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A medida que la participacion de energias renovables fluctuantes (ERf), como la energia solar
fotovoltaica y eolica, de un sistema eléctrico aumenta, la flexibilidad de la red para responder
frente a mayores variaciones e incertidumbre en la demanda neta se torna cada vez mas
importante. En sistemas hidrotérmicos que poseen centrales hidroeléctricas con capacidad de
acumulacion, son éstas las que pueden proveer dicha flexibilidad. Asi, la nueva meta ERNC
20/25 de Chile motiva a investigar las interacciones sistémicas entre centrales hidroeléctricas y
proyectos de ERf.

Si bien es conveniente proveer flexibilidad con centrales hidroeléctricas, esta capacidad es
limitada, por lo que en esta investigaciéon se exploran dos opciones para incrementarla. Una
alternativa consiste en aumentar la potencia instalada de centrales hidroeléctricas (“up-
powering”) y otra en optimizar el uso de los estanques de regulaciéon que poseen algunas centrales
de pasada. Un tercer punto a estudiar en esta investigacidon es analizar cémo se modifica la
operacion de centrales hidroeléctricas conforme una mayor penetracion ERf. Una eventual
operacion mas fluctuante, induciria grandes variaciones de caudal entre una hora y otra, lo que
puede afectar negativamente otros usos aguas abajo, incluyendo efectos nocivos sobre ecosistemas
fluviales.

Para llevar a cabo esta investigacién se disefian distintos experimentos utilizando un modelo de
minimizacion de costos (MIP-UC). Este programa deterministico entero-mixto replica las
practicas del operador del Sistema Interconectado Central (SIC) y prescribe la potencia a
generar de todas las centrales eléctricas del SIC con resoluciéon horaria en un horizonte
tipicamente semanal. Los resultados son analizados en escenarios definidos por distintos niveles
de penetracion de ERf y afios hidrologicos.

En relacion al primer objetivo, se identifica una central a la cual aplicar up-powering es
conveniente, aumentando asi la capacidad de respuesta frente a variaciones en la demanda neta.
Ademas, se genera una serie de sugerencias de fenémenos a modelar en los siguientes
experimentos, como por ejemplo la inclusiéon de tiempos minimos de encendido y apagado. Para
el segundo objetivo, se endogeniza la operacion de los estanques de regulacion al MIP-UC, lo cual
genera un ahorro sistémico cercano al 4% del costo térmico. Finalmente, mediante un analisis de
frecuencia de las series de tiempo de caudales turbinados resultantes del MIP-UC para las
principales centrales de embalse, se detectan dos centrales, El Toro y Pangue, particularmente
susceptibles a mostrar mayores fluctuaciones de caudal para escenarios de elevada penetraciéon
ERf. En éstas se propone evaluar restricciones de operaciéon para proteger a los ecosistemas

acuaticos.
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CAPITULO 1: Introduccion

A medida que en un sistema eléctrico aumenta la participacion de energias renovables
fluctuantes (ERf), como la energia solar fotovoltaica y eodlica, la flexibilidad de la red
para responder frente a mayores variaciones e incertidumbre en la demanda neta
(diferencia entre demanda y ERf) se torna cada vez mas importante ' Esta flexibilidad
puede ser provista por dispositivos de almacenamiento, infraestructura de transmision,
algunas centrales térmicas (gas o diesel) o centrales hidroeléctricas. Particularmente
estas ultimas son una alternativa conveniente cuando su participaciéon en sistemas de
potencia es significativa y estdn dotadas con capacidad de regulacién, como el caso de
Chile, Nueva Zelanda, Brasil, Colombia, Panaméa y los paises nordicos (NordPool).
Algunos desafios ligados a la flexibilidad entregada por estas centrales hidroeléctricas son
la limitada capacidad de potencia y energia embalsada, y la operacion fluctuante que se
puede originar al momento de operar en modo de seguimiento de carga (“hydropeaking”).
Este régimen de operaciéon variable, al inducir grandes fluctuaciones de caudal entre una
hora y otra, es capaz de ocasionar efectos severos, tanto sobre el ecosistema de un rio 27
como sobre otros usos aguas abajo. Asi, la nueva meta ERNC 20/25 de Chile s (20% de
energias renovables no convencionales al 2025) motiva a investigar las interacciones

sistémicas entre centrales hidroeléctricas y proyectos de ERf.

En relaciéon a los desafios expuestos se definen tres preguntas de investigacion. Primero
se exploran dos opciones para incrementar la flexibilidad de operacion de las centrales
hidroeléctricas. Una alternativa consiste en aumentar la potencia instalada de centrales
hidroeléctricas, permitiendo de este modo seguir mas facilmente el perfil variable de las
ERf. En concreto, se desea determinar cual es el beneficio sistémico de incrementar la
potencia instalada de centrales hidroeléctricas existentes del SIC. En segundo lugar, se
desea analizar la importancia de las centrales hidroeléctricas de pasada que poseen
estanques de regulacion, debido a que éstas también pueden contribuir a la integraciéon
de las ERf. En este caso se pretende responder: ;jcual es el beneficio sistémico de
optimizar el uso de los estanques de regulacion? En tercer lugar se exploran los efectos
cruzados entre las ERf y la operacién de centrales de embalses. En particular, la meta es
determinar si existe una intensificacion sistematica en las variaciones de caudal aguas
abajo de éstas ultimas y en cudles rios. Mientras que las dos primeras preguntas se
ocupan de analizar alternativas para facilitar la integraciéon de energia eodlica y solar
fotovoltaica, la dltima entrega una mirada ambiental-hidrica que potencialmente podria

restringir la insercién de energias renovables fluctuantes.

Para dar respuesta a las preguntas de investigacion, se usa un modelo que define la
operaciéon de todo el sistema eléctrico. Este se basa en una minimizaciéon de costos de
operacion, dado el caracter centralmente planificado que posee la coordinacion semanal
de las centrales eléctricas en el SIC. En el 6ptimo, el resultado de este enfoque deberia
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coincidir con la maximizacion de beneficios privados, estructura tipica de un mercado
ofertas, como la bolsa de energia de Europa. Este modelo de optimizacién entera-mixta
para el pre-despacho (MIP-UC) 9, que replica la estrategia de programacion del operador
del sistema, prescribe con resoluciéon horaria qué centrales deben encontrarse encendidas
y apagadas, y su nivel de generacion durante el horizonte planificacion.

En el contexto de la primera pregunta, aumentar la potencia instalada de centrales
hidroeléctricas existentes se puede lograr reemplazando las turbinas antiguas por nuevas
-mas eficientes- (denominado en ocasiones re-powering) o bien adicionando turbinas a la
central (up-powering). Para efectos del presente trabajo, se utilizara el término genérico
up-powering para referirse a ambas situaciones. Con datos reales del operador de

10, MIP-UC simula 22 semanas selectas del ano 2010 para 5 portafolios de

sistema
proyectos eélicos. A partir de los resultados se desea identificar preliminarmente las
centrales en las cuales hacer up-powering genera un mayor beneficio al sistema y, a su
vez, establecer un diagnoéstico respecto los fenéomenos relevantes a incluir en futuras

modelaciones, como tiempos minimos de permanencia encendido y apagado.

La segunda pregunta motiva explorar como la modelacion de estanques de regulacion -
pequenios reservorios con una capacidad de acumulacién aproximada entre 1 a 15 horas-
que poseen algunas centrales de pasada, pueden proveer flexibilidad operacional, en
conjunto con las centrales de embalse. Sin embargo, actualmente la capacidad de
regulacion de los estanques no se modela endogenamente en el pre-despacho del SIC, sino
s6lo se modulan los caudales afluentes para hacer coincidir su operacién con las horas
punta (empuntamiento). En total la capacidad de los estanques en potencia y energia se
encuentra en torno a 900 MW y 20 GWh, respectivamente, de los cuales el operador del
sistema podria disponer libremente. La hipotesis es que la practica actual es subdptima,
particularmente cuando altos niveles de ERf dificultan identificar las horas punta. Para
probar esto, se define un afio representativo y se simula con el MIP-UC, una vez
siguiendo la practica actual del empuntamiento y otra vez dejando al modelo operar los
estanques. Posteriormente, se aplica un analisis de sensibilidad para estudiar el
comportamiento de los resultados en un afio seco, normal e hiimedo, y para distintos

niveles de penetracion edlica.

La tercera pregunta se enfoca en la alteracién hidrologica en los rios intervenidos con
centrales hidroeléctricas. Considerando que el caudal turbinado es la componente
principal del flujo en los cauces aguas abajo de centrales hidroeléctricas en Chile central,
una operacion hidroeléctrica variable inducird una mayor alteracién hidrolégica aguas
abajo del punto de restitucion, lo cual fue evidenciado por varios estudios locales w12
La hipotesis de trabajo de esta seccién consiste en que las centrales hidroeléctricas del
SIC modificarian su operaciéon frente a mayores niveles de ERf y consecuentemente

agudizarian los impactos en ecosistemas fluviales y riberefios. Por ello se realiza una



propuesta metodolégica que considera: i) contrastar la operacion -actual o futura- de
centrales hidroeléctricas con el régimen natural de un rio; ii) evaluar la operacién de
proyectos hidroeléctricos con resolucion horaria, dado que escalas temporales mas
gruesas pueden enmascarar las fluctuaciones de corto plazo; iii) estudiar proyectos
existentes o futuros en contexto de la red entera, ya que diversos factores,
principalmente la ubicacién de la central, son influyentes sobre su operaciéon. La
metodologia es aplicada mediante un estudio de caso al SIC, donde se determina la
operacion de todo el sistema con la herramienta MIP-UC para tres escenarios
hidrolégicos —seco, normal y hiimedo- y tres niveles de penetracion edlica. La meta es
lograr identificar los sistemas hidroeléctricos que son particularmente susceptibles a
compensar las fluctuaciones edlicas y cuya operacion es sisteméaticamente més fluctuante
bajo altos niveles de viento.

Las primeras dos interrogantes fueron respondidas en publicaciones de congreso y se
exhiben en el Capitulo 2 y 3, respectivamente. En el Capitulo 3 también se encuentran
detalles del modelo MIP-UC. El Capitulo 4 responde a la tercera pregunta y corresponde
a un articulo enviado a revista cientifica, mientras que el Capitulo 5 presenta las
conclusiones y el trabajo futuro.
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RESUMEN

A medida que energias renovables fluctuantes (ERf), como la solar fotovoltaica y la
eblica, aumentan su participacién en un sistema de potencia, la flexibilidad del sistema
se torna cada vez mas importante. En sistemas hidro-térmicos dicha flexibilidad es
usualmente proporcionada por plantas hidroeléctricas. En este contexto se plantea como
estrategia aumentar la potencia instalada de las centrales de embalse (up-powering) lo
cual serd evaluado en este trabajo. Para ello se definen cinco portafolios de proyectos
edlicos para agregarlos al modelo del sistema existente del SIC. Con el modelo, una
herramienta de optimizacién entera-mixta, se simula una muestra de 22 semanas para
cada uno de los cinco portafolios. Para identificar las centrales claves en proveer
flexibilidad al sistema, se analizan los precios sombras de las restricciones asociadas a la
potencia instalada de las centrales de embalse. Luego, para estas centrales, se evaltian
cuatro casos de up-powering para estudiar los ahorros operacionales a nivel del sistema.
Los resultados muestran el potencial preliminar de up-powering en Chile.



Preliminary assessment of the value of up-powering in Chile’s Central
Interconnected System under different wind penetration scenarios

Published in:
CHILECON Congress 2013 - “Solar energy and smart grids”
Santiago de Chile - September 2013.

Authors:
Jannik Haas, Rodrigo Palma, Marcelo Olivares

Key words:
Up-powering, hydro-thermal coordination, wind power, reserves,
flexibility, fluctuating renewable energy.

