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o Identify and estimate marginal costs of production for both thermal
generators.

o Evaluate whether the current dispatch mechanism for generation in
the Colombian electricity market has led to a reduction in the energy
cost for the consumers.
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The Market

Colombian electricity market

@ The Colombian electricity industry is very complex (Carranza,
Riascos, Moran, & Bermeo, in press).

o There are 4 main activities: generation, transmission, distribution
and retailing.

@ The wholesale electricity market (MEM) was established in 1994
when generation and retailing were deregulated.

o This is a centralized market, interconnected through a national-wide
network called Sistema Interconectado Nactional (SIN).

@ The MEM consists of two separated markets: the forward (bilateral
contract) market and the spot market.

o All production decisions are centralized by the Centro Nacional de
Despacho (CND) and defined in the spot market.
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The Market

Sistema Interconectado Nactional, 2013

Source: UPME
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The Market

Productive structure

o Generation technology is primarily hydroelectric (hydro) and
themoelectric (thermal).

o More than 63% of the total installed capacity is hydro.

o Few plants own most of the installed capacity: about 34% of all
generators own 96% of total capacity.

o This productive structure is dominated by three large companies:
Emgesa, Empresas Piiblicas de Medellin (EPM) and Isagen.

@ These firms owned more than 56% of SIN's installed net capacity
and almost 70% of the total water storage capacity.
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The Market
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The Market

Annual generation
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The Market

Share of monthly generation
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The Market

Monthly average spot price
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The Market

The spot market

All the electricity in Colombia is allocated in the spot market. The
mechanism takes the form of an augmented set of uniform-price
multi-unit auctions.

o Firms submit supply schedules to satisfy demand in an hourly basis.

o The bidding structure and the definition of the market price (spot
price) differ across three periods:

@ 1995-2001: Bids consisted on a daily schedule of 24 hourly prices
and available capacity.

@ 2001-2009: Bids consisted on a unique daily price and a schedule of
24 available capacity levels.

© 2009-: Bids for thermal units also include start-up and shutdown
costs parameters. (complex bids)

This study analyzes firms’ behavior after 20009.
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The Market

Auction mechanism

Economic dispatch (the day before production):

@ Firms offer electricity for each hour of the next day (A set of 24
simultaneous multi-unit auctions).

@ The CND uses bids to compute a minimum cost daily generation
schedule based on a demand forecast, as well as accounting for a set
of multiple technical and network restrictions.
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The Market

Auction mechanism

Real dispatch (the day of production):

@ Generators produce electricity according to the economic dispatch.

@ Deviations from the economic dispatch are centrally solved by the
market operator.
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The Market

Auction mechanism

Ideal dispatch (the day after production):

@ The CND uses bids to compute an minimum cost daily generation
schedule based on the realized demand, units' observed availability,
and accounting a set of multiple technical restrictions but ignoring
network restrictions.

@ The hourly market prices is computed as the price bid of the
marginal bidder that is not considered to be inflexible for the
respective hourly period.

@ If, given the hourly prices, there are dispatched units with negative
earnings, an uplift to the price is computed in order to ensure that
generation by merit makes non-negative profits.
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The model

The model

The model is based on works by Reguant (2014) and Camelo, de Castro,
Papavasiliou, Riascos, and Oren (2016).

o Consider i =1,..., N firms that compete to produce and sell
electricity in the MEM.
o Each firm owns a set of j = 1,...,J; generating units.

@ The hourly demand for energy is defined as Dh = Dy, + €4, where g4,
is ex ante unknown.

@ The process that generates ¢;, F(ep), is known to all firms.
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The model

Bidding structure

o Every quarter of the year, firms are requested to submit a vector of
monetary start-up costs bids ¢; ={A;}.
o For each day, within a quarter, firms are requested to submit simple
bids b; ={bjj, gjin} conditional on c;, where
o bjj is a bid price (constant across the 24 ours of the day).
o gjn is the production capacity available for hour h.
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|deal dispatch

All submitted bids are collected by the market operator to define the
ideal dispatch and the market price by solving:

23 N
min biiqiin + A;i ?_tart 1a
{qijn} ZZZ ii ijh ij Lijh ( )

h=0 i=1 j=1

subject to

N

i=1 j=1

KL (gir s i)V = 0 .
{ Uh(quhasuh,ruh)} = ( c)
{K3n(qim, sin¥in) } > 0 (1d)
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The model

|deal dispatch

where

gjjn is the actual generation of unit j at hour h
sijn equals 1 if unit j is switched on at h, and 0 otherwise
rjn is a vector of unit j's technical parameters

®© 6 o o

kbh() and kih() are non-linear vector functions. (See Camelo et al.

