DYNA

http://dyna.medellin.unal.edu.co/

SEDE MEDELLIN
FACULTAD DE MINAS

Technical efficiency of thermal power units through a stochastic
frontier

José Antonio Marmolejo-Saucedo ¢, Roméan Rodriguez-Aguilar °, Miguel Gaston Cedillo-Campos © &
Maria Soledad Salazar-Martinez ¢

“ Facultad de Ingenieria, Universidad Anahuac México Norte, México D.F., México. jose.marmolejo@anahuac.mx
b Escuela Superior de Economia, Instituto Politécnico Nacional, México D.F., México. roman.rodriguez@ipn.mx
¢ Instituto Mexicano del Transporte, Querétaro, México. gaston.cedillo@imt.mx
4 Universidad Nacional Auténoma de México, México D.F., México. s.salazar@unam.mx

Received: January 28", 2015. Received in revised form: March 26™, 2015. Accepted: April 30", 2015.

Abstract

This work presents a model to obtain a stochastic frontier production function of a Mexican power generation company. The stochastic
frontier allows us to evaluate the technical efficiency of an energy producer according of the level of inputs. Electricity generation based
on thermal generation is highly expensive due to operational inefficiency of thermal power plants. At the moment, in Mexico, technical
efficiency of thermal power units has not been studied for the national electricity system. Therefore, in order to know the productivity
levels of thermal generation, an empirical application of the stochastic frontier model is obtained using a panel data of thermoelectric units
from the Mexican electricity system for the 2009-2013 period.
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Eficiencia técnica de unidades de generacion termoeléctrica
mediante una frontera estocastica

Resumen

Este trabajo presenta un modelo para obtener la frontera estocastica de la funcion de produccion de una empresa mexicana de generacion
eléctrica. La frontera estocastica permite evaluar los niveles de eficiencia técnica del productor de energia respecto de los insumos
utilizados. La generacion eléctrica obtenida mediante generacion térmica es muy costosa debido a la ineficiencia operativa de las centrales
termoeléctricas. Hasta el momento, en México, la eficiencia técnica de las centrales termoeléctricas no ha sido estudiada para el Sistema
Eléctrico Nacional. Por lo tanto, con la finalidad de conocer los niveles de productividad de la generacion térmica, se realizo una aplicacion
de un modelo de frontera estocastica utilizando datos de panel de las centrales termoeléctricas del Sistema Eléctrico Mexicano para el
periodo 2009-2013.

Palabras clave: Frontera estocastica; generacion térmica; eficiencia técnica.

1. Power generation: the case of the Mexican electricity The use of fossil fuels for power generation has been
system severely questioned as the production of carbon dioxide

(CO,) contributes to the accumulation of greenhouse gases

The generation of electricity using fossil fuels in Mexico  (GHGs) emitted into the atmosphere.

is a process with broad participation; in 2011, the plants that Therefore, there are two prospective scenarios of capacity
only used fossil fuels accounted for 72.6% of the total expansion for the 2013-2027 period. The first is the planned
electricity produced and are expected to remain broad in expansion of the public power generation companies with a
participation to meet the future electricity demand [1]. share of 31.9% with the use of clean technologies in 2027.
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An 18.4% of hydro capacity, 4.1 % wind power, nuclear
1.8% and a remaining 2.4% with geothermal, solar and
biogas capacity. In the alternative scenario, the expansion
program is aligned to the goals set in local laws, seeking to
increase its generation with non-fossil sources to a 35 % in
2027 [2].

This means that, although fossil fuel generation will be
reduced, its use will be located in the worst case at 65% in
2027 [3]. Therefore, the total elimination of fossil fuels for
power generation is nearly impossible, because it still
represents one of the economic lower cost options in Mexico.

Figs. 1, 2 and, 3 show the behavior of thermal power
generation, fuel oil consumption, and useful existence (stock
of fuel oil) from 2009 to 2013.
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Figure 1. Power generation per year with fuel oil.
Source: The authors
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Figure 2. Fuel oil consumption per year.
Source: The authors
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Figure 3. Useful existence (stock) per year.
Source: The authors
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Figure 4. Fuel oil consumption vs. power generation.
Source: The authors

Fig. 4 shows that the behavior of the fuel oil consumption
of power plants over time is directly related to the behavior
of generation; i.e. power generation is a function of the
consumption.

