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SUMMARY

The integration of natural gas and electricity sectors has increased sharply in the last decade as a
consequence of combined cycle natural gas thermal power plants. In some countries such as Brazil,
gas-fired generation has been a major factor in the overall growth of natural gas consumption.

Brazil’s National System Operator dispatches these gas-fired plants (along with other thermal sources
such as coal, oil and nuclear) in conjunction with the country’s hydroelectric plants using a stochastic
dual dynamic programming (SDDP) scheme. The SDDP algorithm determines the optimal hydro-to-
thermal energy production ratio based on the expected benefit of reducing thermal plant generation
over a large number of hydrological scenarios, along a planning horizon of five years. This means that
the optimal scheduling decision today depends on assumptions about future load growth and future
entrance of new generation capacity. However, the hydrothermal scheduling model does not take into
account the possibility of future fuel supply constraints, either in production or in transportation. The
assumption of fuel supply adequacy is felt to be reasonable for the more mature markets such as coal
and oil. However, due to the fast growth of the natural gas market, it is possible that demand outpaces
supply and/or transportation investments. A first indication that gas-related constraints could be
relevant took place in January 2004, when 800 MW of combined-cycle generation (out of a total
capacity of 1200 MW) could not be dispatched due to constraints in pipeline capacity.

The objective of this work is present a methodology for representing the natural gas supply, demand
and transportation network in the stochastic hydrothermal power scheduling model. Gas demand in
each node is given by the sum of non-power gas consumption forecasts plus gas consumption factors
for the gas-fired power plants; gas production in each node is represented as minimum and maximum
production levels, depending for example if the gas field is associated with oil production. Finally, fuel
transportation is modeled both through pipelines and through LNG.

The application of the integrated electricity-gas scheduling model is illustrated in case studies with
realistic configurations of the 90 GW Brazilian system.
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1. Introduction

The integration of natural gas and electricity sectors was intensified in the last decade as consequence
of a widespread construction of new gas-fired power plants, both combined-cycle and single-cycle.
Brazil has followed the trend by building over 7,000 MW of gas-fired generation in the last years.
These gas-fired plants, along with other thermal sources such as coal, oil and nuclear, correspond to
15% of the country’s installed capacity; the major source of power production being hydroelectric
power. Both hydro and thermal plants are dispatched by the country’s National System Operator
(ONS, in Portuguese) with basis on a stochastic dual dynamic programming (SDDP) scheme. The
SDDP algorithm determines the optimal hydro-to-thermal energy production ratio based on the
expected benefit of reducing thermal plant generation over a large number of hydrological scenarios,
along a planning horizon of five years. This means that the optimal scheduling decision today depends
on assumptions about future load growth and future entrance of new generation capacity. However,
the hydrothermal scheduling model does not take into account the possibility of future fuel supply
constraints, either in production or in transportation. The assumption of fuel supply adequacy is felt to
be reasonable for the more mature markets such as coal and oil. However, due to the fast growth of the
natural gas market, it is possible that demand outpaces supply and/or transportation investments. A
first indication that gas-related constraints could be relevant took place in January 2004, when 800
MW of combined-cycle generation (out of a total capacity of 1200 MW) could not be dispatched due
to constraints in pipeline capacity.

The objective of this work is present a methodology for representing the natural gas supply, demand
and transportation network in the stochastic hydrothermal power scheduling model. Gas demand in
each node is given by the sum of non-power gas consumption forecasts plus gas consumption factors
for the gas-fired power plants; gas production in each node is represented as minimum and maximum
production levels, depending for example if the gas field is associated with oil production. Finally, fuel
transportation is modeled both through pipelines and through LNG.

This work is organized as follows: Section 2 presents an overview of the electricity and gas sectors in
Brazil. Section 3 describes and motivates the main issues in the energy-gas integration in the country.
Sections 4 presents a procedure that has been developed for assessing the feasibility of the schedules
of the gas-fired power plants. Section 5 presents the integrated representation of the electricity-gas
sectors in a hydrothermal scheduling model and Section 6 concludes.