ABSTRACT

As more variable renewable power sources (solar PV, wind) penetrate a power system,
flexibility becomes more important. In hydrothermal systems such flexibility is usually
provided by hydropower plants. Specifically, increasing the installed capacity of existing
or projected hydropower plants (up-powering) looks promising and is evaluated in this
research. Thus, five wind portfolios are defined and added to a mixed-integer unit
commitment model of the Chilean Central Interconnected System (SIC). The model is
run for a sample of 22 weeks for each of the 5 wind portfolios. The key hydropower
reservoirs plants in providing additional flexibility are identified by analyzing the
shadow prices of power capacity constraints. Four up-powering cases are proposed for
the selected plants, after which the unit commitment is computed for these. Finally the
operational savings due to up-powering are calculated. Results show the preliminary
potential of up-powering strategies in the SIC.



2.1 INTRODUCTION

The integration of variable renewable energy sources, like solar photovoltaic and wind
power plants, is a challenging task. Especially the latter, because of its high variability,
along with the hardly predictable nature and the nonlinear relationship between
wind speed and power, has a number of operational issues that must be addressed for
successful grid integration !, The fluctuations occur at different time scales. Holttinen '
mentions how inter-second wind speed variations are smoothed out by a blade’s inertia
and the geographic dispersion of turbines within a farm. So, the main ramp rates are
identified in a time frame from a few minutes to a couple of hours. Holttinen M also
concludes that intra-hour fluctuations have a lower impact on the grid than hourly
changes in Nordic countries, which is consistent with the findings of Persaud, Fox and

Flynn ' for Northern Ireland.

Flexibility of a power system is also one of the targets of the future smartgrids and can
be provided by some thermal plants (gas or diesel), hydropower plants, storage devices,
and transmission facilities. If the compensation for short-term fluctuations is performed
by gas or diesel thermal plants, it is expected that they will operate at partial load. This
can mean lower efficiencies, higher operating costs and more emissions LIGIT At the
same time, their lifetime could be affected, as it is likely they will more often operate at
points for which they are not designed (cycling) '® On the other hand, if hydropower is
available, its high reliability, predictability and controllability, together with its
relatively low operating cost have made it a common balancing technology. However, in
contrast to thermal systems, where a lot of wind integration studies have been
performed, the literature lacks of research about its relationship with hydro-thermal
systems.

This study proposes to “up-power” hydropower plants. This can be achieved by replacing
old turbines/generators by more efficient ones (sometimes also called re-powering) or
adding turbines to an existing or projected hydroreservoir power plant without
modifying its storage capacity. The higher flexibility in the power output should help
adjust to the increased fluctuations in the generation-demand balance. The preliminary
economic benefits of this solution will be analyzed. The methodology can be applied to
other hydro-thermal systems in the world as long data for a centralized optimization tool
are available.

This publication is organized into five sections. Section 2.2 details the optimization to
evaluate up-powering hydropower plants, whereas section 2.3 explains the methodology.
Results are discussed in section 2.4 and conclusions and future work are presented in
section 2.5.



2.2 OPTIMIZATION MODEL

A hydro-thermal system presents strong inter-temporal ties, due to its large storage
capacity. To achieve convergence, a common approach is to split up the hydro-thermal
scheduling into smaller problems, according to their time frame. The procedure of
Chile’s Independent System Operator (ISO) is to determine the opportunity cost of
water over a 1-2 year horizon using a stochastic optimization, which is run for 40-50
historic flow series with the existing power park. This opportunity cost -or future cost
function (FCF) - of water is later on used as an input by the hourly unit commitment
problem. Depending on whether the system is based on a mandatory pool with audited
costs or a power exchange market, the unit commitment results in a cost minimization
or benefit maximization problem, respectively. In this study, a mixed integer cost
minimization model (MIP-UC) is used to solve the weekly unit commitment problem ?
as explained in the next paragraph.

The objective function of optimization is shown in Equation 1, where ¢, is the
operational cost of generator g and Py is the power output of generator g during time
block t of duration n hours; FCF is the future cost function of water in the reservoirs -
which depends on the storage of the reservoirs at the end of the time horizon-; ¢, is the
cost of unserved energy; and UE}; is the amount of unserved power at bus b during time
block t. Although an hourly resolution was used in this study, a more general
formulation is considered which allows using time blocks of different duration (e.g 0.5h,
2h...). Time blocks t are indexed between 1 and T, and generators g between 1 and G.
Binary variables By decide whether a power plant g will be on or off during the time
block ¢.

T,G S 1 T,G
MinZZZCng,tnt+z§FCP; +ZCUEUEb,tnt (1)
t,g S t.g

The above objective function is constrained by equations 2-5. Additionally, power
transmission constraints, DC-power flow, water balance equations and hydrologic
connectivity are also modeled but not shown. Constraint 2 assures load balance is met at
every bus b and time block t of the optimization considering the power output P, of
the generators that connect to the bus (G,), the unserved energy UEy; at the bus, the
power flow Fi; through the lines that connect with the bus (L,), and the losses Ri;
associated with those lines. Constraint 3 verifies the power output of each plant -when

" and below its nominal capacity P,""".

turned on- is above its technical minimum P,
Constraint 4 forces a power plant to be turned on during a minimum amount of hours
TminOngy A conversion between time blocks (BlocksOng;) and hours (TminOny) is

required, but for simplicity not shown above. Constraint 5 has the same purpose as 4,



but is used for the last time blocks of the simulation horizon, when 7TminOn, cannot be
further met. The constraint for the minimum off time is analogue to constraint 4 and 5,

Z Pg,t + UEb’t + Z Fl,t + Z Rl,t - Db’t,vt,b (2)

geGy lely lely

but not shown.

Bye P < Py < By P, Vit,g 3)

i 0T
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Z ntaBg’ta 2 tMlngn(Bg’t - Bg,t—l )
ta=t (4)
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T

T
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ta=t ta=t (5)
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Under the current practice, the ISO of the Chilean SIC considers Pgmm explicitly only for
a few power plants; minimum on/off times, ramp rates, start-up and shut-down costs are
not taken into account. Thus, this problem has about 700.000 continuous decision
variables, 1.000 binary decision variables and 60.000 constraints.

2.3 METHODOLOGY

A base case was set up to allow for study of the short-term effects of up-powering
hydropower reservoirs plants. This base case is composed by five wind portfolios. These
gradually increasing portfolios (Tab. I) were defined using wind projects already
approved by Chile’s Environmental Assessment Service (SEA) 19, sorted according to
estimated time of completion, and added to the current power park of the SIC. The first
portfolio is the current situation (February 2013). The location and height of each
project are considered; however, the interaction and geographic dispersion between the
turbines within each park, and other phenomena inherent to wind farms, are not. These

wind portfolios are added to the current 13.5 GW power system 0



TAB. I. DETAILS OF THE WIND PORTFOLIOS

Wind farm capacity
[MW]
200
700
1300
2600
3300

Portfolio

U = W NN =

The hourly operation with weekly horizons was simulated using the MIP-UC
optimization model over a period of 22 weeks. The same data used by the ISO, from
April 2010 to June 2010, were taken as inputs. The simulation is deterministic as
uncertainties of wind and hydrologic profiles are not considered, being aligned with
current practices of the ISO. In this part of the study, Pg”1in was modeled only for a
couple of plants and minimum on/off times were not. Once the unit commitment of the
base case is known, it can be compared to different system operation with up-powered
hydro reservoir plants.

Promising plants to be up-powered are identified by analyzing the dual variables
associated with the maximum power capacity constraints of the hydropower reservoir
plants. As duality is unclear in MIP problems, two optimizations were performed. First
the MIP-UC was solved to obtain the binary variables of the optimal solution.
Subsequently, a relaxed version of the MIP-UC was solved, i.e. the binary variables are
fixed at the former MIP solution and solved again with linear programming. At the
optimum the value of those dual variables is the shadow price of the constraint. In linear
programing (LP), the expected savings for every MW of up-powered capacity can be
estimated as the product between the shadow prices and time -within the range where a
softer restriction (more power capacity) does not alter the optimal basis-. Hence, the
greater the shadow prices, the larger their contribution to operational cost savings of the
system. From all the reservoirs, only the ones with the most significant shadow prices
(related to capacity constraints of the power plants) will be chosen. However, as this
analysis is performed under the relaxed version of the unit commitment, it requires to be
verified under integer constraints. For this reason the model was re-run for the chosen
subset of reservoirs, under 4 different up-powering cases. The total cost savings for each
up-powering case was then computed for each wind portfolio. These saving are the

system-wide economic benefits of up-powering.



2.4 RESULTS AND DISCUSSION

After computing the base case, the shadow price of the power capacity constraint of the
main hydropower reservoir plants are shown in Fig. 1 as duration curves. The subplots
show the different reservoirs and the series the five wind portfolios. It should be noted
that in this minimization problem these duals are negative, however for simplicity the
sign will be ignored on the plots. Within the time horizon of 3696 hours
(22 weeks * 168h) the capacity constraints of the different reservoirs is only activated
about 700 hours. Among these hours, hydropower reservoirs El Toro, Cipreses,
Pehuenche and Ralco possess the highest values of the dual variables. Particularly the
former exhibits the largest values for the capacity constraint. During the remaining
hours of the simulations P, is not reached, hence its dual is zero. The shadow price
remains practically constant under all 5 wind portfolios for all reservoirs, except El Toro.

The potential savings (as read from the duals) from Cipreses, Pehuenche and Ralco were
not attained when the MIP-UC was re-run for verification under up-powering cases.
There can be following reasons for having lower savings than those predicted: i) if the
savings are small, part of them can fall within the gap existing between the optimal
solution of the LP (relaxed MIP) and the MIP; ii) the range of validity of the duals (at
the optimum) is small, hence not all the extra capacity contributes to the savings. The
savings from up-powering El Toro, however, are large enough to be verified with the
MIP-UC optimization. Hence, from now on only results of El Toro will be further
illustrated in detail, although a similar analysis was performed for all four reservoirs.

El Toro hydropower reservoir plant has a current power capacity of 450 MW. The cost
effect of up-powering it by 80, 160, 320 and 640 MW (denoted as case UP 1, UP 2, UP 3
and UP 4 respectively) is analyzed under the five wind penetration portfolios. Despite
the most extreme up-powering cases being unrealistic, they were chosen to study the
sensitivity of the up-powering. Each series in Fig. 2 shows the weekly system savings in
millions of USD for each up-powering case when compared to the base case. The lower
line delimits the floor (UP 1), while the upper line confines the roof of the savings
(UP 4). The remaining cases (UP 2 and UP 3) are within this band. UP 1 has noticeable
effects under every wind scenario. However, the difference between UP 1, UP 2, UP 3
and UP 4 can only be distinguished in wind portfolio 5. This indicates that large up-
powering is very unlikely to be cost-effective.

On the other hand, there is a clear correlation between the savings due to up-powering
and the wind penetration levels, which is summarized in Fig. 3. For example an up-
powering of 80 MW (UP 1), daily savings between 4.800 USD and 17.800 USD for the
smallest (Wind 1) and the largest wind portfolios (Wind 5), respectively, are to be
expected.
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FIG. 2. SYSTEM WIDE OPERATIONAL SAVINGS (MILLION USD/WEEK) IN TIME FOR DIFFERENT UP-POWERING CASES
UNDER DIFFERENT SCENARIOS OF WIND POWER PENETRATION

To put those numbers in perspective, the internal rate of return (IRR) is calculated. As
the reservoir is already built, the investment cost for up-powering is expected to be on
the lower end of hydropower projects; 1.000USD/kW was assumed. Hence, the IRR of
up-powering case 1 is less than 0.3% for wind portfolio 1, 2, 3 and 4, and close to 1% for
Scenario 5. These unattractive values can be explained because many phenomena
associated with extra benefits of up-powering are not herein considered. In fact, much
research % points out that the variability of wind power affects the number of starts
and stops of thermal power plants and challenge systems with slow reacting generators.
This effect can even lead to negative market prices, as seen in the European Energy
Exchange, or large wind spillage ! Neither ramp rates, minimum on/off times, nor
start/stop costs are considered within this study, since the used program is a replica of
the Chilean ISO, which currently does not model those parameters endogenously.
Although this does not invalidate the results, it does lead to a systematic
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underestimation of the real benefit of up-powering. This is how the economic benefits
here shown are to be taken as lower bound of the potential savings only. In this study,
the value of up-powering captures only the displacement of expensive peaking generators
during high residual demand hours.