Both behaviors follow the same trend but they do not match
on the same points throughout the timeline. For example, there
are differences between consumption and generation since in
some years, the points almost coincide and the graphical
difference is very low, but in other years this difference increases
and the points are apart from each other.

It could be concluded that when the points of
consumption and generation are far apart, we have a period
of technical inefficiency.

In 2013, the production of generation per unit volume
(m?) increased. It is the lowest difference that can be seen. A
total of 4.9 MWh/m* was generated in 2013; while in 2010,
it was of 4.3 MWh/m>.

Ideally, the points must coincide throughout the timeline,
i.e. 100% of technical efficiency.

Regarding the level of fuel oil inventory (useful
existence), we can mention that it is a policy concerning the
reduction of the risk of not meeting the demand of electricity.

Indeed, the public power generation company must
ensure at all times that the fuel oil supply to the thermal plants
is guaranteed for any contingency.

2. Technical efficiency

The efficiency analysis is based on microeconomic
analysis, through maximizing a given production function
using a set of inputs and technology. There are two
approaches to the optimization of a production function
either through the maximization of production or cost
minimization given a certain level of production.

In [4], two conceptual visions of economic efficiency
were proposed:

e  Technical efficiency: The ability of a production
unit to obtain the highest level of product, a given
level of inputs and technology.

Allocative efficiency: The ability of a production
unit to use the inputs in optimal proportions, given a
price level and technological level.



Marmolejo-Saucedo et al / DYNA 82 (191), pp. 63-68. June, 2015.

The usefulness of technical efficiency lies in generating
information to improve the management capacity of the
production units, and to know the information of input used
and generation of production over to define optimal strategies
for improvement. There are several methods of estimating
technical efficiency: parametric, non-parametric,
deterministic, and stochastic.

e  Parametric: Assume a functional form of the

production function.

e  Nonparametric: Do not assume any functional form
of the production function.

e  Deterministic: Part of the approach that all distance
between the border of production and production
value observed for a productive unit corresponds to
technical inefficiency.

e  Stochastic: The production has a random component
representing the technical efficiency as part of the
deviation from the optimum production units.

Techniques for estimating technical efficiency according
to the adopted approach can be classified among the primal
and dual approaches. In the case of primal approach,
technical efficiency is estimated based on maximizing
production or minimizing function costs. In the case of a dual
approach, technical efficiency for both functions is estimated
[16-18]. Models can also be categorized in terms of
temporality, in cross section or panel data models.

The nonparametric models generally used are estimates
based on Data Envelopment Analysis (DEA) methodologies
based on mathematical programming. The great advantage of
using DEA methodologies is that a specific functional form
of the production function is not required. On the other hand,
the main disadvantage is that they are deterministic models
that can be affected by the number of inputs used as well as
by the presence of outliers [14, 15].

2.1. Stochastic frontier

In 1977, [5,6] simultaneously proposed a stochastic frontier.
The initial specification was a cross-sectional model with an
error term composed of two factors: one that measured the
random effect and another that measured the technical
inefficiency. [7-10] present developments of stochastic frontier
models in various applications. In [11], a model was proposed
for the inefficiency effects of the stochastic frontier production
function. This model is applied in the analysis of data on
electricity generation during different time periods.

The most important thing in terms of the methodology of
estimation of stochastic frontiers is that the treatment of error
terms does not assume that all errors are attributable to a
random factor, and that a segment of these is attributable to
technical inefficiency. Fig. 5 shows the comparison between
deterministic and stochastic methods for estimating technical
inefficiency for a production function.

A number of empirical studies have estimated stochastic
frontiers and predicted firm level efficiencies using these
estimated functions and then regressed the predicted
efficiencies upon firm specific variables in an attempt to
identify some of the reasons for differences in predicted
efficiencies between firms in an industry.

Production
frontier

Y Stochastic
inefficiency

Deterministic
r| r¢—————— inefficiency

J
v

Random error / Nis

LA
\\\

Y Observed
production level

X

Figure 5. Differences between deterministic and stochastic efficiency.
Source: The authors

The two stages estimation procedure is inconsistent in its
assumptions regarding the independence of the inefficiency
effects in the two estimation stages. This estimation
procedure is unlikely to provide estimates that are as efficient
as those that could be obtained using as single stage
estimation procedure.