2. Overview of Electricity and Gas Sectors

Brazil is the largest electricity market in South America,
accounting for 40% of the continent’s energy consumption. As
mentioned in the Introduction, the country is hydro-dominated:
85% of the 90 GW installed capacity and more than 90% of the
electricity production (44 average GW) comes from hydropower. /
Thermal generation includes nuclear, coal, diesel, biomass and, ™
more recently, natural gas plants. The country is fully -
interconnected at the bulk power level by a 80,000 km meshed
high-voltage transmission network, shown in Figure 1. The
direct international interconnections are the back-to-back links

with Argentina (2,200 MW) and smaller interconnections with
Uruguay and Venezuela.

On the natural gas side, Brazil has proven gas reserves of 320
bcm [1,2]. The country also has a natural gas production® of
about 27 MMm®/day available to the market, mostly associated Figure 1 — Power network
with the exploration of oil. Since 1999 up to 30 MMm?®/day of (source ONS)
imported natural gas has been flowing into the country through

! This number excludes reinjection, E&P consumption and flares & losses



pipelines from Bolivia and Argentina. In 2003 a discovery of a large offshore natural gas field (Santos
field), capable of more than doubling the country’s reserves, was announced.

In contrast with Argentina and Chile, Brazil’s gas market is
relatively undeveloped. One of the reasons is that there is no
market for space heating, which is an important factor in the
other countries.

Figure 2 shows the gas pipelines and the areas of exploration
and production. There are three separate systems: the largest
comprises the South and Southeast regions; coastal cities from
the Northeast form the country’s second natural gas system; the
third system is in the Amazon region.

OCEAND
PACIFICO

Finally, a Natural Gas law which regulates pipeline access and
other topics is currently being discussed in Congress.

3. Electricity-natural gas integration issues

¥ Main fields /

L reserves As mentioned previously, Brazil has 7000 MW of gas-fired

@ Verluza (@) Esp.Santo plants. Their potential gas consumption is quite significant: if
@ sanos ) Manati dispatched simultaneously, the gas-fired plants would use 35
@ campos © R doNorte MMm?®/day of gas, about the same amount as the entire “non-
Figure 2 — Natural gas network power” gas demand. Also as mentioned previously, the
(source ANP & PSR) thermal plants’ dispatch depends on the hydrological

conditions: if the system is “wet”, the entire electricity load
can be met with hydro generation alone.

In other words, power-related gas consumption is both large and stochastic. This creates a complex
problem for investment decisions in new gas fields and in new pipelines, which may be either
excessive or insufficient, depending on hydrological conditions. Although take or pay contracts can
alleviate part of the financial uncertainty, a mismatch between gas supply and demand can have
significant consequences for power scheduling. One example of this mismatch happened in January
2004, when a shortage of hydropower in the Northeast of Brazil made ONS command the dispatch of
1,200 MW of gas-fired plants of the region and only a third of this (400 MW) was delivered due to gas
production and transportation constraints. This episode showed the need for greater coordination
between the electricity and the natural gas sectors’ operations planning.

4. Probabilistic evaluation of gas-fired plant schedules

We initially developed a probabilistic model for evaluating whether the sum of gas consumption
requirements resulting from the hydrothermal dispatch and of “non-power” gas consumption forecasts
could be adequately supplied by the
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consumption rates of each plant, the projection of the gas consumption for power is immediately
obtained. The simulation is carried out for a set of hydrological scenarios, yielding a corresponding set
of natural gas consumption scenarios. The shaded area in the lower part of Figure 3 represents the
scheduling of the gas sector and verifies the “feasibility” of these scenarios under the gas sector point
of view.

4.1.  Stochastic hydrothermal scheduling model

The objective of hydrothermal scheduling is to determine an operation strategy of a hydrothermal
system that for each stage of the planning period produces generation targets for each plant. This
strategy should minimize the expected value of the operation cost along the period, composed of fuel
cost and penalties for failure of load supply [7]. Hydro plants are dispatched based on their marginal
water values, which are computed by a multi-stage stochastic optimization methodology, Stochastic
Dual Dynamic Programming (SDDP). The SDDP algorithm has been applied to the scheduling of
large-scale power systems in more than thirty countries, including detailing modeling of system
components and transmission networks [8]. However, as mentioned previously, the dispatch model did
not consider the gas supply-transportation constraints. A simplified formulation of the one-stage
problem solved in the SDDP recursion is shown next; further details can be found in [7-12].

