for the operative conditions of the different energy networks.

In this thesis a integral formulation of natural gas and electricity has been pre-
sented for steady-state operation conditions, in which the concepts of distributed slacks
and primary frequency regulation have been explored in order to better represent the
physical interaction between the natural gas and electric networks. The mathemati-
cal connection between both systems is modeled through the “heat rate curve” which
quantifies the fuel extracted from the natural gas network to produce a certain quan-

tity of active power delivered in the electric power system. The regulated generation
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of active power by gas-fired power plants causes variations in the operating conditions
of the natural gas system, which are directly assessed under the same integral study
without the necessity of sequential simulations between the electricity and the natural
gas networks. Furthermore, the gas temperature changes caused by the heat exchange
between the gas inside the pipeline and the soil have been modeled in the proposed
approach. This general modeling permits the assessment of the steady-state operation
of a natural gas system based on both the nodal gas pressures and gas temperature and
has the remarkable characteristic of determining the possible generation of hydrates in-
side pipelines. This formation of hydrates can block the pipeline’s cross section causing
important technical and economic issues.

On the other hand, the assessment of the uncertainty associated with the wind
energy production causes a high volatility in the fossil fuel consumption; therefore, a
scenario-based robust optimization (RO) approach has been formulated to immunize
the fossil fuel consumption with respect to this uncertainty. The usefulness of the
proposed RO has also been demonstrated in the reduction of the variation of operative
conditions in the natural gas system for different levels of wind power production. As
mentioned above, the RO has proven itself to be a reliable technique in the treatment
of uncertainties associated with energy system’s operation.

The integral formulation proposed in this thesis for the short-term operation plan-
ning of multi-energy systems permits the quantification of the impact of the wind
generation forecast error and the level of wind energy penetration in the existing inter-
dependency between energy networks. The proposed approach allow us to determine
the quantity of the fossil fuels required to supply the demand in different networks,
while the dynamic behavior of gas flowing in pipelines has been included in a unit com-
mitment along with the physical and operation constraints associated with all networks
composing the entire energy system.

In summary, the main objective of this thesis has been achieved: the development
of a general mathematical modeling and analysis of energy networks in a integral frame

of reference in order to assess the existing interdependency between these networks in
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terms of the most common studies performed in the operation of electric power systems:

power flows, optimal power flows and unit commitment studies.

7.2 Future Work

Departing from the integral formulation proposed in this work and the understanding
of the interdependencies between energy networks, new proposals for future research

work are detailed below.

1. Analysis of Interdependencies Between Energy networks Considering Con-
tingencies. In this subject the idea is to assess the impact that contingencies
which occur in one energy network have in other networks. The nonlinear
models presented in this thesis can be used to identify secure operation con-
ditions for the multi-energy system. In [Brown 2004| the importance of this

subject has been discussed.

2. Energy Reserve Quantification. The active power reserve in an electric
power system is typically considered the difference between the current ac-
tive power delivered by generators and their corresponding maximum allow-
able limit of active power generation P,,,,; nevertheless, in a multi-energy
context the energy stored in pipelines or coal deposits shall be considered

for the reserve market.

3. Reliability in Multi-Energy Systems. The classical reliability techniques,
which are used to determine the expected cost of load not supplied under
forced outages of primary equipment in the electric power system, can be
extended by considering the equipment of other energy networks. In this
case, the derating of power generators considering the security and operative
constraints associated with their energy networks and the maintenance cost

of the multi-energy system can be quantified in economic terms.

4. Pollutant Emissions Policies Assessment. Based on the increasing concern
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in global warming, governments around the world are also increasingly will-
ing to implement limitations of pollutants into the power generation. The
production of greenhouse gases as a function of the energy conversion tech-
nology and its corresponding penalization discourages the development of
coal-fired technologies, which recently have adopted C'O, capture and stor-
age systems. Nevertheless, the increase in their operation cost has been
increased in such a way that the power produced by these generators is less
competitive in the energy market. Even when the natural gas technology
has a most clean conversion process, the volatility of its price in the market
can be a factor working against the gas-fired generators. The assessment of

these factors can help to define the most suitable policies in this field.

d. Short-term Operation Planning Considering Wind Power Uncertainty. The
impact of the wind power variability in the unit commitment under the con-
text of multi-energy systems can improve the primary energy management,
for the short-term planning. The RO formulation applied to multi-energy
systems presented in this thesis can be extended to the unit commitment
problem. Currently, the scenario with the highest probability of occur-
rence is the only one examined for each subperiod of the Unit Commit-
ment analysis (load, wind-power, fossil-fuel prices, etc.). Contrary to this
way of analysis, the proposed robust unit commitment analysis must sat-
isfy intertemporal constraints for this scenario with the highest probability
of occurrence, and the robustness of each subperiod can improve the fuel
management and the operative conditions of the entire energy system as

demonstrated in in Chapter 4 of this thesis.