This issue was addressed in [11,12] where the authors
proposed stochastic frontier models in which the inefficiency
effects are expressed as an explicit function of a vector of firm
specific variables and a random error. [13,14] proposed a
model, which is equivalent to the [12] specification, with the
exceptions that allocative efficiency is imposed, the first order
profit maximizing conditions is removed, and panel data is
permitted. The model specification may be expressed as:

YVie = xqgf+ (Vie — Uy),i=1,...,N yt
=1,...,T ¢y

Where:

Y;; is a logarithm of the production of the i-th firm in the
t-th time period

Xi; 1s akx1 vector of transformation of the input quantities
for the i-th firm in the t-th time period

B is a vector of unknown parameters

Vit is a random variable which is assumed to be iid
~N(0,6V?)

Uj; is a non negative random variable assumed to account
for technical inefficiency in production and to be
independently distributed as truncations at zero of the
N(mit, () UZ)
my = 78

Zi; 1S a pxl vector of variables which influences the
efficiency of a firm and & is an 1xp vector of
parameters to be estimated.

2.2. Efficiency predictions

The measures of technical efficiency relative to the
production frontier are defined as:
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EFF; = E(Yi"|U;, Xi)/ ECY;"|U; = 0,X;) )

Where Y;" is the production of the i-th firm, which will be
equal to Y; when the dependent variable is in original units
and will be equal to exp (Y;) when the independent variable
is in logarithms. In the case of a production frontier, EFF; will
take a value between zero and one, while it will take a value
between one and infinity in the cost function case.

3. Stochastic frontier model to measure efficiency in
Mexican power Generation Company

The study includes data for a group of 21 thermoelectric
units. Annual average gross electricity generation, level of
consumption, and useful existence of fuel oil are analyzed. A
balanced panel data for 21 thermoelectric units was built for the
2009-2013 period. The useful existence and consumption of fuel
oil are expressed as an annual average in cubic meters and
annual average gross generation of electrical energy in MWh.

The objective of measuring technical efficiency in the
production of electrical energy is to assess whether levels of
consumption and useful existence correspond with the level
of production of each thermoelectric, assuming a given
technology.

The goal is to evaluate the interaction between the inputs to
generate electric power and congruence of results. Two
specifications of production function were tested: Trans-
logarithmic and Cobb-Douglas. The Cobb-Douglas production
function was chosen because it generates better estimates, so all
variables are expressed in logarithmic fashion.

The advantage of having a series of panel data is that this
allows the evaluation of the technical efficiency of
thermoelectric units over time to capture the dynamic
performance of each production unit. The functional form of
the model is presented in equation (3).

log(MWhy) = B, + log(cons.;t) B, + log(Stock;)p,
+ (Vie - Uir)

i=1,...21 and t = 2009,...,2013 3)

A fixed effects model was estimated by the maximum
likelihood method, considering fuel oil consumption and
useful existence as independent variables and power
generation as dependent variable. Technical efficiency was
considered a variable over time. The results obtained for the
proposed model are presented in Table 1.

Table 1.
Results of panel data model
Variable Coefficient Standard error P-value

Consumption 0.4304761 0.0476022 0.0000
Stock 0.479270 0.0800474 0.0000
Constant 1.414125 0.3824081 0.0000
Mu 0.2714063 0.2098633 0.1960
Eta -0.1630130 0.0318923 0.0609
Log 56.822957
likelihood
Prob. > Chi2 0.000000

Source: The authors estimated in STATA.

The model results show that general model and the inputs
considered are statistically significant. The values of the
estimated parameters of inputs considered are consistent with
expectations, i.e. both inputs positively involved in the
generation of electricity.

The first test (Mu) states that the average truncated
normal is zero. It can be seen that at the 5% significance level
the null hypothesis is not rejected. The null hypothesis of the
second test is that inefficiency is time invariant (Eta). The
values of the null hypothesis are located at the limit to 95%
significance. The hypothesis that inefficiency is time
invariant is rejected to 90% significance, and shall be deemed
inefficiency dynamic over time.

