
International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:8, No:6, 2014

890

 

  

th
m
de
in
m
pr
Fr
lif
th
we
fa
ec
 

pa

in
co
op

co
B
sw
co
ch
to
us

eq
an
m
tra
sim
(T
un

es
“b

di

 

De
35

De
35

Un

T

Abstract—Th
e hazard rate “
odel is a mixtur

ecreasing failur
ncreasing failure
odels. The par

rocess of the m
rom the Weibu
fetime and the 
e model the h
ere used as an
ilure rate for 

conomic and rep

Keywords—B
arameter estima

HE aging 
important i

ncreasing failu
omponents ar
peration reliab

In the dist
omponents are
ase of utilitie

witches and 
ommodity un
hallenge for re
o manage agin
sed to evaluate

The statistic
quipments can
nd the nonpa

methodologies 
ansformers [2
mulation meth

TTF) and t
ncertainties in

In addition, 
stimation of 
bathtub curve”

This paper d
istribution tran

E. C. Guardia 
epartment, Federa
5-3629-1505; fax:

J. W. M. Lim
epartment, Federa
5-3629-1771; e-m

A. H. M. Santos
niversity of Itajub

A 

T

his paper prese
“Bathtub curve”
re of the three k
e rate (DFR), th
e rate (IFR) rep
rameters are o

model to the Ker
ull parameters 
characteristic li
historic time-to

n example. The
the equipment

placement decis

Bathtub curve,
ation, Weibull d

I. INT

of electricity
issue for utilit
ure rates afte
re more susc
bility may be a
tribution net
e responsible 
es. These com

distribution 
nits in the fi
eliability anal
ng problems a
e the utility’s 
cal approach 
n be classified
arametric est
have been fo

2] and its sub
hod has been 
time-to-repair 
n failure and re

the estimatio
equipment 

” [5]. 
demonstrates th
nsformer. 

is D.Sc. candida
al University of I
: +55-35-3629-14

ma is professor 
al University of I

mail: marangon@u
s is professor at t
ba, Minas Gerais,

Batht

ents a nonparam
” for power sy
known phases o
he constant fail
presented by thr
obtained from 
rnel nonparame
 and failure r
ifetime were de
o-failure of dis
e resulted “Bath
t lifetime whi
sion models. 

 failure analys
distribution. 

RODUCTION 
y infrastructu
ties regarding 
er a moment
ceptible to f
affected. 
tworks in B
for 90% of t

mponents (ca
transformer

eld and will
lysis in the lon
at these equip
maturity in as
 to obtain 

d in two categ
timation mod
ound in literat
bcomponents 

used to obtai
(TTR) to 

epair rates [4]
on of failures 
useful lifetim

he application

ate at the Electri
Itajuba, Minas G
411; e-mail: egua

at the Electric
Itajuba, Minas G
unifei.edu.br). 
the Natural Resou
, Brazil (e-mail: a

Eduardo C

tub Cu

metric method t
ystem componen
of a component
lure rate (CFR)
ree parametric 
a simultaneou
etric hazard rat
rate curves the
efined. To dem
stribution trans
htub curve” sh
ich can be app

is, lifetime est

ures has beco
the conseque

t where the 
fail and the 

Brazil, the 
the Regulatory
ables, poles, 
rs) are con
l play an im
ng run. The c
pment levels
sset managem
the failure r

gories, the par
dels. Howeve
tures even for
[3]. A Monte
in the time-to

account fo
. 
is very close

me, concerni

n of the metho

ical Systems and
Gerais, Brazil (pho
ardia02@gmail.co
cal Systems and

Gerais, Brazil (pho

urces Department
afonsohms@gma

C. Guardia, J

urve fr

 

to obtain 
nts. The 
t life, the 
) and the 
Weibull 
s fitting 
te curve. 
e useful 

monstrate 
sformers 
hows the 
plied in 

timation, 

ome an 
ences of 

system 
whole 

smaller 
y Asset 
meters, 

nsidered 
mportant 
capacity 
will be 

ment [1]. 
rate of 

rametric 
er, few 
r power 
e Carlo 

o-failure 
for the 

e to the 
ng the 

od for a 

d Energy 
one: +55-
om). 
d Energy 
one: +55-

t, Federal 
ail.com). 

life
ins

de
un
W
fai
fun
me

tak
no
an
rat
ou

dif
wi

of 
W
res

mo
sec
rat
In 
inc

sho
mo

Jose W. M. L

rom N

A. Reliability 
The reliabili

fetime models
stallation and 
Six mathema
scribe the dis

nequivocally d
eibull distribu
ilure density, t
nction, the ha
ean residual li

B. Bathtub Sh
Reliability m

ke into accou
on-repairable m
nd a repair tim
te and no repa

ut forever [5],
Aging has b
fferent author
ith increasing 
The “bathtub 

f failures and 
eibull curves
spectively. 
The first re

ortality) failur
cond region is
te is low and 

the third re
creasing failur
 

C. Parameter 
The reliabilit
own in (1) fo
odel can be re

Lima, Afonso

Nonpar

Functions 
ity functions 
s relies on th
failures dates 

atically equiv
stribution of th
determine the 
ution can be se
the failure dis
azard rate, the
ife function. 