6. Ezpansion Planning of Energy networks. The integral formulation for pri-
mary energy networks presented in this thesis can be employed to assess
different expansion scenarios for the different networks involved in the multi-
energy system. The expansion of the electric power system linked to the

expansion of the other networks can increase the reliability of the whole
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10.

multi-energy system.

Energy Control Device’s Assessment. The assessment of energy control de-
vices in one network can have undesirable effects in other networks; for
example, the use of FACTS devices in the electric power system allows the
control of power flows but can reduce the reliability in the gas network or
even worse lead it to an operation condition beyond its limits. In addi-
tion, the natural gas system has flow control devices, which will affect the
operation condition in the electricity system. These interdependencies can
be analyzed under a integral multi-energy formulation as proposed in this

thesis.

Sensitivities analysis. The sensitivity analysis is a widely used technique
to assess the influence that one variable or parameter has on the electric
power system. Under a multi-energy context, this technique can be ex-
tended to analyze the influence of any parameter or variable in the whole
multi-energy system. Furthermore, this technique has been employed for

expansion purposes or location of energy control devices.

Uncertainty Models. Work with uncertainty models in order to attain a suit-
able mathematical representation of physical phenomena in order to develop
better models, programs, methodologies and techniques to assess paramet-
ric uncertainty in the operation of electric power systems and the impact in

other primary energy networks caused by the inherent interdependnecies.

Energy Markets Models Integration. The addition of bids models for the
industrial loads in the different primary energy networks can help to un-
derstand the behavior of the energy markets, identify risks and improve the

integral solutions since a financial and technical points of view.
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Appendix: Systems Data

Table A.1: 3 Nodes natural gas network.

NODES
Number Type II (PSI) II™e® (PSI) II™" (PSI) Temperature (°R) Load (MMSCF) Source (MMSCF)
1 0 725.188 1200 0.00 520 0.00 10.0
2 1 708.668 1200 0.00 520 2.54 0.00
3 1 707.036 1200 0.00 520 5.08 0.00
PIPELINES

From To Length (Mi) Diameter (in) Efficiency (%) Temperature (°R)

1 3 49.72 23.622 100 520

1 2 95.93 23.622 100 020

2 3 62.15 23.622 100 520
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Table A.2: 15 Nodes natural gas network.

178

NODES
Number Type II (PSI) TII™e® (PSI) TII™" (PSI) Temperature (°R) Load (MMSCF) Source (MMSCF)
1 0 1000.0 1200 0.00 520 0.00 10.0
2 0 1000.0 1200 0.00 520 1.25 6.87
3 1 729.7 1200 0.00 520 3.75 0.00
4 1 7373 1200 0.00 520 0.00 0.00
5 1 575.5 1200 0.00 520 0.00 0.00
6 1 1035.0 1200 0.00 520 0.00 0.00
7 1 6076 1200 0.00 520 0.00 0.00
8 1 1154.4 1200 0.00 520 0.00 0.00
9 1 918.6 1200 0.00 520 0.00 0.00
10 1 951.0 1200 0.00 520 0.00 0.00
11 1 932.8 1200 0.00 520 0.00 0.00
12 1 9338 1200 0.00 520 4.58 0.00
13 1 601.6 1200 0.00 520 1.66 0.00
14 1 600.8 1200 0.00 520 3.75 0.00
15 1 600.0 1200 0.00 520 0.00 8.00
PIPELINES
From To Length (Mi) Diameter (in) Efficiency (%) Temperature (°R)
1 3 80.5 19.56 90 520
2 4 80.3 19.56 90 920
3 4 95.9 19.56 90 520
3 5 81.1 19.62 90 520
4 7 87.9 19.62 90 520
6 9 93.5 19.62 90 520
8 11 99.7 16.69 90 520
10 13 93.5 16.69 90 520
12 14 97.9 16.69 85 520
13 14 86.6 16.69 90 520
13 15 79.7 16.69 90 520
14 15 83.5 16.69 85 520
COMPRESSORS
From To Efficiency (%) Compression ratio Temperature (°R)
bt 6 83 1.6 920
7 8 84 1.8 520
9 10 83 1.3 520
11 12 84 1.8 520
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Table A.3: Belgian natural gas network.

NODES
Number Type II (PSI) II™e* (PSI) II™" (PSI) Temperature (°R) Load (MMSCF) Source (MMSCF)
1 1 809.6 1200 0.00 520 0.00 16.1
2 1 809.2 1200 0.00 520 0.00 12.3
3 1 807.2 1200 0.00 520 5.76 0.00
4 1 784.8 1200 0.00 520 0.00 0.00
5 1 769.1 1200 0.00 520 0.00 4.14
6 1 758.2 1200 0.00 520 5.93 0.00
7 1 759.6 1200 0.00 520 7.73 0.00
8 1 868.1 1200 0.00 520 0.00 32.4
9 1 861.6 1200 0.00 520 0.00 0.00
10 1 835.3 1200 0.00 520 9.36 0.00
11 1 818.3 1200 0.00 520 0.00 0.00
12 1 790.7 1200 0.00 520 3.11 0.00
13 1 771.4 1200 0.00 520 0.00 1.76
14 1 768.4 1200 0.00 520 0.00 1.41
15 1 749.2 1200 0.00 520 10.1 0.00
16 0 725.2 1200 0.00 520 22.9 0.00
17 1 806.7 1200 0.00 520 0.00 0.00
18 1 913.7 1200 0.00 520 0.00 0.00
19 1 518.4 1200 0.00 520 0.32 0.00
20 1 490.8 1200 0.00 520 2.82 0.00
21 1 861.6 1200 0.00 520 0.00 0.00
22 1 707.6 1200 0.00 520 0.00 0.00
PIPELINES
From To Length (Mi) Diameter (in) Efficiency (%) Temperature (°R)