I Ur1 I UP2 N UP3 UP4

4.01
3.01
2.0¢
1.0¢

Savings [M USD]

w1l w2 W3 W4 W5
Wind portfolios

FIG. 3. SUMMARY OF OPERATIONAL SAVINGS (MILLION USD) FOR DIFFERENT UP-POWERING CASES
UNDER DIFFERENT SCENARIOS OF WIND POWER PENETRATION

2.5 CONCLUSIONS AND FUTURE WORK

This research analyses the economic impact of up-powering hydroreservoirs using a
weekly unit commitment optimization model on an hourly resolution. Minimum on /off
times and start/stop costs have not been considered, and minimum capacity constraints
were modeled only for the main power plants. On this basis it has been found that only
the up-powering of El Toro has noticeable impacts on the system, while the other
reservoirs have little to no effect on the grid-wide total costs. This particular power
plant was further investigated and the savings for 4 up-powering cases were determined
under 5 different wind portfolios.

It has been found that flexibility effectively becomes more important as variable energy
sources enter the grid. However, the effect of the up-powering cases is constant under
wind portfolios 1 to 4. Only for the largest wind portfolio, the difference between the up-
powering cases becomes visible. This gives a clear feeling for the up-powering range that
needs further exploration, i.e. the range below the smallest up-powering case (<15% of

Prax per reservoir).

Although the investment generates a positive return, it is very low according to these
preliminary results. Hence, the need to do more research, including the parameters
mentioned earlier. In particular, it would be relevant to avoid the load-following of slow
thermal generators, which in practice is infeasible. In the hydraulic world, a topic to

22

further investigate is the future water cost functions “°, which are not updated for the 5

wind portfolios. This leads to potentially suboptimal results. On a similar thought, as
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the identified hydropower reservoirs are headers of their basins, every unit of increased
power capacity will affect immediately the downstream system of hydropower plants if
flow routing times are not modeled. Hence, to provide more precise up-powering signals
those times should be included **. The identification of the modeling need of all these
parameters and the shown procedure are the main contribution of this work.

To better support the statistical significance of the results, the amount of simulated
weeks must be extended. Concurrently, classifying these weeks according to hydrology
(wet, normal, dry), wind profiles and load -or residual load- could also help to draw
stronger conclusions in the assessment of investing in up-powering the hydropower park.
The unpredictable nature of wind calls for a stochastic optimization 20, towards which
the unit commitment tool should evolve in the near future. Finally, the research will be
extended for the evaluation of solar energy and the compensation potential from the
hydropower plants.
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RESUMEN

A medida que energias renovables fluctuantes (solar fotovoltaica, eélica) penetran un
sistema eléctrico, la flexibilidad de la red se vuelve cada vez mas importante. En
sistemas hidro-térmicos dicha flexibilidad puede ser provista por plantas hidroeléctricas,
principalmente por aquéllas con capacidad de acumulacién. Sin embargo, en la
planificacion del pre-despacho de las centrales del Sistema Interconectado Central (SIC),
solo se modela la capacidad de almacenamiento de los grandes embalses, mientras que
los estanques de regulacion que poseen algunas hidroeléctricas de pasada se desprecian.
La hipoétesis de trabajo de este estudio consiste en que considerar los estanques ayuda a
la insercion ERf, por lo cual se propone modelarlos explicitamente. Para ello, se
comparan dos casos, una vez sin y otra vez con la modelacion endogena de dichos
estanques, usando un modelo de optimizacion entero mixto para el pre-despacho. Se hace
un andalisis de sensibilidad para tres portafolios de penetracion edlica y tres hidrologias -
seca, normal y humeda-. Los resultados muestran ahorros consistentes para todos los
escenarios estudiados en torno al 4% del costo térmico.
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ABSTRACT

Integrating massive amounts of variable renewable energies (solar PV, wind) requires
power systems to become more flexible. In hydro-thermal systems this flexibility is
usually provided by hydropower plants with storage capacity. Nevertheless, in the unit
commitment of Chile’'s Central Interconnected System (SIC), only big reservoirs are
modeled, while small regulation tanks of run-of-river hydropower plants are neglected.
The working hypothesis of this research is that the modeling of these tanks is valuable,
and becomes even more important as renewable energies penetrate the grid. Therefore, a
comparison is made between the cases with and without explicit modelling of the
regulation tanks, using a mixed-integer optimization tool to find the cost of the unit
commitment. A sensitivity analysis is made for three wind penetration portfolios and
three hydrologic scenarios. Results show consistent savings under all studied scenarios
close to 4% of the thermal operating costs.
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NOMENCLATURA

indices

gl Indice de centrales eléctricas

1 Indice de lineas de transmision

t Indice de bloques de tiempo

a,b Indice de barras

Conjuntos

IL Conjunto de lineas de transmisiéon

L, Subconjunto de lineas de transmisiéon que conectan a barra b

G Conjunto de centrales eléctricas

Gy Subconjunto de centrales hidroeléctricas

Gr Subconjunto de centrales termoeléctricas

Gp Subconjunto de centrales eléctricas que conectan a la barra b

Ug Conjunto de centrales hidroeléctricas inmediatamente aguas arriba de la
central hidroeléctrica g

T Conjunto de bloques de tiempo

Variables de decision

Py ¢ Energia generada por central g en el tiempo t

Byt Estado apagado/encendido (0/1) de la central g en el tiempo t

UEp: Cantidad de energia no servida en la barra b en el tiempo t

Fi¢ Flujo por la linea 1 en el tiempo t

QVy ¢ Agua vertida por la central g en el tiempo t

AFy ¢ Afluente ficticio de la central g en el tiempo t

FCF; Funcion de costo futuro del escenario s

FCF Funcion de costo futuro

Ry ; Pérdidas por transmision en la linea 1 en el tiempo t

Op ¢ Angulo de fase de la barra b en el tiempo t

Vgt Volumen de agua acumulada en el embalse de la central g en el tiempo t

Qg Agua turbinada por la central g en el tiempo t

Datos de entrada

Dy ¢ Demanda en la barra b en el tiempo t

Cg Costo de operacion del generador g

Cug Penalizacion por energia no servida

X Reactancia de linea |

ng Duracién en horas del bloque de tiempo t

lein, Qg™ Caudal turbinado min/max de la central g

ngin, Vymex Volumen de agua min/max del embalse de la central g

Qngin, Qv Caudal vertido min/max de la central g

Ng Rendimiento [MW /m’| de la central g

QAl.s,g Pendiente del corte de Bender de la iteracién k del escenario s de la central
g de la funcién de costo futuro

Bs k Intercepto-y del corte de Benders de la iteraciéon k del escenario s de la
funcién de costo futuro

tOnglin, tof gmin Tiempo de permanencia encendido/apagado minimo de la central g

BlOCkSOng,t, Bloques de tiempo de permanencia encendido/apagado minimo de la central

BlocksOffy g
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3.1 INTRODUCCION

La energia eodlica internacionalmente es una alternativa renovable atractiva para la
generacion eléctrica. A nivel mundial es la que ha experimentado el mas fuerte
crecimiento entre las energias verdes en los ultimos anos: entre el ano 1998 y 2012 ha
evolucionado desde 10 GW hasta casi 300 GW de capacidad instalada ) Impulsado por
la Ley ERNC, también en Chile el crecimiento ha sido exponencial, contando
actualmente con unos 300 MW instalados y miles méas en proyectos *_ En el contexto del
proyecto ley 20/25 y las nuevas promesas de campaifias presidenciales que aluden hasta
un 30/25, es esperable que el crecimiento sea sostenido e incluso mas fuerte a futuro.
Lamentablemente el viento - y su conversion eléctrica relacionada con el cubo de la
velocidad del viento - es de caracter fluctuante, y encima dificil de predecir.

Considerando que la energia eléctrica no se puede almacenar a gran escala de manera
econdmica, en sistemas interconectados se requiere en todo momento un equilibrio entre
energia la generada y consumida. Para esto el operador del sistema (ISO), en Chile
llamado CDEC, hace un pronoéstico del consumo, en funcién del cual se programan las
centrales eléctricas. Sin embargo la prediccion esté sujeta a error, puesto que la demanda
es estocastica. Luego, para cubrir la diferencia entre la demanda real y la demanda
pronosticada, se necesita capacidad de reserva. Una mayor penetracion de renovables
agrega incertidumbre al sistema eléctrico, ahora en el lado de la oferta. Esto implica la
necesidad de aumentar la capacidad de balance o verter viento 1,26

La principal tecnologia para proveer flexibilidad operacional al SIC de Chile son los
embalses hidroeléctricos y las turbinas gas/diesel. Sin embargo, existen algunas centrales
de pasada que cuentan con un embalse de regulacion (tiempo de retencion hidréaulico
entre 1-15 horas) que también pueden contribuir con flexibilidad al sistema. Dichos
estanques actualmente no se modelan endogenamente en el pre-despacho del SIC, sino
que existe solamente una modulaciéon sobre los datos de entrada al modelo. En
particular, se aplica un empuntamiento de los caudales afluentes a las centrales en
cuestion. Sin embargo, este procedimiento exige conocer a priori las horas punta del
sistema, datos que ya no son evidentes a medidas que la fracciéon renovable crece. Por
ejemplo, la Fig. 4 muestra un afluente empuntado a partir de un promedio semanal que
difiere del caudal 6ptimo (aquél resultante tras la programacion de todo el sistema con la
modelacion explicita de los estanques). Lo anterior conlleva a un sobrecosto en la
programacion de la operacién semanal, dado que las restricciones del modelo son mas
fuertes que las reales. En la presente investigacién se analiza el efecto econémico que
posee modelar los estanques de regulacién de hidroeléctricas de pasada para distintos
escenarios de penetracion edlica y diferentes hidrologias en el SIC.
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FIG. 4. DIFERENCIA ENTRE AFLUENTES DE PROMEDIO SEMANAL, AFLUENTES MODULADOS Y DESCARGA OPTIMA

El trabajo se organiza en cuatro secciones. En la seccion 3.2 se explica la metodologia del
presente estudio, mientras que la seccion 3.3 exhibe y discute los resultados. Las
conclusiones y el trabajo futuro se muestran en la seccion 3.4.

3.2 METODOLOGIA

Dado al caracter centralmente planificado que posee la coordinaciéon semanal de las
centrales eléctricas, el modelo para definir la operacién del sistema se basa en una
minimizacién de costos y debe considerar la totalidad del SIC. Con un programa de
optimizacion entera-mixta para el pre-despacho (MIP-UC) que replica la estrategia de
programaciéon del ISO, se determina con resolucién horaria las centrales encendidas y
apagadas, y su nivel de generacién estimado durante la semana planificacion. En las
siguientes subsecciones se explicara el modelo, luego se describe el tratamiento de los
datos de entrada, y finalmente se muestra la definicién de escenarios.

3.2.1 Detalle del Modelo

La funcién objetivo del MIP-UC ? mostrada en la ecuacion (1), considera los costos de
operacion del parque generador, el costo de la energia no suministrada y la funcién de
costo futuro del agua:

T,G T,G
Min Costos = ch Py ny + FCF +ZCUE UEp: n: (D)
t,g t.g

La optimizacién se encuentra restringida por una serie de restricciones electro-mecénicas
(2)-(5). Restriccion (2) asegura el balance energético en cada barra considerando la
potencia inyectada por los generadores, la energia no servida, los flujos de entrada o
salida de la barra y las pérdidas eléctricas que tributan a la barra. Restriccion (3)
determina el flujo compatibilizando el dngulo entre barras conectadas. Restriccion (4)
limita la potencia minima y maxima de las centrales cuando estan encendidas.
Restriccion (5) asegura el cumplimiento del tiempo minimo de permanencia encendido de
cada central. Una restriccion analoga se considera para el tiempo minimo de
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permanencia apagado. Rampas de toma de carga se pueden modelar, sin embargo un
primer diagnéstico ha mostrado que no constituyen restricciones activas en el caso del
SIC.