(2016))
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The model

|deal dispatch

o Equation (1b) represents the market clearing condition, which is a
usual restriction in most energy auctions.

o Equations (1c) and (1d) are the most particular characteristic of the
Colombian setting. They represent the set of technical restrictions
that need to be satisfied in order for the dispatch to be feasible.

@ Given the equilibrium dispatch the market clearing price py, is
computed as the marginal price among all dispatched bids, as in a
uniform multi-unit auction.
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The model

Profits of the firm

@ All dispatched units are paid pj, for each kWh produced at the
respective hour of the day.

o Additionally, every thermal unit j for which

23 23
Z PrQijn < Z biiqijn — Aijlijs;art} (2)
h=1 h=1

is also paid with an uplift to the hourly price, denoted by A/, which
depends on the market outcomes.
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The model

Information set

o At the time of bidding firms are still uncertain about other firms’
strategies as well as the realization of &p,.

o Therefore, firm i will choose a bidding strategy in order to maximize
its expected profits, conditional on a given distribution of other
firms’ bids as well as on a set of public and private information.

@ Public information common to all firms includes: demand forecasts,
dams’ water storage levels and inflows, fossil fuel prices as well as
the technical parameters of all generating units.

@ Firm's private values may consist on: maintenance strategy or unit
unavailabilities and bilateral contracts.

quantl



The model

Profits of the firm

@ Given the available information set, firm i's expectations are taken
over its own beliefs about other firms' strategies.

@ Denoting S as the set of all feasible combinations of units being
dispatched, the expected profits of firm j for a given day can be
expressed as

E_’.[ﬂl-(b7c)] = Z Pr (S | b,',C,') E_,-[I'I,-(bs,cs) | 5]7 (3)
seS

where Pr (s | b;, c;) defines the probability that a combination of
units s is dispatched, conditional on firm i's own bids.
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Profits of the firm

o Conditional on s, the market outcomes are only determined by the
set of bids that are dispatched, denoted by {bs, c}.

e Firm i's profit function at a given state s and bid strategies {bs, ¢}

is given by
23
ni(bsacs) - Z(Qih(bs’cs) - Vih) Ph(bs,Cs) - AI(bsacs)vih

h=0

Ji

+Al(b57cs)ZZj(bSacs)q{/’h(bS;cs) (4)

j=1
J;

- Z Clj(qu(bsa cS))a
j=1
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The model

Profits of the firm

where

@ Qin(+) is the total quantity produced by firm i at hour h

@ vj, is the firm's aggregate net sales position in the market of
bilateral contracts.

@ 7j is an indicator function defined as follows

I {1, if j is thermal and S°72 ) prayn < Sney byayn — Al
=

0, otherwise

o Cji(-) represents the total daily costs function of unit j, which
depends on the vector of hourly equilibrium unit quantities.

o We assume that firms' dynamic incentives are summarized in their
cost structures.
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The model

Costs structure for thermal units

@ The dynamic problem of thermal units arises due to the existence of
ramping and start-up costs.

@ They represent the inflexibility of a thermal unit to rapidly change
its production levels.

o We use the costs specification proposed by (Reguant, 2014):

Yij1 Yij3 2 r
Gj(ay) = Z%lquh‘f' - qih"’ 2J (gijh — Gijn—1) +O‘Uﬁ;f? Y (5)

where

e ;1 and ;2 represent j's marginal costs of production

@ 7jj3 represents the ramping costs,

o Gijn = max{qin — gij,O} is the unit's production over its minimum
o «jj is the total cost incurred whenever j gets switched on.
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The model

Costs structure for hydro units

@ The dynamic problem of hydro units arises because their capacity to
store energy in the form of water.

o This implies an intertemporal opportunity cost defined as the value
of future payoffs the firm gives up in order to produce energy (by
releasing the water) in the current period.

o We follow the characterization proposed by Balat, Carranza, and
Martin (2015)