1 2 3.7 35.0394 100 520

1 2 3.7 35.0394 100 520

2 3 5.6 35.0394 100 520

2 3 5.6 35.0394 100 520

3 4 24.3 35.0394 100 520

b) 6 40.2 23.2323 100 520

6 7 27.1 23.2323 100 520

7 4 17.8 23.2323 100 520

4 14 51.5 35.0394 100 520

8 21 4.7 35.0394 100 520

8 21 4.7 15.5709 100 520

9 10 18.7 35.0394 100 520

9 10 18.7 15.5709 100 520

10 11 23.4 35.0394 100 520

10 11 23.4 15.5709 100 520

11 12 39.3 35.0394 100 520

12 13 37.4 35.0394 100 520

13 14 4.7 35.0394 100 520

14 15 9.4 35.0394 100 520

15 16 23.4 35.0394 100 520

11 17 9.8 15.5709 100 520

17 22 24.3 12.4213 100 520

18 19 91.7 12.4213 100 520

19 20 5.6 12.4213 100 520

COMPRESSORS
From To Efficiency (%) Compression ratio Temperature (°R)
21 9 100 1.0 520

22 18 100 1.3 520
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Table A.4: 4 Nodes coal network.

NODES
Number Type Source (PSI) Load (Ton) MC™® (Ton) MC™" (Ton)
1 0 0.00 0.00 500 0.00
2 1 10.0 0.00 500 0.00
3 1 0.00 0.00 0.00 0.00
4 1 0.00 0.00 0.00 0.00
RAILROADS
From To [*™(Mi) V*™ (Mi/hr) Ck™ KF™ Efficiency (%)
1 3 100 60 0.00 10 80
2 3 200 60 0.00 10 80

3 4 10 60 0.00 10 80
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Table A.5: 14 Nodes electric power system.

NODES
Number Name Type Voltage (pu) Angle (grad) Load Generation MVAR Shunts
MW MVAR MW MVAR Max Min G B
1 Bus 1 3 1.06 0 0 0 232.4  -16.9 0 0 0 0
2 Bus 2 2 1.045 -4.98 21.7 12.7 40 42.4 50 -40 0 0
3 Bus 3 2 1.01 -12.72 94.2 19 0 23.4 40 0 0 0
4 Bus 4 0 1.019 -10.33 47.8 -3.9 0 0 0 0 0 0
5 Bus 5 0 1.02 -8.78 7.6 1.6 0 0 0 0 0 0
6 Bus 6 2 1.07 -14.22 11.2 7.5 0 12.2 24 -6 0 0
7 Bus 7 0 1.062 -13.37 0 0 0 0 0 0 0 0
8 Bus 8 2 1.09 -13.36 0 0 0 17.4 24 -6 0 0
9 Bus 9 0 1.056 -14.94 29.5 16.6 0 0 0 0 0 0.19
10 Bus 10 0 1.051 -15.1 9 5.8 0 0 0 0 0 0
11 Bus 11 0 1.057 -14.79 3.5 1.8 0 0 0 0 0 0
12 Bus 12 0 1.055 -15.07 6.1 1.6 0 0 0 0 0 0
13 Bus 13 0 1.05 -15.16 13.5 5.8 0 0 0 0 0 0
14 Bus 14 0 1.036 -16.04 14.9 5 0 0 0 0 0 0
TRANSMISSION ELEMENTS
From To R X B/2 TAP
1 2 0.01938 0.05917 0.0528 0
1 5 0.05403 0.22304 0.0492 0
2 3 0.04699 0.19797 0.0438 0
2 4 0.05811 0.17632 0.034 0
2 5 0.05695 0.17388 0.0346 0
3 4 0.06701 0.17103 0.0128 0
4 5 0.01335 0.04211 0 0
4 7 0 0.20912 0 0.978
4 9 0 0.55618 0 0.969
5 6 0 0.25202 0 0.932
6 11 0.09498 0.1989 0 0
6 12 0.12291 0.25581 0 0
6 13 0.06615 0.13027 0 0
7 8 0 0.17615 0 0
7 9 0 0.11001 0 0
9 10 0.03181 0.0845 0 0
9 14 0.12711 0.27038 0 0
10 11 0.08205 0.19207 0 0
12 13 0.22092 0.19988 0 0
13 14 0.17093 0.34802 0 0
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Table A.6: 118 Nodes electric power system.