Gp Lp Lp
Z Py +UEp; + Z F.+ Z Ryt =Dy, Vb (2)
g l l
Opt — Oar
Fpqe = ———= (3)
Xbpa
Byt B < Py < By P, Vi, g (4)
t+BlocksOng—1
Z NqBga = tONT™(Byr — By 1) (5)

ta=t

Por otro lado, las restricciones (6)-(12) son de naturaleza hidraulica. Restriccion (6) y
Restriccion (7) ligan la operacion semanal con el costo de oportunidad de agua, obtenido
de una optimizaciéon de largo plazo. La primera promedia la funciéon de costo futuro de
los distintos escenarios hidrologicos, mientras que restriccion (7) asegura que la variable
de decision FCF, se encuentre encima de la envolvente conformada por los k cortes de
Benders de cada central g en cada hidrologia s. Restriccion (8) establece el balance de
agua para cada central de embalse definiendo la variacion de volumen en cada periodo
como la suma de los afluentes ficticios, afluentes de caudales turbinados y vertidos de
posibles centrales aguas arriba, afluentes directos a la central, disminuida en el caudal
turbinado y vertido por la central g. Los afluentes ficticios AF ayudan a la convergencia
del modelo, pero cuentan una elevada penalizacién para forzarlos a ser nulos. Restricciéon
(9) define el volumen de acumulacién minimo y méximo de cada central. Centrales de
pasada poseen un volumen méximo igual a cero. Restriccion (10) y (11) verifican el
cumplimiento de caudales minimos/maximos turbinados y vertidos, respectivamente.

S
1
FCF = Z SFCR (6)
1
G
FCP_'S > ﬁs,k + ak}g,ngIF; VSI k (7)
g=1
v v Ug Ug
gt =1
% — AFg,t + Z Qu,t + Z QVu,t +Ag,t — Qg,t — QVg,t' \v t,g € (GH (8)
) u u
ngin < Vg,t < ngax , v t,ge (GH (9)
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. P
Boe QF™ <515 < ByeQF™, Vg€ Gy (10)
g

QVFM" < QVgr S QUM Vit,geGy (11)

Actualmente se modelan solamente los 10 embalses méas grandes del SIC con volumen de
almacenamiento. En este estudio se propone modelar también los estanques de
regulacion como embalses. Esto indudablemente implica mayores esfuerzos
computaciones. Asi el modelo aplicado al SIC genera un modelo entero mixto con
700.000 variables continuas, 10.000 variables enteras y 100.000 restricciones

aproximadamente.

3.2.2 Datos de entrada

Para la modelacion se us6 el parque generador del afio 2012. Esto incluye las potencias
maximas/minimas de cada central y los tiempos de permanencia encendido/apagado
minimo. Mientras que los primeros son datos ptuiblicos 27, los segundos se han inferido a
partir de la operaciéon histérica o por tiempos tipicos segin tecnologia. La conectividad
hidrica, el rendimiento (MW /m?®/s) y los demas datos técnicos de las centrales
hidraulicas, las capacidades de transmision y reactancias de las lineas, el costo de energia
no servida, las funciones de costo futuro y la demanda energética real por barra del ano
2011-2013, y las hidrologias histéricas del SIC a nivel semanal son obtenidos del ISO 7
Por otro lado, las velocidades horarias del viento entre el ano 1980-2012 para los
distintos lugares de los proyectos edlicos son extraidos de 28

Los costos de combustibles corresponden a los de abril 2013 y se han mantenido
constantes durante las simulaciones. Adicionalmente, no se consideran costos de partida.

3.2.3 Definicion de escenarios

Entre los principales retos de la modelacion del pre-despacho destacan la elevada
variabilidad de la demanda, de la generacién eélica y de los caudales afluentes a las
centrales y embalses. A esto se agrega que estos tres datos de entrada estan sujetos
también a incertidumbre y son dificiles de predecir. Si bien esto justifica a una
modelacién estocastica, la practica actual de la industria procede con un modelo
deterministico. En el presente trabajo se optdé por mantener el enfoque deterministico, a
fin de que los resultados sean comparables con la operaciéon histérica del sistema. Asi,
para mostrar el impacto econémico de la modelacién de los estanques de acumulacion, se
decide usar un enfoque de escenarios modificando solamente una variable de entrada a la

vez, ceteris paribus.

La demanda eléctrica posee una fuerte correlacion temporal a distintas escalas. Cada
simulacion semanal integra la variabilidad intra-diaria como también la diferencia entre
los perfiles de dias de semana y fin de semana. Para rescatar la variacion estacional se

escoge la semana més representativa de cada mes, entendida como la semana cuya serie
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de tiempo de la demanda reduce el error cuadratico respecto el conjunto de semanas
disponibles (del universo 2011, 2012, 2013) para el mes en cuestion. Como parte de la
modelaciéon actual del pre-despacho, las aproximadamente 600 barras del SIC se agrupan
en unas 150 barras representativas, junto con su demanda. A diferencia del predespacho
efectuado por el CDEC-SIC, donde se utiliza un pronostico perfecto de la demanda
agrupada en bloques multi-horarios con horizonte semanal, en el presente trabajo se

utilizaron demandas horarias historicas.

Por otro lado, se definen 3 portafolios incrementales de penetracion eodlica distintos:
i) “Wind 1”7 de 300 MW, compuesto por el parque actual; ii) “Wind 2” de 700 MW,
compuesto por el parque actual sumado a los proyectos en construccion o con
financiamiento; y iii) “Wind 3” de 3300 MW compuesto por todos los anteriores mas los
proyectos edlicos aprobados por el Servicio de Evaluacion Ambiental (SEA) posterior al
afio 2008. De esta manera, los distintos portafolios representan una secuencia de ingreso
de proyectos al SIC y son un posible estado del parque generador en el tiempo. Se espera
que la generacion energética del portafolio mas agresivo, “Wind 3”, se ubique en torno
del 15% respecto la demanda del SIC, estando alineado con las metas pais. Cada
proyecto de los portafolios respeta el perfil edlico del lugar de instalacién, la barra
estimada de conexioén, y la altura de las torres y la curva de potencia del aerogenerador
de acuerdo a lo expresado en su declaracion de impacto ambiental. Se usarédn sélo los
perfiles eodlicos correspondientes al afio 2006. La eleccion del ano se basa en la
representatividad de dicho afio en el promedio, varianza y variaciones inter-horarias de
la potencia eélica a generar. La gran diferencia entre los 3 portafolios edlicos, asociada
tanto al tamafio de los mismos como a la dispersién geografica de los proyectos, rescata
la variabilidad del recurso viento. Asi, no resulta necesario hacer un analisis de
sensibilidad respecto distintos perfiles edlico y se usara el mencionado pronostico perfecto
del viento.

Se usaran 3 hidrologias distintas para la optimizacion: Un afio hiimedo, uno normal y
uno seco, asociado a una probabilidad de excedencia de caudales del 20%, 50% y 90%,
respectivamente. Consistente con lo anterior, y respetando la distribuciéon espacio-
temporal de los caudales, se usa el registro historico del ano 1986-87, 1969-70 y 2007-08,

respectivamente.

El volumen inicial usado para los grandes embalses, es funcion del embalse, de la semana
de modelaciéon y del tipo de hidrologia. Asi se us6 la mediana del conjunto de voliimenes
historicos asociado al embalse, hidrologia y mes. Para los estanques de regulacion se

impone la mitad de su volumen como condicién inicial y final en cada semana.
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En esta fase de la investigacion las funciones de costo futuro no son actualizadas en
ninguno de los portafolios edlicos, ni tampoco en las diferentes hidrologias. Esto es una
limitacion del presente trabajo y se anticipa que sera abordada en el futuro.

El caso base (CB) estd compuestos por el cruce entre los 3 portafolios de proyectos
edlicos y las 3 hidrologias, es decir 9 escenarios (ver Tabla II); cada escenario a su vez, se
modela por un ano, representado por una semana tipica por mes con resoluciéon horaria.
Los afluentes del CB es emputan antes de la ejecucién del MIP-UC. Para ello, se ejecuta
otra optimizacién que tiene como objetivo maximizar la utilidad de la central, asumiendo

que ésta es tomadora de precio de la barra mas cercana y sujeto al balance de agua.

El caso con modelacion de los estanques de regulacion (CMRT) consta de los mismos
escenarios, pero el MIP-UC puede optimizar doce estanques de regulacion, distribuidos
en las distintas cuencas del SIC, que en suma poseen una capacidad de regulacién de
19 GWh y una potencia de 900 MW. Finalmente, los 9 escenarios del CB se compararan
con los 9 escenarios del CMRT.

TAB. II. NOMENCLATURA DE ESCENARIOS

Wind 1 Wind 2 Wind 3

Hidrologia seca Dry-W1 Dry-W2 Dry-W3
Hidrologia normal Nor-W1 Nor-W2 Nor-W3
Hidrologia htimeda Wet-W1 Wet-W2 Wet-W3

3.3 RESULTADOS Y DISCUSION

Tras el computo de todos los escenarios se compara el valor de la funcién objetivo del
CB con el CMRT. La diferencia entre ambos sera efecto de la modelaciéon de los
estanques de regulacién en el problema de pre-despacho. Permitir al modelo decidir
endogenamente sobre el uso de los estanques de regulacion deberia en teoria generar
siempre un igual o mejor resultado que la actual practica de empuntamiento de afluentes
en los datos de entrada, dado que con el nuevo grado de libertad el modelo puede llegar
al menos a la misma solucion (o mejorarla). Esto se comprueba en todas las simulaciones
hechas, al observar un ahorro estrictamente positivo. El ahorro promedio semanal para
las distintas hidrologias y portafolios edlicos, expresado en millones de USD, se exhibe en
la Tabla III.
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TAB. I1I. AHORROS PROMEDIOS SEMANALES (M USD/SEMANA)

Portafolio / Hidrologia Wind 1 Wind 2 Wind 3
Hidrologia seca 0.88 1.06 1.17
Hidrologia normal 1.07 1.10 1.14
Hidrologia hiimeda 0.85 0.90 0.95

Interesante es notar que el mayor valor de la modelaciéon ocurre en una hidrologia
normal. Esto se debe a afluentes més caudalosos (respecto el caso seco) que otorgan
mayor flexibilidad a las centrales de pasada con capacidad de regulacién. Por otro lado,
en el escenario humedo el factor de planta es tan elevado que la regulacion (y su
modelacion) pierden valor. De acuerdo a lo esperado, el beneficio de simular los
estanques de regulaciéon es mondtonamente creciente con la penetracion edlica. En otras

palabras, poder disponer de esta reserva serd cada vez més valioso.
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La Fig. 6 desglosa los ahorros en el tiempo para los 3 escenarios hidrolégicos y para los
distintos portafolios eolicos. En ella se puede detectar una tendencia bajista de los
ahorros a medidas que avanza el afio hidrolégico hasta el mes de mayor caudal -
diciembre-. Aqui, la mayor presencia de hidroelectricidad en el sistema deprime los
costos de operacion y consecuentemente el valor de la capacidad de regulacion. Ademés
se observa para la mayoria de los meses, como la importancia de modelar los estanques

de regulaciéon crece conforme aumenta la penetracion edlica.

Es posible desglosar los ahorros en las componentes principales de la funcién objetivo:
costo de generaciéon térmica y funcion de costo futuro, lo cual se muestra en la Fig. 5.