4.1.1. Objective function

o (Vi, a1) = MInErro! Errolcixgu(j) + Csxd + ots1(Vie1,81) (1.2
where:
k indexes load block in the stage
K number of load blocks
i indexes thermal plants
J set of thermal plants

Ci operating cost of plant j

|
(i) Energy produced by thermal plant j (decision variable)

Cs generic representation of operating constraint violation cost
) violation amount (decision variable)

Vit final storage vector in stage t (decision variable)

a; lateral inflow vector in stage t

The Future Cost Function is expressed as a scalar variable subject to linear inequalities (Benders cuts).

or1(Ves, &) = @

s.t. a > W(p) + Erro!ay(i, p) Vier(i) + Errolig(i, p) ai) p=1,...,P (1.2
o scalar variable that represents expected future operating cost

P indexes segments of the piecewise future cost function

wi(p) constant term of p™ segment

Au(i, p) | planti’s final storage coefficient in the p" segment

Ma(i, P) plant i’s lateral inflow coefficient in the p" segment

p number of segments in the piecewise future cost function

4.1.2. Water balance equations

Verr (1) = Ve(i) + ay(i) — e(v¢(i)) — ErroMug(i) + sw(i)] +Erro! Erro![ug(m) + su(m)]
fori el (1.3)
yvhere:

i indexes hydro plants

| set of hydro plants

M(i) set of upstream plants immediately upstream of plant i

Vi (i) final storage of i in stage t (decision variable)




vi(i) initial storage of i in stage t

ai(i) lateral inflow to plant i

g(v(i))  evaporated volume from reservoir i

Ugc(i) turbined outflow volume of plant i along stage t in load block k (decision variable)

Sw(1) spilled outflow volume of plant i along stage t in load block k (decision variable)

4.1.3. Bounds on storage, turbined volumes and thermal generation variables

v, (i) < vi(i) <v, (i) foriel (1.4)
u(i) < U, (i) forierk=1,..,K (1.5)
9, () < gu@) <9, «() forjegfork=1,..,K (1.6)

4.1.4. Load balance equation
Erro!gu(i) + Erro! gu(j) =Dy fork=1,..,K 1.7)

4.2.  Probabilistic Gas Scheduling Model

A gas network consists of supply nodes, where the gas is injected into the system; demand nodes
where gas flows out of the system due to thermal power or non-thermal use; and intermediate nodes. A
pipeline is represented by an arc linking the nodes. When modeling gas pipelines for short-term
scheduling studies, the gas flow through pipelines depends on the pressure difference between the
entry and exit nodes; also, nonlinear expressions relate flow limits with the pressure in the pipeline
[see e.g. 3,4,5,6]. For the purposes of the present study — long-term planning, with a monthly step — a
linear network flow model was felt to be adequate.

4.2.1. Gas Production and flow limits

Local production sources may be available at each node of the gas system. Operational constraints
may impose daily minimum and maximum limits, represented by the following set of equations:

P, (n) <Pyn) <P, (n) forneN 2.1)

where Py(n) is the gas production at node n (decision variable), stage t and the pair {P,_t(n),P,_(n)} is

respectively the minimum and maximum production limits at node n, stage t represents the production
curve of the gas field. Finally N is the set of gas nodes.

The nodes of the gas system are interconnected by pipelines. Each pipeline can be characterized by its
maximum and minimum flow limits under equilibrium (steady state) conditions, originating the
following constraints:

() <fl) <f, () forn,l e N 2.2)

where fi(n,I) is natural gas flow in the pipeline (decision variable) that connects nodes n and | and the

pair {f, «(n,1), f, (n,)} is respectively the minimum and maximum flow limit between nodes n and I.
4.2.2. Gas Balance equations

At each stage, the sum of the demands at each node must be equal to the sum of the supply — either
locally produced or imported through the pipelines — and of the deficit — in case there is not enough
natural gas to completely fulfill the demand. For each node of the gas system, we have:



Py(n) +Erro![1-w(n,1)] f(1,n) -Erro! f(n,l) +Erro!8(k) +Erro!8;(j) = Erroldi(k) +Erro!d«(j) g: ()

forneN (2.3)

where Q(n) is the set of nodes of the gas system connected to node n, T(n) is the set of thermal plants
associated to node n of the gas system and D(n) is the set of non-thermoelectric demands at node n of
the gas system (distribution companies, refineries, and others). The parameters are: w(n,l) for the loss
factor of the pipeline connecting nodes n and | and ¢.(j) for the gas consumption conversion factor for
thermal plant j and d(k) is the non-electric natural gas demand k. The generation of the gas-fired plant
j, 9¢ (j) is also known in this context, as it is obtained from the hydrothermal scheduling simulation.

The decision variables of the problem are: (i) scheduling of gas supply sources; (ii) scheduling of gas
flows in the pipelines and (iii) deficits of natural gas for non-electrical demand k, &«(k) and the deficit
of natural gas for thermal power plant j, 8;(j). They appear in the objective function associated with
costs ¢ and ¢;” - the deficit cost for the natural gas non-electrical demand k and the electrical demand j,
respectively.

4.2.3. Objective Function

The objective function is to minimize the natural gas rationings costs, thus:
Min Errolc,dy(k) + Erro! ¢;"5; (j) (2.4)

4.3. Case Study

In this section we apply the procedure shown in Figure 3 for a case study. The probabilistic evaluation
scheme will be illustrated with basis on the (publicly available) power system configuration of the
Brazilian Monthly Operations Plan (“PMQ”) for December 2005-December 2009. The stochastic
operational policy for 2005/2009 was calculated (with five additional years as a buffer to prevent
depletion at the end of the period). Monthly steps were used, with three demand blocks in each step.
Once the hydrothermal operational policy was calculated, the system operation was simulated for a set
of hydrological scenarios, resulting in energy production o o
schedules for each gas-fired power
plant, for each month and for each
hydrological scenario.

Next, these energy production
schedules were transformed into gas
consumption schedules, though the
use of efficiency factors for each
power plant. Finally, these gas
schedules were added to the “non-
power” gas consumption forecasts at the

appropriate Consumption nodes. Figure 4 — South/Southeast gas network

Table | shows the gas supply projections, including production increase in local fields and imports.
Figure 4 shows the pipeline network for the South-Southeast region. A similar procedure was applied
for the Northeast network (remember that the gas networks are not integrated yet).

Finally, the “non-power” gas consumption was estimated for each sector (industrial, automotive,
commercial, residential and co-generation), in addition to Petrobras (Brazil’s oil and gas company)
internal consumption in refineries and fertilizer plants. Figure 5 compares total supply and demand for
the years of study. We see that the gas consumption from thermal plants is crucial for the demand x
supply balance: if the thermal plants are not dispatched at all along the year (zero consumption of
power-related gas), supply exceeds demand; at the other extreme, if the thermal plants are 100%
dispatched along the year (base-loaded), supply cannot match demand. Given that the thermal plant

6



dispatch depends, as seen previously, on hydrological conditions and on the overall supply vs demand
balance of the electricity sector, the question is then to assess the likelihood and severity of the gas
supply shortfalls.

Table I — Gas supply projection available to market 120
100
(MMm3/day) 2006 2007 2008 2009 > 80 4
South/Southeast 2 @
Campos 14.4 149 155 15.0 % il
Merluz s 40
a+ Lagosta 12 19 19 19 20 4|
Gasbol 30.0 30.0 30.0 30.0 0
;'SB 8-8 8-8 102-00 102% 2006 2007 2008 2009
antos . A . A
Total 45.6 46.8 594 58.9 = Thermal Cons 30.0 34.3 35.7 35.7
Espirito Santo [ Petrobras Cons 10.5 15.3 17.0 18.4
Total 44 6.6 10.0 10.0 jLbC 36.9 41.0 44.7 48.3
Northeast ——Supply 64.2 68.8 83.8 82.3
5 Tf)lta' 142 154 144 134 Deficit (16.0) (26.3) (13.7) (20.1)
razi
Total 64.2 68.8 83.8 82.3