NODES

Number Name Type Voltage (pu) Angle (grad) Load Generation MVAR Shunts
MW MVAR MW MVAR Max Min G B

1 Riverside 2 0.955 10.67 51 27 0 0 15 -5 0 0
2 Pokagon 0 0.971 11.22 20 9 0 0 0 0 0 0
3 HickryCk 0 0.968 11.56 39 10 0 0 0 0 0 0
4 NwCarlsl 2 0.998 15.28 30 12 -9 0 300 -300 O 0
5 Olive 0 1.002 15.73 0 0 0 0 0 0 0 -04
6 Kankakee 2 0.99 13 52 22 0 0 50 -13 0 0
7 JacksnRd 0 0.989 12.56 19 2 0 0 0 0 0 0
8 Olive 2 1.015 20.77 0 0 -28 0 300 -300 0O 0
9 Bequine 0 1.043 28.02 0 0 0 0 0 0 0 0
10 Breed 2 1.05 35.61 0 0 450 0 200 -147 0 0
11 SouthBnd 0 0.985 12.72 70 23 0 0 0 0 0 0
12 TwinBrch 2 0.99 12.2 47 10 85 0 120 -35 0 0
13 Concord 0 0.968 11.35 34 16 0 0 0 0 0 0
14 GoshenJt 0 0.984 11.5 14 1 0 0 0 0 0 0
15 FtWayne 2 0.97 11.23 90 30 0 0 30 -10 0 0
16 N. E. 0 0.984 11.91 25 10 0 0 0 0 0 0
17 Sorenson 0 0.995 13.74 11 3 0 0 0 0 0 0
18 McKinley 2 0.973 11.53 60 34 0 0 50 -16 0 0
19 Lincoln 2 0.963 11.05 45 25 0 0 24 -8 0 0
20 Adams 0 0.958 11.93 18 3 0 0 0 0 0 0
21 Jay 0 0.959 13.52 14 8 0 0 0 0 0 0
22 Randolph 0 0.97 16.08 10 5 0 0 0 0 0 0
23 CollCrnr 0 1 21 7 3 0 0 0 0 0 0
24 Trenton 2 0.992 20.89 0 0 -13 0 300 -300 O 0
25 TannrsCk 2 1.05 27.93 0 0 220 0 140 -47 0 0
26 TannrsCk 2 1.015 29.71 0 0 314 0 1000 -1000 0O 0
27 Madison 2 0.968 15.35 62 13 -9 0 300 -300 O 0
28 Mullin 0 0.962 13.62 17 7 0 0 0 0 0 0
29 Grant 0 0.963 12.63 24 4 0 0 0 0 0 0
30 Sorenson 0 0.968 18.79 0 0 0 0 0 0 0 0
31 DeerCrk 2 0.967 12.75 43 27 7 0 300  -300 O 0
32 Delaware 2 0.964 14.8 59 23 0 0 42 -14 0 0
33 Haviland 0 0.972 10.63 23 9 0 0 0 0 0 0
34 Rockhill 2 0.986 11.3 59 26 0 0 24 -8 0 0.14
35 WestLima 0 0.981 10.87 33 9 0 0 0 0 0 0
36 Sterling 2 0.98 10.87 31 17 0 0 24 -8 0 0
37 EastLima 0 0.992 11.77 0 0 0 0 0 0 0 -0.25
38 EastLima 0 0.962 16.91 0 0 0 0 0 0 0 0
39 NwLibrty 0 0.97 8.41 27 11 0 0 0 0 0 0
40 West End 2 0.97 7.35 20 23 -46 0 300  -300 O 0
41 S.Tiffin 0 0.967 6.92 37 10 0 0 0 0 0 0
42 Howard 2 0.985 8.53 37 23 -59 0 300 -300 O 0
43 S.Kenton 0 0.978 11.28 18 7 0 0 0 0 0 0
44 WM Vernon 0 0.985 13.82 16 8 0 0 0 0 0 0.1
45 N.Newark 0 0.987 15.67 53 22 0 0 0 0 0 0.1
46 W.Lancst 2 1.005 18.49 28 10 19 0 100 -100 O 0.1
47 Crooksvl 0 1.017 20.73 34 0 0 0 0 0 0 0
48 Zanesvll 0 1.021 19.93 20 11 0 0 0 0 0 0.15
49 Philo 2 1.025 20.94 87 30 204 0 210 -85 0 0
50 WCambrdg 0 1.001 18.9 17 4 0 0 0 0 0 0
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NODES

Number Name Type Voltage (pu) Angle (grad) Load Generation MVAR Shunts
MW MVAR MW MVAR Max Min G B