23

Ci(ay) = (Z >\ij¢7ijh> +Vi(a;, wi), (6)

h=0

where
o \j is the marginal costs of production
o W;(-) represents firm i's valuation for the sum of its future expected
profits associated with unit j
o wij; is the current state of water storage and inflows levels.
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The model

Equilibrium and optimality conditions

o The equilibrium of the model can be expressed as the solution to a
2-stages sequential game:
o Stage 1: Each firm i chooses the values of ¢; which will be
committed during the following 90 days
o Stage 2: Conditional on her action upon c;, the firm chooses a
supply schedule b; to its maximize profits for each daily auction

o We characterize the optimiality conditions for a Bayesian Perfect
equilibrium using the backward induction solution concept.

quantl



The model

Optimality conditions: Stage 2

@ Given the Markovian structure of the cost functions, each sub-game
of the second (competition) stage can be solved as a conditionally
independent simultaneous auction.

@ In each day within a given quarter of the year, firms will choose
simple bid strategies as to maximize their expected daily profits:

max Z Pr(s|b,c) E_;[M;((b;,b_;),c) | s,c]. (M)
' seS

o We focus on the first-order conditions with respect to the price
offers.

@ This is the usual approach in the energy auctions literature (Hortacsu
& Puller, 2008; Kastl, 2011; Reguant, 2014; Wolak, 2003).
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The model

Optimality conditions: Stage 2

Then optimal strategy for simple bidding must satisfy the following
first-order condition:

S pr(s [ bo) B el
seS y

ZME_,-[H([),C) sl =0.

(8)

@ The first term in can be interpreted in a similar fashion as in a usual
multi-unit auction setup.

@ The second term represents the extent to which small changes in b;;
affect the probability that any unit belonging to firm i will sell a
positive quantity of electricity during the day.
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The model

Optimality conditions: Stage 2

o Notice that the second derivative term in (8) is non-zero only when
bjj or Aj; are high enough so that j is the most costly unit in s, and
there is unit / ¢ s, such that the alternative combination of units
§ ={s_j, I} is technically feasible and that the cost of the resulting
dispatch is sufficiently low.

@ Therefore, we follow (Reguant, 2014) and assume that

OPr(s|b,c

ZME_,[n(b, c)|s,c]~0. (9)

Objj

seS

@ This assumption allows us to express the optimality conditions for
simple bids in a similar manner as in usual uniform-price auction

settings.
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The model

Optimality conditions: Stage 2

Conditional on ¢;, firm i's optimal strategy for simple bids must satisfy,
forallse€ Sandje{l,...,Ji},

by = i?’:o E_; {Qih 1 +6AI)Vih ‘ S, Ph = bij}
b Zio E_i {abf-h
DOFD Sraiy = [%ﬁ’ qin + G Al ‘ s, pn = bj, Tiy = 1} i
o Ei[38e | sion = by
Sy Yo ESi[A X qin | s, pn = by, Ty = 1] 53 o
Sito E-i[5% | 5.pn = by]

+

S, Ph = bij}

+ (10

)
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Optimality conditions: Stage 2

where

° C_,J represents a weighted average of the daily marginal cost:

23 aCi; (O ;i o
- SElse () 2= b
Gi= = o . (11)
h=0 E; |:8b,;1 ‘ S, ph = bU:|

o ¢;; defines the probability for unit j of being paid the price-uplift A/,
conditional on the bid schedule and state variables:

¢ij(bi,-) =Pr(Z; =1|b;,-). (12)
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The model

Optimality conditions: Stage 2

@ The first line in equation (10) represents the usual definition of
optimal bidding in a traditional uniform-price auction setting.