. Se observa que una menor generacién térmica es la principal componente de los ahorros
y que s6lo en la primera mitad del afio hidrolégico existe un mayor gasto en agua
(ahorro negativo) significativo.
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FIG. 6. AHORRO EN GENERACION TERMICA Y EN FUNCION DE COSTO FUTURO POR SEMANA
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A diferencia de los ahorros totales (resta entre dos funciones objetivos), el desglose en
ahorros de agua y térmicos (resta entre componentes de funcion objetivo) muestra saltos
bruscos entre los ahorros de un escenario y otro. La razéon de esto puede radicar en la
naturaleza de la optimizacion MIP: las variables de decisién entre una hoja del arbol y
otra, pueden cambiar significativamente atn para pequenas variaciones en el problema
de optimizacion. Esto contrasta con la optimizacion lineal donde pequeiias
perturbaciones en el problema inducen a variaciones lineales en las variables de decision
y cambios leves en las bases 6ptimas. Por otro lado, el mes de marzo del escenario Dry-
W1 y Nor-W1 presenta problemas de convergencia, debido a la escasez hidrica, por lo
cual este mes se ha excluido de todo analisis.

Finalmente, se detecta un aumento en el ntimero de partidas de las centrales térmicas a
medida que la penetraciéon eélica crece. Si bien, en la modelacion realizada, las partidas y
paradas no llevan penalizacion, en la practica si poseen un costo econémico y ambiental.
En este contexto es interesante observar que la modelaciéon de los estanques de
regulacion también aporta a una reduccion de las partidas/paradas en todos los

escenarios.
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FIG. 7. AHORRO EN RAMPAS DE ENCENDIDO Y APAGADO POR MODELACION DE ESTANQUES DE REGULACION
PARA LOS DISTINTOS ESCENARIOS HIDROLOGICOS Y PORTAFOLIOS DE VIENTO

Un indicador para medir este fenémeno, y que toma en cuenta el tamafio de las
centrales, es el largo de las rampas de encendido y apagado que es evitado por la
modelacién de estanques. Debido a que estas rampas no siempre son datos conocidos,
una aproximacion a este indicador puede ser la suma, sobre todas las centrales térmicas,
del producto entre las potencias minimas técnicas y las frecuencias de
encendido/apagado. Esto se exhibe en la Fig. 7, la cual muestra como la modelacion de
los estanques evita el encendido de un total de 550 MW por semana en promedio. Un
40% de esta cifra corresponde a centrales térmicas répidas (tiempo apagado <4 horas),
mientras que el porcentaje restante son centrales térmicas lentas. Son estas tltimas que
generan un mayor costo de encendido/apagado al sistema. También en la cantidad de
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rampas de encendido y apagado se detecta un ahorro consistente por modelar los
estanques de regulacién en todos los escenarios. Sin embargo, éste no crece conforme una

mayor penetracion edlica.

3.4 CONCLUSIONES Y TRABAJO FUTURO

Tras comparar los costos del CB con el CMRT para 3 hidrologias y 3 portafolios de
proyectos edlicos en el SIC se detecta un cambio en la operacion de los estanques de
acumulacion. Ahora el modelo puede disponer endégenamente sobre el agua. Asi se
permite generar ahorros asociados al uso estratégico del agua presente en los estanques
de regulacion que evita el encendido de centrales caras y un menor vertimiento de la
energia edlica. Esto estd acorde a lo planteado por Eriksen et al 21, sin embargo se debe
tener presente que la regulaciéon inter-horaria no es el Gnico desafio para una integracion

. SPATUN |
exitosa de la energia edlica

Si bien los ahorros dependen del escenario hidrologico y de la penetracién edlica, éstos
son estrictamente positivos para todos los casos analizados. Asi, independiente de la
penetracién renovable, vale la pena asumir el mayor esfuerzo computacional. El ahorro
promedio esté cerca de un millén de USD a la semana que representa aproximadamente
el 4% de la generacion térmica.

En la misma linea, y sospechando que el potencial de acumulacion de las hidroeléctricas
no se ha agotado, se sugiere evaluar en qué centrales de pasada es técnicamente factible
adicionar un estanque de acumulacién. Asi también, previendo una mayor fluctuacién de
costos marginales, debido a una mayor penetracién de energias renovables variables, sera
cada vez mas conveniente instalar sobre-potencia a centrales existentes que posean
capacidad de regulacion 29

Los ahorros no son exclusivamente de centrales térmicas. Cuando éstos pertenecen a
centrales de embalse significa desplazar el uso de agua de una semana a otra, lo cual
significara entonces un ahorro futuro. En otras palabras, la capacidad de balance,
usualmente provista por los grandes embalses, ahora es parcialmente asumida por

centrales con estanque de regulacion.

Dado que la modelacion de los estanques de regulacion afecta la funciéon objetivo, se
altera a todo el sistema. Es asi posible que incluso frente a pequeno ahorros, la
planificacion semanal se altere significativamente. Se propone como trabajo futuro
analizar si existe un cambio sisteméatico en las centrales que componen la solucién de la

optimizacion con y sin modelacion de los estanques.
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Considerando que la cantidad de partidas y paradas de centrales térmicas aumentara
conforme crece la penetracion renovable, se sugiere estudiar su efecto econdémico y
ambiental. En este contexto es relevante proponer cambios en la modelaciéon y en los
sistemas de tarificaciéon para internalizar estos efectos a la planificacion del pre-despacho.
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RESUMEN

A medida que energias renovables fluctuantes (ERf), como la energia edlica o la solar
fotovoltaica, penetran un sistema de potencia, es esperable que las fluctuaciones en la
demanda neta aumenten. En este contexto, las tecnologias de balance, como las centrales
hidroeléctricas o centrales de bombeo, pueden intensificar su régimen de hydropeaking, el
cual es dificil de inferir. Esto llama a una modelacién conjunta entre el sistema de
potencia y las centrales de embalse, desafiando el enfoque tradicional de estudiar cada
embalse por separado, basado en su operacion historica. En este trabajo se presenta una
metodologia novedosa para estudiar la relacion entre la variabilidad de energias
renovables y la alteraciéon hidrolégica. Usando una herramienta de coordinacién hidro-
térmica que considera toda la red eléctrica, incluyendo los embalses, se simulan distintos
portafolios de ERf. Luego, éstos son analizados para: i) detectar si hay cambios
significativos en la alteracion hidrologica intradiaria (SDHA) en los sistemas de embalse;
y 1ii) identificar los rios més expuestos a incrementar su SDHA. La propuesta
metodologica es aplicada al SIC chileno, hasta escenarios de 15% penetracion de energia
eblica. Dos rios importantes muestran un aumento en su SDHA cuando ERf entran al
sistema. Se propone para el futuro, realizar estudios ecosistémicos en esos rios para
describir su vulnerabilidad frente a mayores variaciones de caudal. Al mismo tiempo,
restricciones operacionales deberian aplicarse para limitar la SDHA. Adicionalmente,
para mayor evidencia estadistica se deberian ampliar los escenarios analizados (demanda,
parque de generacion, capacidad de prondstico).
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ABSTRACT

As fluctuating renewable power sources, e.g. solar PV and wind, penetrate a power
system, fluctuations in the generation-demand balance are expected to increase. In this
context the compensating technologies, such as hydropower reservoirs plants and
pumped-storage, could operate in a stronger hydropeaking scheme, quite difficult to
infer. This calls for a joint modeling between the power system and hydroreservoirs,
challenging however, the traditional approach of isolating each reservoir to analyze its
operation based on historical data. A novel approach to study the link between the
variability of renewable energies and subdaily hydrologic alteration is presented.
Renewable energy portfolio scenarios are simulated using a short-term hydro-thermal
coordination tool that models the entire power system operation, including every
hydropower plant. The results are used to compute a set of hydrologic alteration
indexes. Those are then analyzed in order to: i) detect if there is a significant change in
subdaily hydrological alteration (SDHA) due to larger wind penetration, and ii) identify
which rivers are the most affected ones. The proposed scheme is applied to Chile’s
Central Interconnect System (SIC) for scenarios up to 15% of wind energy penetration.
Two important rivers showed a significant increase in SDHA as wind power enters the
system. These should be further studied by biologists to describe their vulnerability to
greater flow variability and, concurrently, operational constraints should be applied to
limit the SDHA. For further statistical evidence a set of new scenarios (demand, energy
mix and forecast, etc.) should be performed in future.
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4.1 INTRODUCTION

As population growth and green policies demand increasing levels of renewable energy in
power systems, deployment of wind farms and solar photovoltaic plants is rising quickly.
However, their power output is highly fluctuating on short time scales, requiring other
power plants of the grid to compensate for their fluctuations, particularly those fast
responding units as hydropower reservoirs. The hydropower operation, when it is highly
fluctuating, is known as hydropeaking. It can occur on a broad time scale -from minutes
to days- and it has been widely proven to induce negative effects on a river’s ecosystem
2030782 1 this context, interesting questions arise: will massive penetration of variable
renewables induce a stronger hydropeaking? If so, which rivers will most likely be

subjected to a larger hydrologic alteration?

The effects of hydropower reservoir operation on aquatic and riparian ecosystems have
long been studied % There is a large variety of impacts, such as washing-out and
stranding of species 34, life cycle disruption 35, threads to native species 36, change in
vegetation and food web structures 37, among many others. There are three main
approaches to propose ecological flows to protect riparian ecosystems from such effects:
physical habitat studies, hydraulic methods and hydrologic indexes » Belonging to the
latter, * introduce the concept of natural flow regime and grouped the existing
knowledge, according to four major streamflow components that caused the impacts:
i) increased variation in magnitude and frequency of flows; ii) loss of seasonal peaks;
iii) duration of low flows and inundations; and iv) the rate of change of rivers stages. In
this context many hydrological alteration indexes, based on a daily resolution, were
proposed to statistically characterize the hydrologic alteration of a river. Very known are
the 32 indexes of Richter et al 40, which try to capture the main parameters that are
ecologically relevant. In time, many more indexes were developed ) Recently, 2 made
an effort find representative indicators of hydrologic alteration to reduce the redundancy
of the currently used indexes. He concluded that eco-surplus and -deficit index were the
most fitted ones. As a certain level of variability of flows is normal and healthy for a

. 39,43
river

, the usual procedure is to compare these indexes for situations before and after
human intervention, in order to get an idea about how far a river is from its desired
natural state *'. This is known as “Range of Variability Approach” and it is particularly
relevant when the goal is to conserve native aquatic biodiversity. Unfortunately, until
today a biological safe threshold of those indexes is not clear yet, as ecological studies
are system-dependent, and damages in them usually become visible only in the long-

term.

So far the previous indicators rely on a daily resolution and neglect subdaily alteration.
Hydropeaking, however, can also affect severely the rate of change in frequency of flows,
in magnitude of flows, and in river stages especially on a subdaily basis. Hence, in the

3-46

last decade new metrics have been proposed to study subdaily variability ! and were
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later used by 7 to compare the hydrologic alteration of unregulated sites, hydro-
reservoirs and run-of-river plants. He showed that a daily resolution of flows is
insufficient to characterize hydrologic alteration and recommends the use of hourly
records. This is challenging as hourly historic flows are scarce and simulating future data
is complex as most optimization models of reservoir operation consider a weekly or
monthly time resolution. 47 also found that unregulated rivers present large yet
infrequent subdaily variations in flows. Consequently, the main effect of intervened sites
he studied is an increase in frequency of high fluctuating events, rather than the range of
flow variations. However, none of the indexes has been able to impose itself in
environmental assessment processes so far, due to the lack of quantitative relationships
between the value of those indexes and river health °. Towards this purpose, a survey of
165 previous publications about hydro-alteration showed a negative impact in
ecosystems in over 90% of the cases ¥ Later it was systematically re-analyzed proving
the same trends, but with even stronger statistical foundations 8 Acknowledging both
the elusive relationship between hydrologic alteration and the ecological response, and
the need to protect the rivers’ ecosystem, a flexible framework for developing regional
environmental flows (a.k.a. ELOHA) was proposed ¥ The method is based on existing
biological and hydrologic databases and involves a social-scientific approach that allows
adaptive management.

Based on the aforementioned review, the traditional approach for analysis of hydrologic
alteration is based on historical records. Though useful for diagnostics, this approach is
limited when anticipating future impacts on reservoir operation due to structural
changes, such as high penetration of fluctuating renewable resources or introducing new
environmentally related constraints. Capturing these effects requires simulation of the
entire power system operation. This simulation is more challenging if hourly resolution is
sought. To the authors knowledge this is the first attempt to assess SDHA of reservoir
operation, based on grid wide hourly simulation. The proposed methodology and results
of the case study might assist policy makers to identify the relevant tradeoffs between

technical-economic objectives and environmental impacts.