51 Newcmrst 0 0.967 16.28 17 8 0 0 0 0 0 0
52 SCoshoct 0 0.957 15.32 18 5 0 0 0 0 0 0
53 Wooster 0 0.946 14.35 23 11 0 0 0 0 0 0
54 Torrey 2 0.955 15.26 113 32 48 0 300 -300 0 0
55 Wagenhls 2 0.952 14.97 63 22 0 0 23 -8 0 0
56 Sunnysde 2 0.954 15.16 84 18 0 0 15 -8 0 0
57 WNwPhill 0 0.971 16.36 12 3 0 0 0 0 0 0
58 WNwPhil2 0 0.959 15.51 12 3 0 0 0 0 0 0
59 Tidd 2 0.985 19.37 277 113 155 0 180 -60 O 0
60 SWKammer 0 0.993 23.15 78 3 0 0 0 0 0 0
61 W.Kammer 2 0.995 24.04 0 0 160 0 300 -100 0O 0
62 Natrium 2 0.998 23.43 77 14 0 0 20 -20 0 0
63 Tidd 0 0.969 22.75 0 0 0 0 0 0 0 0
64 Kammer 0 0.984 24.52 0 0 0 0 0 0 0 0
65 Muskngum 2 1.005 27.65 0 0 391 0 200 -67 0 0
66 Muskngum 2 1.05 27.48 39 18 392 0 200 67 0 0
67 Summerfl 0 1.02 24.84 28 7 0 0 0 0 0 0
68 Sporn 0 1.003 27.55 0 0 0 0 0 0 0 0
69 Sporn 3 1.035 30 0 0 516.4 0 300 -300 0 0
70 Portsmth 2 0.984 22.58 66 20 0 0 32 -10 0 0
71 NPortsmt 0 0.987 22.15 0 0 0 0 0 0 0 0
72 Hillsbro 2 0.98 20.98 0 0 -12 0 100 -100 0 0
73 Sargents 2 0.991 21.94 0 0 -6 0 100  -100 0O 0
74 Bellefnt 2 0.958 21.64 68 27 0 0 9 -6 0 0.12
75 SthPoint 0 0.967 22.91 47 11 0 0 0 0 0 0
76 Darrah 2 0.943 21.77 68 36 0 0 23 -8 0 0
7 Turner 2 1.006 26.72 61 28 0 0 70 -20 0 0
78 Chemical 0 1.003 26.42 71 26 0 0 0 0 0 0
79 CapitlHl 0 1.009 26.72 39 32 0 0 0 0 0 0.2
80 CabinCrk 2 1.04 28.96 130 26 477 0 280 -165 0 0
81 Kanawha 0 0.997 28.1 0 0 0 0 0 0 0 0
82 Logan 0 0.989 27.24 54 27 0 0 0 0 0 0.2
83 Sprigg 0 0.985 28.42 20 10 0 0 0 0 0 01
84 BetsyLne 0 0.98 30.95 11 7 0 0 0 0 0 0
85 BeaverCk 2 0.985 32.51 24 15 0 0 23 -8 0 0
86 Hazard 0 0.987 31.14 21 10 0 0 0 0 0 0
87 Pinevlle 2 1.015 31.4 0 0 4 0 1000 -100 0O 0
88 Fremont 0 0.987 35.64 48 10 0 0 0 0 0 0
89 ClinchRv 2 1.005 39.69 0 0 607 0 300 -210 0 0
90 Holston 2 0.985 33.29 78 42 -85 0 300 -300 O 0
91 HolstonT 2 0.98 33.31 0 0 -10 0 100 -100 0 0
92 Saltvlle 2 0.993 33.8 65 10 0 0 9 -3 0 0
93 Tazewell 0 0.987 30.79 12 7 0 0 0 0 0 0
94 Switchbk 0 0.991 28.64 30 16 0 0 0 0 0 0
95 Caldwell 0 0.981 27.67 42 31 0 0 0 0 0 0
96 Baileysv 0 0.993 27.51 38 15 0 0 0 0 0 0
97 Sundial 0 1.011 27.88 15 9 0 0 0 0 0 0
98 Bradley 0 1.024 27.4 34 8 0 0 0 0 0 0
99 Hinton 2 1.01 27.04 0 0 -42 0 100 -100 0 0
100 Glen Lyn 2 1.017 28.03 37 18 252 0 155 50 0 0
116 KygerCrk 2 1.005 27.12 0 0 -184 0 1000 -1000 0 0
117 Corey 0 0.974 10.67 20 8 0 0 0 0 0 0
118 WHuntngd 0 0.949 21.92 33 15 0 0 0 0 0 0
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NODES
. Load Generation MVAR Shunts
Number Name Type Voltage (pu) Angle (grad)
MW MVAR MW MVAR Max Min G B
101 Wythe 0 0.993 29.61 22 15 0 0 0 0 0 0
102 Smythe 0 0.991 32.3 5 0 0 0 0 0 0
103 Claytor 2 1.001 24.44 23 16 40 0 40 -15 0 0
104 Hancock 2 0.971 21.69 38 25 0 23 -8 0 0
105 Roanoke 2 0.965 20.57 31 26 0 23 -8 0 0.2
106 Cloverdl 0 0.962 20.32 43 16 0 0 0 0 0
107 Reusens 2 0.952 17.53 28 12 -22 0 200  -200 O 0.06
108 Blaine 0 0.967 19.38 2 1 0 0 0 0 0
109 Franklin 0 0.967 18.93 8 3 0 0 0 0 0
110 Fieldale 2 0.973 18.09 39 30 0 23 -8 0 0.06
111 DanRiver 2 0.98 19.74 0 0 36 0 1000 -100 0O 0
112 Danville 2 0.975 14.99 25 13 -43 0 1000 -100 O 0
113 Deer Crk 2 0.993 13.74 0 -6 0 200  -100 O 0
114 ‘WMedford 0 0.96 14.46 8 3 0 0 0 0 0 0
115 Medford 0 0.96 14.46 22 7 0 0 0 0 0 0
116 KygerCrk 2 1.005 27.12 0 0 -184 0 1000 -1000 O 0
117 Corey 0 0.974 10.67 20 8 0 0 0 0 0 0
118 WHuntngd 0 0.949 21.92 33 15 0 0 0 0 0 0
TRANSMISSION ELEMENTS
From To R X B/2 TAP From To R X B/2 TAP From To R X B/2 TAP
1 2 0.0303  0.0999  0.0254 0 46 47 0.038 0.127 0.0316 0 79 80 0.0156  0.0704  0.0187 0