@ The last two terms arise due to the presence of complex bids and
the introduction of the uplift to the market price Al.
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The model

Optimality conditions: Stage 1

o In the first stage of the sequential game, firms are aware that their
complex bids decisions will be committed for each of the 90
sub-games of the second stage.

o Therefore, firm i will choose a complex bid strategy, c;, so as to
maximize the total sum of its expected profits during the following
90 days.

o Firm i to account for the fact that c; will affect i's profits not only
directly, but through its own simple bid strategy as well.

quantl



The model

Optimality conditions: Stage 1

o Formally, let B and C denote the space of simple and complex bids,
respectively. Also, let 2 be the state space.

o Define firm i's optimal strategy for simple bids at auction t as the
vector function 3 : C x Q — B such that, for any given ¢; € C and
wt € Q, by = B;(ci, w;) satisfies the conditions implied by equation
(10).

o Then, we can write firm i's optimization problem at the first stage
of the game as follows:

max E_; lZn b:,c ] st. by = B;(ci,we).  (13)
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Optimality conditions: Stage 1

Consequently, the first-order necessary conditions for this optimization
problem are given by,

ZZ Pr(s | lgit(C;)7c)aE—i[ni(’Bit(ci)’c) | S]+

t=1 s€$S 8AU

Zzapr s | '8” (ci),c )E_,-[I_Ii(,@;t(ci)ac) | s]=0.

t=1 se$S
(14)

Notice that, complex bids affect firm i's daily profits through both
probability of having any of its unit dispatched and through the definition
of prices and quantities.
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Estimation

Estimation

@ In this study we focus on estimating the marginal cost function for
thermal units only.

@ However, we control for the dynamic incentives of hydroelectric
units in the estimation process.

@ We use observed bidding data to recover marginal as well as start-up
and water opportunity costs for thermal and hydro units.

o In particular, we estimate the structural parameters of the marginal
cost function of thermal units:

0; ={vi1,7i2: i3} - (15)

o We use the empirical moments implied by the optimality conditions
of the bidding game defined by equation (10).
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Estimation

Estimation

o Parameters are estimated by the Generalized Method of Moments
(GMM).

@ The first step is to estimate marginal costs and water opportunity
costs from equation (10).

@ Then, given estimates for 6;, we proceed to estimate the start-up
cost parameters from equation (14).

o To estimate the firm's beliefs we adapt the bootstrapping procedure
standard in the auction literature (Hortacsu & McAdams, 2010;
Kastl, 2011; Reguant, 2014).

@ To control for the water opportunity costs for hydro generators we
adapt the identification strategy proposed by Martin (2015).

@ The derivative terms are approximated using the smoothing method
proposed by Wolak (2007).
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Estimation

The bootstrapping algorithm

The bootstrapping algorithm we employ for this study can be
summarized as follows:

@ Fix bidder i's strategies in auction t

@ Randomly draw strategies of other firms k = i from a sample of N
similar days, conditioning on a set of observed state variables

© Compute the market equilibrium using the computational algorithm
proposed by Camelo et al. (2016)

© Repeat steps 2-3 M times to obtain a distribution of market
outcomes
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Estimation

The bootstrapping algorithm

There are two aspects that make our bootstrap simulation procedure

similar to the one used by Reguant (2014) and different from other
applications.

@ The market clearing is defined as the solution to a complex

optimization problem and cannot be necessarily replicated through a
standard uniform-price multi-unit auction.

@ As in the model introduced by Reguant (2014), firms also face
uncertainty over their own equilibrium supply curve as the set of

units that will be dispatched is also random due to the presence of
complex bids.
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Estimation

The bootstrapping algorithm

(*]

Our model differs form the one of Reguant (2014) mainly in the fact
that complex bids are submitted on a quarterly basis.

This requires to compute an estimate of the firms' expected
sequence of their profits for the following 90 days.

Because the available data for complex bids is short, we cannot
directly estimate the underlying joint distribution of this sequence.

We use same estimates of the expectation terms used to construct
the empirical analogue of optimality conditions for simple bids.

The underlying assumption is that, on average, firms' predictions
about the evolution of the state variables are accurate enough, so
that their expectations when submitting a complex bid are the same
as in the immediate moment before submitting their simple bid
strategies.
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Estimation

Approximation of derivatives

The approximate versions for the derivative terms of firm i's residual
demand and aggregate supply used to construct the empirical moments
are the following:

DR b
b= Z Z gkfhr’C< _— p’") (16)
ut VA (kj)est

/\

lht ijt — th
E ; 17
9{ it gjht:]C ( ) ( )

(i,j)Esbs

where bs denotes a bootstrap sample, K is a Kernel density weight and v
is a bandwith parameter.
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Estimation

Moment conditions

The empirical moment conditions implied by equation (10) is given by

m,'jt(e,',lj M) =
aD" onIbs
-~ 1{j in} [ (byje — Cje(07)) =t + Qpf — | 14+ — | vin | +
bz_:lhz;) v oy Db