hape Hazard R
odels for a po

unt two failur
modes. The fi
me. The secon
air time, since
[7]. 

been defined 
rs and can be
internal failur
curve”, show
can be built

 with scale a

egion is cha
res and a dec
s the useful li
constant and 

egion, the we
re rate due to 

Fig. 1 Bathtub

Estimation 
ty density fun
or the three p

educed to a 2-p

o H. M. Sant

rametr

used in sta
he time-to-ev
define the tim

valent functio
he lifetime an
other five. Th

een in [6]. The
stribution, the 
e cumulative 

Rate 
ower system c
re modes: the
irst one has a 
nd one has a
e aging failur

from many 
e summarized
re rates [8]-[12

wn in Fig. 1, re
t from the co
and shape pa

aracterized b
creasing failur
ife (normal lif
failures occu

ear-out (end-o
age (β > 1). 

b hazard rate cu

nction for the
parameter equ
parameter fun

tos 

ric Mo

atistical distri
vent analysis 
me variable. 
ons can be u
nd each of the
he equations 
ese functions 
reliability (su
hazard rate a

component gen
e repairable a
constant failu

an increasing 
res take comp

points of vie
d as a time p
2]. 
epresents three
omposition of
arameters, α

by wear-in 
re rate (β < 1
fe) where the 
ur randomly (β
of-life), there

urve 

e Weibull mo
uation. If γ =

nction. 

odel 

ibution 
where 

used to 
em can 
for the 
are the 

urvival) 
and the 

nerally 
and the 
ure rate 
failure 

ponents 

ew for 
process 

e kinds 
f three 
and β, 

(infant 
1). The 
failure 

β = 1). 
e is an 

 

odel is 
= 0 the 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:8, No:6, 2014

891

 

w
α 
β 
γ

ob
cu
th
m
va
th

no
M

th
of
no

of
pa
m
ad
cu
th

w
cu

th
ar
pr

 
where: 

scale para
shape par

location pa
Estimates of 

bserved data 
umulative sur
his method d

maximum likel
arious combin
he original sam

The Kaplan
onparametric 

MLE for the su
The nonpara

heir insensitivi
f few assump
ormally distrib

The first step
f a theoretica
arametric haz

mixture of thre
djusted by the
urve”. From th
he increasing h

The conditio
where the thre
urve” crosses 

The three cu
he value of th
re different. In
roperties for β

 

Fig. 2 We

f t

ameter or cha
rameter          
arameter       

f α and β may 
to the cum

rvivor functio
emands reaso
lihood estimat
nations of α an
mple data [14]
-Meier estim
model for th

urvivor functio
ametric metho
ity to outlier 
ptions about 
buted [15]. 

II. PROPO

p on the lifetim
al nonparame
zard rate mod
ee Weibull h
e parameters 
he point wher
hazard rate the
n to plot the “
ee cumulative
at the same po

urves are con
he parameter α
n Fig. 3 we pr
β = 1, MTTF =

eibull reliability

e

aracteristic li
                         
                         
 be obtained d

mulative failu
on using leas
onable startin
tion (MLE) is
nd β fitting th
. 

mator can be 
e survivor fu

on. 
ods present so
observations 
the underlyin

OSED METHOD

me methodolo
tric hazard r

del. This mod
hazard rate cu

estimation to
re the constan
e useful lifetim
“bathtub curve
e failure curv
oint (α, 0.632
sidered a fam
α is common 
resent the den
= α, f(0) = 1/α

y functions: Cum

                   

ife
   
   

 

directly by fitt
ure function 
st-squares. H
ng values [13
s a method th

he density func

used to obt
unction, which

ome advantag
and the requi

ng population

D 
ogy is the esti
rate that will 
del correspond
urves simultan
o build the “b
nt hazard rate 
me is defined.
e” is shown in
ves of the “b
*F(t)) [16]. 

mily of curves
and the valu

sity functions
α and f(α) = 0

mulative failure

 

       (1) 

ting the 
or the 

However 
3]. The 
hat tests 
ction to 

ain the 
h is the 

ges like 
irement 
n to be 

imation 
fit the 

ds to a 
neously 
bathtub 
crosses 

n Fig. 2, 
bathtub 

s where 
ues of β 
s and its 
0.368/α. 

 
e 

thr
on
adj
rel

III
rur
oc
of 

of 
rep
Fig
ins

for

Fig. 3 W
 
Regarding th
ree parameter

ne wants to fit
djusted (α1, α
lationships. 
An example o

I for distributi
ral areas that 
curred betwee

f events were r

CO

Curve 
Wear-in 
Useful life 
Wear-out 

I
In this sectio

f 14.067 distr
presented by t
g. 4. It gives 
stalled. 
 