1 3 0.0129 0.0424 0.01082 0 46 48 0.0601 0.189 0.0472 0 68 81 0.00175 0.0202 0.808 0
4 5 0.00176 0.00798 0.0021 0 47 49 0.0191 0.0625 0.01604 0 81 80 0 0.037 0 0.935
3 5 0.0241 0.108 0.0284 0 42 49 0.0715 0.323 0.086 0 s 82 0.0298  0.0853 0.08174 0
5 6 0.0119 0.054  0.01426 0 42 49 0.0715 0.323 0.086 0 82 83 0.0112 0.03665 0.03796 0
6 7 0.00459 0.0208  0.0055 0 45 49 0.0684 0.186 0.0444 0 83 84 0.0625 0.132 0.0258 0
8 9 0.00244 0.0305 1.162 0 48 49 0.0179  0.0505 0.01258 0 83 85 0.043 0.148 0.0348 0
8 5 0 0.0267 0 0.985 49 50 0.0267 0.0752 0.01874 0 84 85 0.0302 0.0641 0.01234 0
9 10 0.00258 0.0322 1.23 0 49 51  0.0486 0.137 0.0342 0 85 86 0.035 0.123 0.0276 0
1 11 0.0209 0.0688 0.01748 0 51 52 0.0203  0.0588 0.01396 0 86 87 0.02828 0.2074  0.0445 0
5 11 0.0203 0.0682 0.01738 0 52 53 0.0405 0.1635 0.04058 0 85 88 0.02 0.102 0.0276 0
11 12 0.00595 0.0196 0.00502 0 53 54 0.0263 0.122 0.031 0 85 89  0.0239 0.173 0.047 0
2 12 0.0187 0.0616 0.01572 0 49 54 0.073 0.289 0.0738 0 88 89 0.0139 0.0712 0.01934 0
3 12 0.0484 0.16 0.0406 0 49 54 0.0869 0.291 0.073 0 89 90  0.0518 0.188 0.0528 0
7 0.00862  0.034  0.00874 0 54 55 0.0169  0.0707  0.0202 0 89 90  0.0238  0.0997 0.106 0
11 13 0.02225 0.0731 0.01876 0 54 56 0.00275 0.00955 0.00732 0 90 91  0.0254 0.0836 0.0214 0
12 14 0.0215 0.0707 0.01816 0 55 56 0.00488 0.0151 0.00374 0 89 92 0.0099 0.0505 0.0548 0
13 15 0.0744  0.2444  0.06268 0 56 57 0.0343  0.0966  0.0242 0 89 92 0.0393 0.1581 0.0414 0
14 15 0.0595 0.195 0.0502 0 50 57 0.0474 0.134 0.0332 0 91 92 0.0387 0.1272  0.03268 0
12 16 0.0212 0.0834  0.0214 0 56 58 0.0343  0.0966  0.0242 0 92 93  0.0258 0.0848  0.0218 0
15 17 0.0132  0.0437  0.0444 0 51 58 0.0255 0.0719 0.01788 0 92 94 0.0481 0.158 0.0406 0
16 17 0.0454  0.1801  0.0466 0 54 59 0.0503  0.2293  0.0598 0 93 94  0.0223 0.0732 0.01876 0
17 18 0.0123  0.0505 0.01298 0 56 59 0.0825 0.251 0.0569 0 94 95 0.0132 0.0434 0.0111 0
18 19 0.01119 0.0493 0.01142 0 56 59 0.0803 0.239 0.0536 0 80 96  0.0356 0.182 0.0494 0
19 20  0.0252 0.117 0.0298 0 55 59 0.04739 0.2158 0.05646 0 82 96  0.0162 0.053 0.0544 0
15 19  0.012 0.0394  0.0101 0 59 60 0.0317 0.145 0.0376 0 94 96 0.0269  0.0869 0.023 0
20 21 0.0183 0.0849 0.0216 0 59 61 0.0328 0.15 0.0388 0 80 97 0.0183 0.0934  0.0254 0
21 22 0.0209 0.097 0.0246 0 60 61 0.00264 0.0135 0.01456 0 80 98  0.0238 0.108 0.0286 0
22 23 0.0342 0.159 0.0404 0 60 62 0.0123  0.0561 0.01468 0 80 99  0.0454 0.206 0.0546 0
23 24 0.0135 0.0492  0.0498 0 61 62 0.00824 0.0376  0.0098 0 92 100 0.0648 0.295 0.0472 0
23 25 0.0156 0.08 0.0864 0 63 59 0 0.0386 0 0.96 94 100 0.0178 0.058 0.0604 0
26 25 0 0.0382 0 0.96 63 64 0.00172 0.02 0.216 0 95 96 0.0171  0.0547 0.01474 0
25 27 0.0318 0.163 0.1764 0 64 61 0 0.0268 0 0.985 96 97  0.0173  0.0885 0.024 0
27 28 0.01913 0.0855  0.0216 0 38 65 0.00901 0.0986 1.046 0 98 100 0.0397 0.179 0.0476 0
28 29 0.0237 0.0943  0.0238 0 64 65 0.00269 0.0302 0.38 0 99 100 0.018 0.0813  0.0216 0
30 17 0 0.0388 0 0.96 49 66  0.018 0.0919  0.0248 0 100 101 0.0277 0.1262 0.0328 0
8 30 0.00431  0.0504 0.514 0 49 66  0.018 0.0919  0.0248 0 92 102 0.0123  0.0559 0.01464 0
26 30 0.00799  0.086 0.908 0 62 66 0.0482 0.218 0.0578 0 101 102 0.0246 0.112 0.0294 0
17 31 0.0474 0.1563  0.0399 0 62 67 0.0258 0.117 0.031 0 100 103  0.016 0.0525  0.0536 0
29 31 0.0108 0.0331  0.0083 0 65 66 0 0.037 0 0.935 100 104 0.0451 0.204 0.0541 0
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TRANSMISSION ELEMENTS