The work is organized into six sections. Section 4.2 explains the proposed methodology.
Section 4.3 describes the case study and section 4.4 discusses the results. In section 4.5
the conclusions and future work are presented and in section 4.7 details about the model
can be found.
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4.2 PROPOSED METHODOLOGY

4.2.1 General framework

This paper proposes a general approach to study increased subdaily hydrologic alteration
of hydropower reservoirs of a power system, when massive variable renewable energies
are introduced. The methodology comprises 5 main steps, as shown in Fig. 8.

CA) Diagnostic of current situation

and natural regime

CB) Definition of variable renewable

energy scenarios

(C) Implementation of short-term

hydro-thermal coordination tool

(D) Simulation of all scenarios

E Computation of SDHA indexes and
comparative analysis

FI1G. 8. SCHEMATIC OF METHODOLOGY

To allow for a comparative analysis, Step A aims to determine the current situation of
SDHA of the whole system under study. The natural flow regime should also be
described, especially when river restoration is desired. To capture adequately the
variability of primary energy and hydropeaking operation, flows with hourly resolution
should be used . In this context, data availability and management can be challenging
due to the required time resolution and spatial distribution. The flow data is later on
used in Step E to compute the SDHA indexes.

In Step B scenarios of renewable energies are defined. Tentatively, the worst case from a
hydrologic alteration point of view should be given by the scenario involving the most
variable net-load (system load minus fluctuating renewable energy contribution).
Considering specific plant location is relevant as spatial and time correlations of primary
energy are likely to exist, both between new renewable projects and existing hydropower

plants.

To simulate hydropower operation, the use of a centralized hydro-thermal coordination
tool is proposed. Consequently, Step C consists in formulating and implementing this
tool. The main objective is to reproduce the practice of the System Operator. To fully
capture the relevant dynamics of the system, attention should be paid to the time
resolution, planning horizon, forecasts and variability of primary energy, representation
of hydraulic connectivity, alternative water uses (e.g. irrigation), flow routing times,
regulation capacity at different time-scales and market distortions (e.g. subsidies or
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oligopolies). How to represent power demand as it is highly dynamic, at different time
scales, should also be analyzed.

It follows Step D: running the least-cost simulation tool for all previously defined
scenarios. Large amounts of data and computing times are to be expected as a grid wide
model is used. The relevant outputs of the model are hourly power time series of each
power plant.

Step E computes the SDHA indexes, along with the analysis of results. While for the
natural scenario the SDHA can be computed directly, the renewable energy scenarios
require first translating the power time series into turbined flows. The resulting SDHA
indexes of the different cases are later on compared. At this point, further analysis can
be carried out to assess the trade-offs between technical-economic and environmental
performance. Additionally, measurements for mitigating hydrologic alteration can be
studied as explained by Jager & Smith *.

4.2.2 Measuring SDHA with flashiness index

Among the SDHA indexes used by Zimmerman 1 the ‘R-B index’ ™ is the only one
that captures the magnitude of multi-ramping events within a day, while considering the
sequence of flows. Hence, this indicator was chosen for the present study. The R-B index
(Equation 1) computes the path length of flow (g) variations between time steps (i),
divided in the total daily flow of the period. In this study, an hourly resolution of the
index is used to capture the main components of wind variability.

T
_ — + — (¢
R — B Index = Zt—l(lqt+1 thl lge — Q-1 |) &)
2 ) Zt:l qt

4.3 DESCRIPTION OF THE CASE STUDY

The previously proposed methodology is applied to Chile’s Central Interconnect System
(SIC). Its configuration as of end 2012 was used, presenting a peak demand of 7 GW
and 13 GW of installed capacity. It was composed by 50% thermal generators, 43% large
hydropower plants, 2.5% wind farms, 2.5% biomass and 2% small hydropower plants
(<20MW). While the load centers are in central Chile, the thermal generators are
mainly in the center and center-north, and the hydro units in the center-south of the
country. Wind farms are projected along the coast, but concentrated in the center-south
and center-north. Fig. 9 shows this situation in a simplified way.
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F1G. 9. SIMPLIFIED SCHEME OF CENTRAL CHILE’S RESERVOIRS,
LOAD CENTERS AND LOCATION OF PROJECTED WIND FARMS

The system has over 100 hydropower plants. However, only 9 of them possess major
reservoirs. From those, 2 restitute their outflow close to -or directly into- the sea, hence
their HA is irrelevant for river systems and they are not analyzed in this study. The
remaining 7 conform three major hydropower systems of about 1000 MW each:
i) ‘Maule’ composed by ‘Cipreses’, ‘Pehuenche’, ‘Colbun’ and ‘Machicura’, the latter
being the most downstream reservoir of the basin; ) ‘Laja’, with ‘El Toro’ being the
only reservoir; and i) ‘Alto Bio-Bio’ composed by ‘Ralco’ and 'Pangue’, with Pangue
being the last reservoir of the series. Tab. IV summarizes this information and in
addition displays basin size, power capacity of the plants and reservoir capacity.
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TAB.IV. POWER CAPACITY, STORAGE CAPACITY 10
AND BASIN SIZE 50 OF MAIN HYDROPOWER RESERVOIRS OF CHILE’S SIC.

Power  Aprox. basin Storage
Hydroreservoir Symbol on Basin capacity size capacity
W] i’ M ]
Cipreses Ci Maule 100 940 170
Pehuenche Pe Maule 560 2300 130
Colban Co Maule 450 5750 1550
Machicura* Ma Maule 95 5750 20
El Toro* To Laja 450 1470 5590
Ralco Ra Alto Bio Bio 690 5110 1170
Pangue* Pa Alto Bio Bio 450 5430 70
Canutillar** Ca - 170 340 1070
Rapel** R1 - 375 13280 560

* Lowest reservoir of the basin **Restitution point is close to ocean

4.3.1 Diagnostic of current situation and natural regime

In Chile, turbined flows are the main component of instream flows, downstream of the
generators. In absence of environmental flows, being the case of all hydropower projects
built prior to 2005 51, reservoir releases can even make up entirely the instream flow. In
central Chile, water is also used strongly for irrigation purposes. Consequently, basically
every stream northern of Bio-Bio River is intervened downstream of the central valley.
Hence, determining the natural flow regime for the whole river is a complex task as data
with proper resolution is missing for the time in which intervention was neglectable.
Fortunately, in higher sections of each river -where most of the reservoirs are-, hourly
data of the last decade are public for many stations % On the other hand, the current
operation will be described with flow data resulting from the base case computed with
the hydro-thermal coordination tool. The base case will be used as a reference in order
to make a valid comparison with the operation under renewable energy scenarios defined
in the next subsection.

4.3.2 Definition of variable renewable energy scenarios

Aligned with Chile’s goal 20/25 (20% percentage of nonconventional renewable energy
by year 2025), many renewable power projects, mainly wind power farms, are currently
being built, have recently passed the environmental assessment or are under evaluation.
In this context, three gradually increasing wind portfolios were defined: i) ‘Wind 1’ of
300 MW, representing the existent (as of June 2013) wind farms; i) ‘Wind 2’ of
1000 MW including existing farms and projects under construction or likely to be
constructed within the next couple of years; and i) ‘Wind 3’ of 3200 MW containing
the aforementioned farms and projects, in addition to all other projects already approved
by Chile’s Environmental Assessment Service (SEA) since 2008 ¥ Wind 1 allows for
analyzing the current situation; Wind 2, the near future, when construction of the
projects is finished; and Wind 3 the optimistic wind penetration scenario (~15% wind
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energy penetration), in which all the approved projects get built. The remaining
composition of the generation park is not modified.

Each project of the portfolios accounts for the wind speed profile of the installation site,
connection point to the grid, height and power curve as informed in its environmental
assessment . As the three portfolios are very heterogeneous, in capacity and geographic
dispersion, the spatial variability of wind is already captured. Hence, it is not strictly
necessary to perform a sensitivity analysis regarding different wind profiles. This is
illustrated in Fig. 10, where the upper plot shows power output of wind portfolio 1, 2
and 3, while the lower plot compares three different wind profiles of portfolio 1.
Although an important variability exists between different wind profiles for a given
month, the ramps between the wind portfolios are more significant. After analyzing the
mean, standard deviation, and sum of ramps of the available wind power for the
different years of available information (1980-2012), year 2006 is chosen as an average
year. For the simulations perfect forecast of wind is used, hence the challenge of
predicting wind is not considered within this study.
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F1G. 10. UPPER PLOT: WIND POWER VARIABILITY OF FIXED WIND PROFILE (JANUARY 2006) FOR PORTFOLIO 1, 2 AND 3.

LOWER PLOT: POWER VARIABILITY OF PORTFOLIO 1 FOR DIFFERENT WIND PROFILES (JANUARY 2006, 2007 AND 2008)
4.3.3 Formulation and implementation of the short term hydro-thermal coordination tool
Chile’s system operator currently uses a deterministic mixed integer optimization to
define the economic operation the power system. Hence, a replica of this model was
used 9, so the results can be as close as possible to current practice. The model considers
every main power plant of the grid, taking into account power capacity constraints,
electrical and hydraulic connectivity, water inflows, generation costs, ramp rates,
minimum on/off times, among other inputs. It is noteworthy that ramp rates are not
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active constraints in the SIC, however on/off times are. For more details the appendix
can be consulted.

As the electricity sector of Chile consists in a pool with audited costs, market distortions
in the weekly scheduling due to market power exerted by specific agents, should not
occur in theory. However, this market distortion applies to larger timeframes and does
not affect the operation.

Consistent with the deterministic nature of the model, a scenario approach with different
hydrologic years and variability of demand was considered. To study the effect of inflow
patterns on the SDHA, 3 hydrologic scenarios were defined: wet, normal and dry, using
historical years with a probability of exceedance of annual flows of 20%, 50% and 90%,
respectively.

Regarding the variability of load, the weekly simulation horizon of the MIP-UC already
contains the intra-daily cycles and the weekday/weekend profiles. To include the
seasonal variability, one typical week (in terms of demand) per month was used. Reserve

constraints were not considered due to computational limits.

Consequently, three wind portfolios and three hydrologic scenarios are defined, forming 9
combined scenarios. Each of them is composed by 12 representative weeks. For these 12
weeks, for all 9 scenarios, the system’s hydro-thermal scheduling will be computed.

For the main reservoirs the initial water storage volumes and opportunity cost of water
must be defined for each week and scenario. For the first, the historical records of stored
water of each reservoir were filtered according to hydrologic scenario and the median of
the resulting set was chosen. For the latter, the future cost functions of every selected
week, computed by the System Operator using a mid-term planning model based on
stochastic dual dynamic programing, were used . Those were not updated for the
different wind portfolios, which is a limitation of this work.

4.3.4 Simulation of all scenarios

The inputs are mainly obtained from the System Operator Y When applied to Chile’s
SIC, 100 hydropower plants, 100 thermal generators (including biomass), 180 power lines
and 140 busbars (power nodes) are modeled. This generates an optimization problem
with approximately 700.000 continuous decision variables, 10.000 binary variables, and
100.000 constraints. The MIP convergence criterion was set to a relative gap of 0.0001%.
To reach the optimality, using CPLEX®) an all cores of an i7-3770 processor and 24 GB
memory computer, between 4 and 24 hours are required for each computed week. After
simulating all the cases the power time series are available for postprocessing.

38



4.3.5 Computation of indexes

The power time series of the simulated scenarios are translated into instream flows for
every hydropower plant. With these flows and the flows of the natural regime (Step A in
section 4.2) following indicators are calculated: daily and yearly R-B Indexes based on
hourly flows, and yearly R-B Index based on daily flows.

4.4 RESULTS AND DISCUSSION

The analysis of results is divided in two parts. First, the importance of the hourly time
resolution on R-B Indexes in Chile is shown by comparing the yearly R-B index based
on daily and hourly flows for the scenario ‘Wind 1’ (base case). Second, the effect of
wind power on SDHA of rivers downstream of hydropower reservoirs is analyzed, using
duration curves of R-B Indexes for all computed scenarios.