Based on the model parameters estimated, we calculated
the level of efficiency according to equation (2). The level of
technical efficiency estimated is between 0 and 1, where 1
means that the production unit is efficient and values below
1 indicate that the unit is inefficient. When the distance from
1 is greater, it means the unit presents greater inefficiency.

Fig. 6 shows the estimation of efficiency for 2013 of all
thermoelectric units considered in the analysis. It is noted that
Rio Bravo, Tula Steam and Manzanillo are the most efficient
thermoelectric units. By contrast Lerma, Lerdo and
Valladolid Vapor are the worst performers in terms of
thermoelectric units.

Of the 21 thermoelectric units analyzed, only four have
an efficiency of 90%, ten have an efficiency of 80% and
seven shows an efficiency level below 70%. It is noteworthy
that only four thermoelectric units show efficiency levels of
around 90%. This implies that strictly speaking 81% of the
thermoelectric units operate inefficiently.

An efficiency rating was calculated based on estimates of
efficiency technical for each thermoelectric in the period of
analysis, using 2009 as base year. The index shows the evolution
of efficiency for each thermoelectric in time. Values greater than
100 indicate that the efficiency has been improved, and values
below 100 indicate that the efficiency is worse.

Fig. 7 shows the evolution of efficiency index of each unit
analyzed for 2013. It is noted that in general the level of
efficiency of all units has decreased since 2009. Especially
for the three thermoelectric units with worst performance,
their level of inefficiency has fallen on average by 3% in the

period of analysis.
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Figure 6. Technical efficiency, 2013.
Source: The authors.
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Figure 7. Technical efficiency index, 2013.
Source: The authors.

The results show that 81% of the thermoelectric units are
inefficient, considering threshold efficiency values of at least
90%, observing the evolution of efficiency in time, all
thermoelectric units have decreased levels of efficiency.

The estimated level of efficiency is an indicator to
analyze in more detail the operation of thermoelectric units
with lower levels of efficiency. It is also useful to evaluate
overall performance of the electric power sector. These
results show the need to assess in more detail the operation
of 81% of the thermoelectric plants in Mexico.

3.1. Cause analysis of inefficiency

There are several factors that affect the productivity of the
systems; for example, technical efficiency, which can be
incorporated in the stochastic frontier. One of the reasons for
technical efficiency to show a downward trend in all
thermoelectric plants, could be the wear and tear of the
generating units, given that in many cases the right kind of
maintenance determined by the number of operation hours
(inspection, minor, intermediate and major) is not given,
mainly due to limited budget or other political factors.

The diagnosis of the operation of an energy system is to
discover and interpret the signs of malfunction of equipment that
compose and quantify their effects in terms of additional
consumption of resources; i.e. where, how and how much the
overall consumption of resources can be saved, holding constant
the quantity and product specifications of the system.

For thermoelectric plants a malfunction of certain
equipment such as boilers, will have a major economic
impact, even for small deviations in their performance with
respect to what is expected by design.

A good diagnosis of the operation must be preceded by a
conceptual development that explains the origin of the
increase.

Table 2.

Type of maintenance that should be given to a steam turbine
Maintenance Type Period (OH)
Inspection 4,000
Lower 8,000
Intermediate 16,000
Major 32,000

Source: The authors

In Figs. 8 and 9 we see an example of the relationship
between the total cost of maintenance per year and the
relationship between the Variable Annual Maintenance Cost
(CVM) and the operation time (HO), respectively.

Thus, considering the age of most power plants, the
maintenance represents a considerable budget, which often
cannot be covered in a timely manner, minimizing technical
efficiency.
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Figure 8. Total Cost of Maintenance vs. Energy Production.
Source: The authors
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4. Conclusions

The stochastic frontier of production function shown in
this work allows an efficiency study of different thermal
generation plants. Additionally, the analysis of panel data
allows the evaluation of the variation in time of the technical
inefficiency of electrical production.

In general, 81% of the thermoelectric units are technically
inefficient in their operation; one reason for this technical
inefficiency is related to maintenance levels.

The evaluation of technical efficiency is a useful indicator
for monitoring the operation of thermoelectric units and
evaluating their performance, in order to identify which units
require particular attention to achieve maximum performance
in their operation. Therefore, it is important to conduct a
proper diagnosis with (conventional, energy simulation and
thermoeconomics) existing methods for the proper
functioning of the energy system.
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