From To R X B/2 TAP From To R X B/2 TAP From To R X B/2 TAP
23 32 0.0317 0.1153 0.1173 0 66 67 0.0224 0.1015 0.02682 0 103 104 0.0466  0.1584  0.0407 0
31 32 0.0298 0.0985 0.0251 0 65 68 0.00138 0.016 0.638 0 103 105 0.0535 0.1625  0.0408 0
27 32 0.0229 0.0755 0.01926 0 47 69 0.0844 0.2778 0.07092 0 100 106 0.0605  0.229 0.062 0
15 33 0.038 0.1244 0.03194 0 49 69 0.0985 0.324  0.0828 0 104 105 0.00994 0.0378 0.00986 0
19 34 0.0752 0.247  0.0632 0 68 69 0 0.037 0 1935 105 106  0.014  0.0547 0.01434 0
35 36 0.00224 0.0102 0.00268 0 69 70 0.03 0.127 0.122 0 105 107  0.053 0.183 0.0472 0
35 37 0.011 0.0497 0.01318 0 24 70 0.00221 0.4115 0.10198 0 105 108 0.0261  0.0703 0.01844 0
33 37 0.0415  0.142  0.0366 0 70 71 0.00882 0.0355 0.00878 0 106 107 0.053 0.183 0.0472 0
34 36 0.00871 0.0268 0.00568 0 24 72 0.0488 0.196  0.0488 0 108 109 0.0105 0.0288  0.0076 0
34 37 0.00256 0.0094 0.00984 0 7172 0.0446  0.18 0.04444 0 103 110 0.03906 0.1813  0.0461 0
38 37 0 0.0375 0 0.935 71 73 0.00866 0.0454 0.01178 0 109 110 0.0278 0.0762  0.0202 0
37 39 0.0321 0.106 0.027 0 70 74 0.0401 0.1323 0.03368 0 110 111 0.022  0.0755 0.02 0
37 40 0.0593  0.168 0.042 0 70 75 0.0428  0.141 0.036 0 110 112 0.0247 0.064 0.062 0
30 38 0.00464 0.054 0.422 0 69 75 0.0405  0.122 0.124 0 17 113 0.00913 0.0301 0.00768 0
39 40 0.0184 0.0605 0.01552 0 74 75 0.0123 0.0406 0.01034 0 32 113 0.0615 0.203  0.0518 0
40 41 0.0145 0.0487 0.01222 0 76 77 0.0444 0.148  0.0368 0 32 114 0.0135 0.0612 0.01628 0
40 42 0.0555 0.183  0.0466 0 69 77 0.0309 0.101 0.1038 0 27 115 0.0164 0.0741 0.01972 0
41 42 0.041 0.135  0.0344 0 Vo) 77 0.0601 0.1999 0.04978 0 114 115 0.0023  0.0104 0.00276 0
43 44 0.0608 0.2454 0.06068 0 77 78 0.00376 0.0124 0.01264 0 68 116 0.00034 0.00405 0.164 0
34 43 0.0413  0.1681 0.04226 0 78 79 0.00546 0.0244 0.00648 0 12 117 0.0329 0.14 0.0358 0
44 45 0.0224  0.0901 0.0224 0 Y 80  0.017  0.0485 0.0472 0 75 118 0.0145 0.0481 0.01198 0
45 46 0.04 0.1356 0.0332 0 7780 0.0294 0.105 0.0228 0 76 118 0.0164 0.0544 0.01356 0
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Table A.7: 32 Nodes, Belgian electric power system.