4.4.1 Comparison between flashiness index of daily and hourly basis

Traditionally, when determining ecological flows, data with daily resolution is used. As
shown by Zimmerman 47, this is insufficient as strong fluctuations can occur within a
day. This was also found for Chile. For example, ‘Pangue’ operates on a strong
hydropeaking regime and controls a large fraction of Chile’s most important river: the
Bio-Bio. Although the hourly discharges are largely variable, they are barely perceived
when daily averages are used, as illustrated in Fig. 11. To quantify this effect, yearly
R-B indexes with hourly and daily resolution are computed and shown in Tab. V. As
the denominator of the index is the same for both cases, the ratio of the indexes is equal
to the ratio between the hourly and daily path lengths.

. Daily averages — Hourly values
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FIG. 11. DAILY AVERAGED DISCHARGES AND HOURLY DISCHARGES OF HYDROPOWER RESERVOIR ‘PANGUE’
FOR A GIVEN WEEK OF A NORMAL HYDROLOGY.
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TAB. V. R-B INDEX COMPUTED WITH HOURLY FLOWS AND DAILY AVERAGE FLOWS,
AND RATIO OF BETWEEN THOSE TWO, FOR MAIN HYDRORESERVOIRS

Hydro- Hourly Daily Ratio
reservoir R-B index R-B index (hourly/daily)
Cipreses 0.051 0.007 7.2

Pehuenche 0.133 0.011 11.9
Colbtn 0.148 0.010 14.8
Machicura 0.095 0.007 13.0
El Toro 0.014 0.002 6.1
Ralco 0.050 0.009 5.5

Pangue 0.114 0.010 11.2

All of the reservoirs exhibit a much larger index when hourly resolution is used.
Although this is consistent with the findings of Richards and Baker 44, in this study the
ratio between the R-B indexes of different time resolution is much larger. For example,
‘Colbun’ and ‘Rapel’ show to have a subdaily peaking 14 times stronger than their inter-
day peaking. Consequently, definition of environmental flows on daily averages might be
insufficient, as subdaily operation can exhibit severe fluctuations which are masked in
the daily resolution. In this context, the recent legislative change in the method for
determining environmental flows in Chile needs to be revised as it is based on daily
averages.

4.4.2 Impact of variable renewable energies on flashiness index of hourly resolution

To study the HA the use of duration curves (sorting values from greater to smaller) is
proposed, as there is a large amount of indexes for each scenario. The loss of time
correlation in the duration curves is not significant as the structure of the index makes it
time and discharge independent. Four R-B series are plotted: i) natural regime; i1)
operation under portfolio ‘Wind 1’ (which is the current case); 4ii) operation under
portfolio ‘Wind 2’; and iv) operation under portfolio ‘Wind 3’. Following the
recommendations of the ‘Range of Variability Approach’ 31, indexes outside of the
twenty-fifth to seventy-fifth percentile range are understood as undesired. These are
reference values only and should be replaced by an ecologically significant threshold
resulting from future long-term studies. As the lower bound of said range equals to cero
for all reservoirs, only the upper limit needs to be considered in the analysis. This
reference can be read from the plots by intersecting the flashiness index of the first
quartile of the natural regime with the other series.

An example of the resulting plots is shown in Fig. 12. Here the R-B index of the largest
hydropower reservoir (‘El Toro’) is displayed. It compares the flow alteration between
the natural regime (thick gray line), portfolio ‘Wind 1’ (thick black line), ‘Wind 2’ (thin
line) and ‘Wind 3’ (thin dashed line). It can be observed that the first SDHA quartile of
the natural regime is currently exceeded 60% of the time (i.e. > 220 days a year), but
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under wind portfolio 2 and 3 it will increase to 67% (7245 days a year). Although this is
a relative increase of 10%, the main issue appears to be the large deviation between the
current case (‘Wind 1’) and the natural regime, i.e. 60% vs 25%, respectively. Moreover,
for larger values of R-B index, the effect of wind becomes more evident. For example, R-
B values of 0.25 are exceeded only 1% in the natural regime, but 9%, 12% and 25% of
the time, in the case of ‘Wind 1’, ‘Wind 2’ and ‘Wind 3’, respectively. These are massive
differences when compared to the natural regime. Finally, it can be noted that high
fluctuating events become stronger: the maximum index of the natural regime is equal to
0.5, while for portfolio ‘Wind 1’, ‘Wind 2’ and ‘Wind 3’ it is 0.6, 0.75 and above 1,

respectively.
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F1G. 12. SDHA INDEX OF HYDROPOWER RESERVOIR “EL TORO” IN A WET YEAR FOR THE NATURAL REGIME
AND THE THREE WIND POWER PORTFOLIOS.

This analysis is extended for the remaining power reservoirs of the system and for the
dry, normal and wet hydrologic scenario. In Fig. 13 the dry, normal and wet scenario is
shown in the left, middle and right column of plots, respectively. A strong peaking
scheme can be observed for all reservoirs. Concurrently, they are far distant from the
natural regime both in frequency of any given R-B index and magnitude of large R-B

indexes.

For example, the whole ‘Maule’ system, in a year of average precipitation, shows a
consistent trend of increasing SDHA. Luckily, the effect is smaller in the most
downstream reservoir ‘Machicura’. During dry and humid years, the wind-induced
increment in SDHA is only clear for reservoir ‘Colbun’. Curiously, ‘Machicura’ shows an
improvement in wet year. One reason for this can be the great availability of water in
the entire system, which distributes the peaking among all hydro units and allows
‘Machicura’ to operate with smaller peaks facilitating the fulfillment of irrigation

agreements.
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F1G. 13. DURATION CURVE OF R-B INDEXES OF THE MAIN HYDROPOWER RESERVOIRS OF CHILE
FOR DIFFERENT HYDROLOGIC SCENARIOS AND WIND PORTFOLIOS
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‘El Toro’, from ‘Laja’, also shows a consistent increase of SDHA as wind energy enters
the grid. This is the only reservoir where the current operation is close to the natural
regime, for normal and wet years. As ‘El Toro’ is the only inter-annual reservoir, it is
expected to deliver significant amounts of energy through time, which, together with the
large releases enforced by irrigation agreements, imply a more regular operation.

Basin ‘Alto Bio-Bio’, shows a mixed behavior. While ‘Ralco’ improves its SDHA indexes
during dry and average years, ‘Pangue’ shows a strong increase in its indexes. However,
both are insensitive to wind scenarios in wet years. This behavior can be explained when
analyzing more closely their operation. ‘Ralco’ as a larger reservoir tends to save water
during the first half of the year. Thus its operation is close to zero during many weeks of
that period, especially for dry and normal years. The amount of wind in the system does
not alter this situation. ‘Pangue’ on the other hand, receives the ecological flow of
‘Ralco’, which must be turbined to avoid spillages. This generation tends to be more
fluctuating for large wind scenarios than for the current situation.

Reserve constraints have not been considered in this study. As they can limit the
maximum power output of fast reacting technologies, including hydropower plants,
modeling them could consequently have a positive impact on SDHA. This is proposed as
future work.

In conclusion, ‘El Toro’, ’"Pangue’ and ‘Colbtun’ are the most sensitive hydropower plants
as they are negatively affected under almost every wind scenarios. Moreover, since ‘El
Toro” and ‘Pangue’ are the most downstream reservoir of their basins, their operations
affect the whole downstream river system. The fluctuations of ‘Colbtin’ are absorbed by
‘Machicura’, which fortunately is insensitive to important wind ramps.

As noted, some of the results are not intuitive and likely explained by hidden system
dependencies. This emphasizes the need for a grid wide analysis when dealing with
hydropower reservoir operations and its effects in terms of subdaily hydrological
alteration.

4.5 CONCLUSIONS AND FUTURE WORK

4.5.1 Conclusions

The proposed methodology for assessing SDHA of reservoir operations, based on grid
wide hourly simulation, was successfully applied to a real case study in Chile. Moreover,
the proposed approach was able to properly deal with the penetration of fluctuating
energy sources like wind or solar energy.
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Results show that subdaily fluctuations are much more severe than indexes based on
daily averages. Consequently, this work is in line with the findings of Zimmerman 47, in
terms of the need of considering hourly restrictions for environmental flows.

Regarding the effect of hydrological scenarios, for normal years, the trend of most of the
reservoirs is to intensify their SDHA indexes. For dry years, the effect of wind on the
power reservoirs is less intense and for wet scenarios it shows a mixed behavior. Special
attention must be paid to El Toro, Pangue, and Machicura, as they are the reservoir
most downstream of their basins. The latter is not affected significantly due to existing
downstream irrigation constraints, but the former two will induce more fluctuating flows
under larger wind penetration. Consequently, they should be studied more closely from a
biological point of view, to ensure the future health of the river system. The analyzed
power reservoirs show very different operation schemes when compared to each other.
This inter-power plant variation is much stronger than the difference in fluctuations
induced by wind portfolios or hydrologic scenarios. For environmental assessments, this
calls for a plant to plant analysis, but always tied to grid operation.

The herein developed methodology is replicable and could be applied for environmental
assessments of future hydropower projects. These replicable and transparent assessments
aim to reduce the current civil opposition to hydro-projects. Results might assist policy
makers to identify the relevant tradeoffs between technical-economic objectives and
environmental impacts.

4.5.2 Future work
Current strong hydropeaking schemes need to be limited as they differ significantly from
the subdaily natural regime. Operational constraints and physical countermeasures 52, o

should be evaluated to reduce HA.

For further statistical evidence a set of new scenarios, modifying demand, renewable
energy penetration levels, forecast capability, energy mix of power system, opportunity
cost of water, expansion of transmission lines, and interconnections to neighboring
countries could be explored. Specially, extending the analysis to solar PV, as a strong
correlation between the primary energy exists, is also proposed.

Finally, the proposed approach can be used as a basis for ecosystem studies which in

turn demand a long time and significant resources.
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4.7 APPENDIX

This section shows the nomenclature and description of the MIP-UC model used to solve
the weekly unit commitment 7 The inputs for the model are also explained.

4.7.1 Nomenclature

Indexes

gl Index of generators, between 1 and G

1 Index of transmission lines, between 1 and L

t Index of time blocks, between 1 and T

ab Index of buses, between 1 and B

S Index of hydrologic scenario of future cost function, between 1 and S

Sets

L Set of transmission lines

Ly Subset of transmission lines that connect with bus b

G Set of generators

Gy Subset of hydropower plants

Gy, Subset of hydropower plants with reservoirs

Gr Subset of thermal power plants

Uy Set of hydropower plants that are immediately upstream of hydropower
plant g

T Set of time blocks

Variables

Byt Binary decision of generator g being off/on during time block t

Pyt Decision of amount of power to be generated by generator g during time
block t

UEp Decision of amount of unserved energy at bus b during time block t

R ; Transmission losses at line 1 during time block t

Fie Decision of amount of power to be imported through line 1 during time
block t

FCFs Value of future cost function of hydrologic scenario s

Vgt Stored volume by hydropower plant g during time block t

QSg,¢ Spilled water by hydropower plant g during time block t

QAg: Fictitious inflow of hydropower plant g during time block t

oy Turbined flow by hydropower plant g during time block t
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Inputs

QAg: Inflow to hydropower plant g during time block t

QT ™, QT Minimum /maximum turbined flow of hydropower plant g

QSHn, QS Minimum /maximum spilled flow of hydropower plant g

yynin, y max Minimum/maximum volume of reservoir of hydropower plant g

ng Duration of time block t

Cg Operation cost of generator g

CuE Cost of unserved energy

Mg Water-power yield of hydropower plant g

Ak.s,g Benders cut slope of future cost function of iteration k and hydrologic
scenario s for hydropower reservoir g

Bs,k Benders cut y-intercept of future cost function of iteration k and
hydrologic scenario s

Dyt Demand at bus b during time block t

tMing", tM in;f ! Minimum on/off time of power plant g expressed in hours

bMing, bM in;f;f Minimum on/off time blocks of power plant g measured since block t

beingn,bein;f 7 Time blocks before T from which min on/off time constraint for generator
g is relaxed

4.7.2 Model description

The corresponding objective function is shown in Equation 1, which minimizes the
operational costs of the thermal generators, the future cost of water as function of the
volume vector of the reservoirs at the end of the time horizon and the cost due to
unserved energy at every bus. The shown formulation allows using variable multi-hourly
time steps, however in this study every time block n; has a constant duration of one
hour.