Figure 5 — Gas supply x demand balance

Figure 6 shows the frequency of gas supply shortfalls in volumes higher than 5% of the gas-to-power
demand. Figure 7 shows the cumulative duration curve of the gas volumes shortfall, expressed in
average MW (assuming that the supply of “non power” demand has priority over the supply of power-
related consumption). We see in Figure 6 that in 2007, 19% of the scenarios had shortfalls; in turn,
Figure 7 shows that the severity of the shortfalls in concentrated in fewer scenarios, which is
consistent with the skewed probability distribution of droughts (“wet” scenarios are more likely than
dry scenarios).
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Figure 6 — Gas deficit probability Figure 7 — Gas deficit distribution in 2007

5. Integrated electricity-gas modeling in hydro scheduling models

The previous study showed that the probability of dispatch failures of gas-fired plants due to fuel
supply problems could be significant. Given that the hydrothermal dispatch model did not “know”
about this possibility when calculating the water value of the hydroelectric plants, this means that the
hydrothermal dispatch is not fully optimized: the system reservoirs will be depleted faster than
expected, thus increasing the risks of energy deficits or of dispatching more expensive thermal plants
such as fuel oil and diesel. One clear possibility for improving this situation is to incorporate the gas
supply equations and constraints into the stochastic hydrothermal model, as described next.

5.1.1. Gas pipeline equations

The set of equations (2.1)-(2.3) is added to the one-stage presented problem formulation above. The
only change lies in equation (2.3): thermal generation values g; (j) were known values in problem
(2.1)-(2.4) and are decision variables g(j) here. The modified equation becomes:

P«(n) +Erro![1-wy(n,D] f(1,n) —Erro! f(n,) +Erro!d,(k) +Erro!d; (j) -Erroldy) g«(j) = Erroldi(k)



forneN (3.1)

5.2.  Case study

The integrated electricity-gas hydrothermal scheduling, composed by expressions (1.1)-(1.7), (2.1),
(2.2) and (3.1), was applied for the same electricity-gas configuration and data of the previous
analysis. Also as in the previous study, we gave more priority for the “non power” gas supply than for
gas-fired generation, in case of fuel shortfalls.

Figure 8 shows the yearly short-run marginal cost (SRMC) of electricity (averaged over all months,
load levels and hydrological scenarios) of the Southeast system for two situations: unrestricted gas
supply and supply constraints. We see that the fuel supply constraints had an important effect on
electricity costs. Figure 9 shows the distribution of yearly SRMC over the hydrological scenarios,
again for the fuel-constrained and unconstrained cases. We see that fuel constraints did not affect
electricity prices in most hydrological scenarios, which are “wet” and do not require thermal
generation. However, they had a large impact on the remaining dry scenarios.
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Figure 8 - Annual SRMC - Southeast region Figure 9 - Distribution of the Southeast System

marginal cost in 2008

The impact of gas supply constraints on electricity prices could be alleviated by other measures, which
can also be evaluated by the integrated gas-electricity scheduling model. One possibility is to
transform the gas-fired plants into bi-fuel plants (the other fuel being diesel oil); the government has
announced the implementation of this conversion in several of those plants. Another possibility, also
being discussed, is to negotiate interruptible gas contracts with industry, which would switch to an
alternative fuel or even decrease production in case the gas-fired plants were dispatched. These
alternatives bring more flexibility to the electricity-gas market.

6. Conclusions

The vigorous growth of the natural gas market in hydro-dominated countries poses special challenges
for planning and operations scheduling of both the electricity and gas sectors due to the substantial
oscillation in power-related gas consumption when hydrological conditions vary from “wet” to “dry”.
In this paper, we examined two alternatives for coordinating these sectors. In the fist one, power
dispatch assumes that there are no fuel constraints and produces a (stochastic) gas consumption
schedule which is added to the “non power” gas consumption forecasts, all to be managed by the gas
dispatch. In the second alternative, power and gas are dispatched jointly. It is shown that both
alternatives can be modeled by stochastic optimization techniques, and their application is illustrated
in case studies based on realist data from the Brazilian power system.
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