J:
: AAIbf Bq 3¢>
1 Ill)s -1 17; 4 ilht Albs ¢I Altbs x qbs ilt
S - () (o) 5

v

|
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Estimation

Econometric specification of marginal costs

We specify the daily weighted average marginal costs for a thermal unit j as follows:
therm (vjt) = i1 +vje2 Z Gijh + ijt3 Z 2Giih — Qijh—1 — Gijh+1) + 6therm7 (18)
h h

therm

where €ir represents the econometric specification error and:

Yier = YE"™ + 71 In Pfuel;e + 7" In Foil6; + "™ In TRM;
+ 777 In CERE; + 7/**N In FAZN,,

Yiez = 3™ + 7" In Pfuel;e + 77" In Foil6; + 5™ In TRM;
Yz =+ 'yPﬂ‘EI In Pfuelj; + 'yj'-:3°'|6 InFoil6: + 'yj3RM In TRM¢,

Pfuel;; is the current price in day t for the fuel used by unit j; Foil6 is the price of the
Fuel Oil No. 6, used by most thermal units as a substitute of their main fuel; TRM is
the COP/USD daily average exchange rate; CERE and FAZN denote the taxes firms
must pay for each KWh generated.
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GMM Estimation

The GMM estimator of 6; is given by

07 = argmin [Z;m;(6;,v, l\/l)]/ ®[Z mjj(0;, v, M)] (19)
0;

where Z is a matrix of instruments assumed to be orthogonal to € and €.
Finally, ® is a weighting matrix.
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Estimation results

Average estimates of the marginal costs coefficients

Fuel ol Y2 3

Diesel 258.11 -10.05 0.04
Coal 171.86 -18.64 0.14
Fuel oil 250.37 -13.15 -0.12
Gas 177.09 -3.02 0.10

o Constant marginal cost: positive and higher for those units using the
most expensive fuels.

o Estimated variable marginal cost: negative, there is a reduction in
the total marginal cost for every KWh generated over the unit's
minimum production level.

@ Ramping cost: in most cases positive. This suggests that the
average marginal cost increases whenever the unit has to change its
output in less than one hour.

quantl



Estimated markups by fuel type

Fuel Mean  Std.Dev Min Max

Diesel 21.79 571.04 -11535.39 1248.20
Coal 2.97 33.04 -213.96 159.20
Fuel oil 386.64 154.73 -96.74 785.19
Gas 15.78 66.93 -89.78 1049.76

@ The highest markups are charged in average by fuel oil units, while
coal units charge the lowest.

@ There is more dispertion on other fuel type technologies than on
those using fuel oil.
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Estimation results

Benchmark comparison of estimated marginal costs

We compare the evolution of the daily marginal costs implied by the
estimated parameters and the observed production schedules with the
engineering costs computed by de Castro, Oren, Riascos, and Bernal
(2014):

HR;
mey = =5 x Plueli + VOM, + CERE, + FAZN,,  (20)
J

where HR and CP denote the unit’s heat rate and calorific power value,
respectively, and VOM represents the variable operating and maintenance
costs.
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Estimation results

Estimated vs. engeneering: diesel units
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Estimation results

Estimated vs. engeneering: coal units
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Estimated

Estimation results

vs. engeneering: fuel oil units
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Estimation results

Estimated vs. engeneering: gas units
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Counterfactual experiment

Counterfactual experiment

@ The purpose of this study is to answer whether the current dispatch
mechanism has led to a reduction in the energy cost for the
consumers.

@ Our counterfactual experiment allows us to compare the realized
cost of the energy sold with the cost the system would have faced if
the dispatch mechanism was a multi-unit uniform-price auction.

@ We perform such experiment for auction data between August, 2011
and December, 2012.
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Counterfactual experiment

Complications

@ We need to simulate an equilibrium where firms play their optimal
strategies according to an environment where the observed state
variables do not coincide with the assumed game structure.