T,G S 1 T,G (1)
MinZ = ZCg Pg’tnt + ZEFCP;- +ZCUE UEb,t ne
t.g S t.g

The optimization has several electro-mechanical constraints, as shown from Constraint 2
to 5. Constraint 2 assures load balance is always met considering the power output of
the generators, the unserved energy, the power flow through the transmission lines and
the losses associated with those lines for every bus. Constraint 3 verifies the power
min

)

output of each plant -when turned on- is above its technical minimum (P, and below

") Constraint 4 forces a power plant to be turned on during a

its nominal capacity (P,
minimum amount of hours. The difference between this time (tMing") and the
parameter (bMing}), is that the latter is a conversion between hours and time blocks.
Since the time resolution of this study is constant and equal to one hour, here both

parameters are the same. Constraint 5 has the same purpose as 4, but is used for the last
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time blocks of the simulation horizon, when tMing"™ cannot be further met. The

constraint for the minimum off time is similar to constraint 4 and 5, but not shown.

Z Pye+ UEy, + Z Fio+ Z Ry; = Dy, Vt, b (2)

geGyp lely lely
j 3
Bg,t Pgmln S Pg,t S Bg’tpgmax , v t;g ( )
t+bMingt—1

Z NqBgra = tMing™(Byr — Bge-1) (4)
ta=t

when1 <t <T —bfMind", Vg,t

T T

Z ntaBg,ta = (z nta)(Bg,t - Bg,t—l) (5)

ta=t ta=t
whent =T — bfMind", Vg,t

On the other hand, there are several hydraulic constraints as shown in equations 6 to 10.
Constraint 6 binds the long-term hydro-thermal scheduling model (LTHS), with MIP-
UC via the opportunity cost of water. It makes sure that the future cost of water, as
seen by the objective function, is always above the convex hull formed by the k Bender
cuts of the reservoirs of the system ' As the LTHS model is run for about 50 historic
hydrologic scenarios, there are 50 convex hulls and for each of them MIP-UC decides the
value of FCFg. Later on, as n historic values possess the same likelihood (1/n), those 50
values are averaged arithmetically. Constraint 7 shows the mass balance for each
hydropower plant considering the volume differential, fictitious inflows (which help the
model’s convergence), turbined flow, spillage, inflows, and turbined flow and spillage
from plants immediately upstream. If the hydropower plant has no storage capacity the
left hand side of this constraint equals to zero. Similarly, if there are no hydro generators
upstream of g, the last two terms are equal to zero. Constraint 8 assures minimum and
maximum turbined flows are met; Constraint 9, minimum and maximum storage

capacity; and Constraint 10, minimum and maximum spillage.

FCP.'S' Z ﬂs,k + Z ak:g:SVg,T ) VS, k (6)
ge€ (GHT
Vg,t - Vg,t—l (7)
3.6At = QFge = QTgr = Qg + QAge + Z QT + Z QSy:, vVt geGy

u el ue Uy

) P 8

By QT < 22 < B QT , Vt,geGy 8
Mg

ngin < Vg,t < quax , v t,g € GHT (9)

(10)

QSIM™ < QS < QST*, Vit,geGy
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4.7.3 Inputs of the model

This model was applied to Chile’s SIC. Much of the data used in this study was
retrieved from the online portal of the SIC’s System Operator 10, including the
minimum /maximum capacity and ramp rates of each generator, the capacity, reactance
and connectivity of the transmission lines, the hydraulic connectivity and yield
(MW /m3), minimum/maximum turbined flows, spillage and volumes. The future cost
functions of water for every week between 2011 and 2013 were also obtained from the
ISO and were not recomputed under different scenarios.

The operation costs of the thermal plants and unserved energy cost as declared for April
2013 were used and considered invariant . The minimum off/on times were only
available for a couple of plants; the rest were inferred from historical operation or
according to generating technology. Downtimes due to maintenance, unexpected
generator outages and combined cycle operation constraints were not considered. The
recorded hourly demand from 2011-2013 for the 600 buses of the SIC were grouped into
the 140 representative buses as used in the pre-dispatch of the ISO.

Nation-wide records of historic monthly flows were available, and used as hourly flows
following the current ISO’s practice. In addition, the model reproduces the main
irrigation agreement contracts in central Chile. To this end, the ISO’s current unit
commitment model considers fictitious hydropower plants with forced minimum flows
(as function of the month). For the present research, the recorded weekly forced
minimum flows from 2011-2013 have been averaged per month and used as constant
hourly requirements for every week in that month.

The wind profiles for the different locations and heights of the wind farms used along
this study were retrieved from the “Wind Energy Explorer”gg, which is based on a
numerical simulation model (Weather Research and Forecasting 56). This model was
validated for 2010, obtaining a standard deviation (SD) of 0.5 m/s when compared to
reliable meteorological stations. It currently also offers reconstructed wind time series
1980 to 2012 based on a statistical algorithm. After applying the power curve of the
wind farms, the resulting available wind power profile per wind farm is entered into the
model using Constraint 3.
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CAPITULO 5: Conclusiones y trabajo futuro

En la tarea de flexibilizar el SIC para facilitar la integracion de ERf se han explorado
dos alternativas técnicas: primero, aumentar la potencia instalada de centrales de
embalse y segundo, optimizar la operacion de los estanques de regulacién que poseen
algunas centrales de pasada. En tercer lugar se evalué el impacto ambiental de una
mayor insercion de ERf en términos del grado de alteraciéon hidrolégica de los rios
afectados por la operaciéon de centrales hidroeléctricas.

Para explorar la alternativa de aumentar la potencia instalada de centrales de embalse,
se realizé6 un analisis del valor de up-powering en el SIC para diferentes niveles de
penetracion de energia edlica. Se identifico, a partir de un analisis del valor marginal de
la restriccion de potencia méaxima en el tiempo, que la central El Toro se muestra
promisoria desde el punto de vista de costos operativos del sistema. Sin embargo, este
resultado debe interpretarse como preliminar, debido a las limitaciones de los fenémenos
modelados. Para futuras modelaciones se recomienda el uso de demanda horaria ocurrida
en vez de la demanda pronosticada por bloques, la inclusién de tiempos minimos de
permanencia encendido y apagado, un anélisis de escenarios para distintas hidrologias, y
la definicion de un rango de potencias razonable para up-powering. Por otra parte, una
recomendacion favorable para efectuar up-powering deberia basarse en un anélisis
econémico que considere los costos de proyectos. En este sentido, analizar los flujos de
caja privados determinaria si existe la necesidad de un mecanismo de precios que
incentive el up-powering. Otro trabajo futuro identificado consiste en analizar el efecto
de flexibilizar la potencia minima de ciertas centrales, basado en los elevados beneficios
marginales de esta restriccion. Esto se podria lograr, en el mismo contexto de up-
powering, mediante la adicion de pequenas turbinas (que tendrian una potencia minima
inferior a las turbinas actuales), o bien en un sentido més amplio, mediante la
instalacion de bombas a sistemas de embalse existes, dando lugar a centrales de bombeo.
Este ultimo esquema entrega un grado de libertad adicional a la demanda, lo cual resulta
positivo para la integracion de ERf. Sin embargo, ambos casos no deberian desentenderse
de un caudal ecologico, o, en forma mas general, de los impactos sobre el régimen

hidrologico aguas abajo de la central.

En relacion a la segunda alternativa explorada para aumentar la flexibilidad del SIC, se
prueba que la operaciéon optimizada de los estanques de regulacién de hidroeléctricas de
pasada en el pre-despacho del SIC presenta beneficios sistémicos promisorios. Se
determina una disminucion de costos operativos en torno al 4% (respecto a los costos
térmicos) para los escenarios evaluados, basados en un menor vertido de viento y la
sustitucion del uso de centrales con alto costo de operaciéon en algunas horas punta.
Dado que no se han considerado costos de encendido y apagado de centrales térmicas, el

beneficio sistémico podria ser atn mayor. A su vez se evidencia en hidroeléctricas de
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pasada una operaciéon mas variable que la actual, debido al mayor grado de libertad que
permite al modelo disponer de los estanques. En consecuencia, el siguiente paso
identificado consiste en evaluar el impacto sobre otros usos del agua, asi como
restricciones ecoldgicas aguas abajo de estas centrales para verificar la factibilidad de los
nuevos regimenes de operaciéon y evaluar la eventual necesidad de implementar

53 - .52
contraembalses “° o restricciones de operaciéon .

Finalmente al explorar la alteracién hidrolégica que produciria una mayor inserciéon de
ERf, los resultados muestran que la actual operacion hidroeléctrica del SIC ya es
altamente variable, en comparaciéon con el régimen natural. Esto es consistente con

1,12 .
~*. Particularmente

trabajos previos que estudiaron los sistemas Rapel y Ralco-Pangue !
a nivel horario, se detectan fluctuaciones muy intensas, que en la naturaleza solamente
ocurririan durante eventos extremos, algunas pocas veces por afo. Lamentablemente,
hasta hoy se desconoce el umbral de los indicadores de alteracién hidrologica que
garantice la integridad ecolégica de un rio. A pesar de eso, frente a la vasta evidencia
internacional del daifio ecologico por hydropeaking 277, se recomienda implementar a la
brevedad restricciones a la operacion de centrales hidroeléctricas para proteger los
ecosistemas asociados a los rios chilenos. Estas restricciones deberian poseer resolucion
horaria, debido a que escalas temporales més gruesas pueden enmascarar las
fluctuaciones de corto plazo. Esta recomendacion cobra atun mas relevancia cuando la
demanda neta se torna més fluctuante, debido a la insercion de renovables.
Particularmente las centrales Machicura, El Toro y Pangue deben mirarse con
precaucion, debido a que son los tultimos embalses de sus respectivas cuencas y
consecuentemente controlan el régimen de un tramo importante de rio. En teoria
bastaria imponer restricciones de operacion a estas centrales para mitigar las variaciones
producidas por las centrales ubicadas aguas arriba. Frente a la actual ausencia de
restricciones de operaciéon, especialmente El Toro y Pangue, que se identificaron como
susceptibles a compensar las fluctuaciones eolicas, deben ser analizados con cautela.
Asegurar una operacion ambientalmente maéas amigable apunta también a reducir la
actual oposicion social a proyectos energéticos.

Es importante notar que ambas medidas de flexibilizacion estudiadas anteriormente, up-
powering y operaciéon optimizada de los estanques de regulacion, realzarian la operacion
fluctuante de las hidroeléctricas. Asi, el desafio es encontrar una soluciéon de compromiso
(tradeoff) entre los beneficios ambientales de las ERf, posibilitados en parte por medidas
de flexibilizacion, y la alteraciéon hidrolégica. Lo anterior llama a una programacion
multi-objetivo que combine metas de generacion ERf con objetivos que minimicen la
alteracion hidrolégica, o bien una optimizacion econémica sujeto a umbrales méximos de
indicadores de alteracion hidrologica.
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Por otro lado, en esta investigacion, por condiciones en la capacidad de computo, no se
consideraron restricciones de reserva ni se actualizaron las funciones de costo futuro del
agua, lo cual es una limitacién. Finalmente, para incluir las propuestas de flexibilizacion
anteriores en la planificacion de expansién de un sistema eléctrico, todavia persiste un
problema metodologico de escalas. Es decir, el desafio reside en representar fenémenos de
operaciéon en problemas de optimizacion de horizontes interanuales, lo cual hoy es
investigacion 57, y se considera clave para la insercion de ERf.
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