NODES

Number Name Type Voltage (pu) Angle (grad) Load Generation MVAR _ Shunts
MW MVAR MW MVAR Max Min G B

1 N16 0 1.0 0.0 0 0 0 0 - - 0 0
2 NI11 0 1.0 0.0 98 32 0 0 - - 0 0
3 N6 0 1.0 0.0 0 0 0 0 - - 0 0
4 N13 0 1.0 0.0 600 200 0 0 - - 0 0
5 N8 0 1.0 0.0 237 78 0 0 - - 0 0
6 N9 0 1.0 0.0 223 73 0 - - 0 0
7 N1 0 1.0 0.0 0 0 0 - - 0 0
8 M1 2 1.0 0.0 48 40 850 346 - - 0 0
9 M2 2 1.0 0.0 54 45 500 178 0 0
10 N10 2 1.0 0.0 580 100 2800 498 - - 0 0
11 N14 0 1.0 0.0 300 75 0 0 0 0
12 N5 0 1.0 0.0 0 0 0 0 - - 0 0
13 N4 0 1.0 0.0 0 0 0 0 0 0
14 N7 0 1.0 0.0 0 0 0 0 - - 0 0
15 N3 0 1.0 0.0 0 0 0 0 0 0
16 N2 0 1.0 0.0 0 0 0 0 - - 0 0
17 N104 0 1.0 0.0 0 0 0 0 0 75
18 N203 0 1.0 0.0 300 167 0 0 - - 0 45
19 N106 0 1.0 0.0 0 0 0 0 - - 0 0
20 N206 0 1.0 0.0 300 167 0 0 - - 0 45
21 N102 0 1.0 0.0 0 0 0 0 - - 0 75
22 N202 0 1.0 0.0 300 167 0 0 - - 0 45
23 N105 2 1.0 0.0 0 0 175 30 - - 0 75
24 N205 0 1.0 0.0 300 167 0 0 - - 0 45
25 N101 2 1.0 0.0 0 0 175 30 - - 0 75
26 N201 0 1.0 0.0 300 167 0 0 0 45
27 N107 0 1.0 0.0 0 0 0 - - 0 75
28 N207 0 1.0 0.0 300 167 0 0 45
29 N103 2 1.0 0.0 0 0 150 20 - - 0 0
30 N204 0 1.0 0.0 300 167 0 0 0 45
31 N12 0 1.0 0.0 319 -100 0 0 - - 0 0
32 N15 3 1.0 0.0 0 0 -64.8  38.8 0 0

186



APPENDIX A. APPENDIX: SYSTEMS DATA 187

TRANSMISSION ELEMENTS
From To R X B/2 TAP

N11 N10 0.00079 0.00838 0.09860 0.0000
N6 N8 0.00100 0.01000 0.12200 0.0000
N6 N9  0.00094 0.00995 0.12210 0.0000
N6 N4  0.00084 0.00708 0.08640 0.0000
N6 N7 0.00084 0.00708 0.08640 0.0000
N13 N10 0.00095 0.01004 0.11810 0.0000
N8  NI10 0.00150 0.01600 0.20000 0.0000
N9  NI10 0.00150 0.01600 0.20000 0.0000
N1 N4  0.00054 0.00464 0.05670 0.0000
N1 N4 0.00049 0.00522 0.06410 0.00000
N1 N4 0.00049 0.00522 0.06410 0.0000
N1 N2 0.00014 0.00145 0.01620 0.0000
N10 N14 0.00087 0.00969 0.11570 0.0000
N4 N3 0.00073 0.00772 0.09480 0.0000
Nb N4  0.00046 0.00490 0.05450 0.0000
Nb N4  0.00046 0.00490 0.05450 0.0000
N102 N103 0.00100 0.01140 0.00200 0.0000
N102 N101 0.01700 0.06320 0.01150 0.0000
N106 N103 0.00550 0.02500 0.00400 0.0000
N106 N105 0.00800 0.04300 0.00700 0.0000
N104 N105 0.00620 0.03000 0.00500 0.0000
N104 N103 0.00620 0.03000 0.00500 0.0000
N15 N14 0.00219 0.02309 0.14430 0.0000
N11 N12 0.00126 0.01331 0.13550 0.0000
N3  NI16 0.00126 0.01331 0.13550 0.0000
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