@ There are two main complications:
@ There might be multiplicity of equilibria in the uniform-price auction
game
@ We need to compute the distribution of firms' expectations over a
combination of market structure and state space that is not observed
in the data.

o We assume that firms always play the same symmetric equilibrium
for the respective game that we observe in the data for each of the
two dispatch mechanisms (i.e. uniform-price auction and the current
dispatch with complex bids).
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Counterfactual experiment

Simulation approach

o Let T, and T, be the set of auctions observed when the dispatch
mechanism was a uniform-price auction and between August, 2011
and December, 2012, respectively.

o Define 5,-(0) : 5(_0,-) x Q — Ry as firm i’s optimal strategy profile
describing simple bids submitted by firm i for the set of equilibria

observed in T,

@ Then define 5,-(1) : 5(_1,-) x Q — R, as firm i's optimal strategy profile

describing the simple bids submitted by firm / observed in T.
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Counterfactual experiment

Simulation approach

@ Assume that, for any realization of w, firms always play the same
symmetric equilibrium described either by {S,-(o)(-,o.:)},N:1 or
{SI.(l)(-,w)},N:l for uniform-price auction or complex-bid auction,
respectively.

o Therefore, firm i's optimal strategy for the counterfactual
equilibrium we propose can be computed as follows:

§,’ = 5,.(0)(57,-,wrb). (21)

o We develop this method by following the approach described by
Carranza, Houde, and Clark (2011). To the best of our knowledge,
this strategy has never been used to compute counterfactual
experiments in the field of energy markets.
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Counterfactual experiment

units

@ Another challenge is the projection of hydro units' optimal bids since
we do not directly estimate the parameters of their cost function.

@ Hence, we do not compute the optimal bidding strategy following
the the structural first-order condition.

o We follow the reduced-form function of the optimal bidding
proposed by Balat et al. (2015), which accounts for the strategic
and dynamic incentives of these units.
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Counterfactual experiment

Daily average spot price: observed vs. simulated
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Counterfactual experiment

Percentage difference between observed and simulated

daily spot price
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Counterfactual experiment

Observed vs. simulated bids
(COP/KWh)

Mechanism Mean  Std.Dev. Min Max

Current dispatch 270.01 295.48 30.62 2113.91
Uniform-price auction 258.62  300.47  30.62 2550.14

o Submitted bids under the observed equilibrium are systematically
higher.

o This is consistent with the economic intuition: since the
expectations about spot prices in the equilibrium of the complex-bid
auction are higher, firms find optimal to increase their bid prices
when playng the respective game.
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Counterfactual experiment

Aggregate cost of the dispatch
(billions of COP)

Current mechanism  Uniform-price auction

13,760.84 12,974.52

@ The results show that the uniform-price auction dispatch is
associated with the lowest cost of energy generation.

o Although the current dispatch mechanism is designed to reduce the
total cost of the daily energy dispatch, the underlying incentives of
the firms to increase bid markups are such that the realized
consumers' cost turns to be higher.

@ In other words, Colombian consumers would have saved about COP
786 billions between 2011 and 2012 if the dispatch mechanism was a
standard uniform-price auction as used to be before 2009.
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Conclusions

Conclusions

@ The purpose of this study is to answer the question about whether
the current dispatch mechanism for generation in the Colombian
electricity market has led to a reduction in the energy cost for the
consumers.

o We introduce a structural model of bidding behavior that accounts
for the presence of complex bids and the dynamic incentives of both
hydro and thermal generators.

@ Using observed auction data and bilateral contract sales position, we
are able to identify the unobserved distribution of expectations and
marginal production costs of thermal generators.

@ Out model estimates are used in turn to perform a counterfactual
experiment that allows us to compare the realized cost of the energy
sold between August, 2011 and December, 2012 with the cost the
system would have faced if the dispatch mechanism was a multi-unit
uniform-price auction as before Resolution 051 (2009), for the same
period.
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Conclusions

Conclusions

o Average estimates of the marginal costs parameters are in average
consistent with intuition about fuel type and the non-convexities of
thermal generation technology.

@ We develop an approach to perform our computational experiment
using observed auction data for each dispatch mechanism to
compute the counterfactual equilibrium in which firms play the
uniform-price auction game over a period when the current dispatch
mechanism with complex bids was in course.

@ According to the simulation results, we conclude after accounting for
strategic behavior, the current dispatch mechanism used in the
Colombian electricity market did not lead to a reduction in the
aggregate energy cost for the consumer between August, 2011 and
December, 2012.
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