Fi

A. First Estim
The best prob
r the raw data

Weibull reliabilit

his condition, 
rs (α1=α2=α3=
t the model fr

α2, α3, β1 and

of the fitting 
ion transform
were remove
en 2003 and 2
registered. 

TA
ONDITIONS TO PLO

Scale 
α1 > 0 
α2 > 0 
α3 > 0 

III. MODEL A
n the propose
ribution trans
the manufactu
an idea abou

ig. 4 Manufactu

mation of Prob
bability densi
a using a para

ty functions: Fa

the fitting pr
=α, β1 and β3)
freely, five pa
d β3). Table 

process will b
mers of one ph

d of service. 
2012 and app

 
ABLE I 
OT THE BATHTUB

Shape 
0 < β1 < 0.99 

β2 = 1.0 
β3 > 1.0 

APPLICATION C
ed method is 
sformers. The
uring date with
ut the time wh

uring date distri

bability Densit
ity function p
metric Weibu

ailure density 

rocess has to 
) for three cur

arameters have
I summarizes

be shown in S
hase, 13.2 kV
The removal 
roximately 75

B CURVE 
Position 

γ1 = 0 
γ2 = 0 
γ3 = 0 

CASE 
applied to a s

e in-service y
h a profile sho
hen the samp

ibution 

ty Functions
parameter estim
ull model estab

 

adjust 
rves. If 
e to be 
s these 

Section 
V, from 

period 
5 kinds 

sample 
year is 
own in 

ple was 

 

mation 
blishes 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:8, No:6, 2014

892

 

α0
fu

re
w
hi
fu

im
ea
no

cu
es
th

th
no
es

0 = 18.4 and
unction does n

Two nonpara
esults. One m

which represe
istogram. The
unction estima

The end-of-l
mplying old ag
arly wear out 
ot appropriate

 

Fig

B. Failure Di
The probabil

umulative dist
stimation para
he nonparamet

 

 

 
We can see 

he original par
onparametric 
stimated funct

d β0 = 2.0. F
not fit the data
ametric metho

method is the 
ents the den
e other one i
ation. Table II 
life Weibull 
ge and rapid w
[17]-[19]. A β
 for end-of-lif

g. 5 Data fitting

istribution 
lity of failing 
tribution func
ameters (α0 an
tric curves (Ka

t 1

Fig. 6 F

again in Fig. 
rameters (α0 a

curves. It s
tion is not app

Fig. 5 shows 
a perfectly. 
ods were then 

Kaplan-Meie
nsity function
is the Kernel
shows basic s
curve is char
wear out. A 1
β0 = 2.0 indic
fe estimation. 

g for Weibull an

up to time t (
ction (CDF) in
nd β0) the fun
aplan-Meier a

1  

Failure curve 

6 that the W
and β0) does no
shows that t

propriate to rep

that the par

used to comp
er discrete fu
n in a norm
l continuous 
statistics for th
racterized for
1.0 < β < 4.0 
cates that the c

nd Kernel 

(F(t)) is given
n (2). Using t
nction F(t) doe
and Kernel). 

     

Weibull functio
ot fit perfectly
the first par
present the da

 

rametric 

pare the 
unction, 
malized 
density 
hem. 

r β > 4 
implies 
curve is 

 

n by the 
the first 
esn’t fit 

 (2) 

 

on with 
y on the 
ametric 

ata. 

cal
sur
co
ha

tha
inc
Re
the

pa

cal
tak

a p

C. The Nonpa
In parametri
lculated from 
rvival functio
ncept to the

azard rate” is o
 

 
However, the
at it decreas
creases in cer
egarding this 
e nonparametr
 

 
Fig. 7 show

arametric funct
 

Fig. 8 Haza
 
A routine to
lculation of th
king the maxim
The interpreta

positive aging

arametric Haz
c models, th
the ratio betw

on (3). We p
e nonparamet
obtained. 

t
R

e hazard rate i
es, increases
rtain rate wit
concept, one 
ric rate. 

Fig. 7 Haz

ws the hazar
tion and the n

ard rate differen

o define this 
he differential 
mum value. It
ation of h’(t) 

g when h’(t) >

zard Rate Fun
he hazard ra
ween the dens
propose that 
tric function,

is a monotoni
 or is const
h age, the ra
might define 

zard rate curves

rd rate for t
nonparametric 

ntial curve and m

valid interv
of the nonpar

t is illustrated 
is presented in

>0, no aging w

ction 
ate h(t) or λ
sity function a
applying the

, a “nonpara

     

ic function, m
tant. Also, o
ate does not r
 a valid inter

s 

the first esti
function. 

maximum valu

val comes wi
rametric hazar
in Fig. 8. 
n [6], where t

when h’(t) = 0

λ(t), is 
and the 
e same 
ametric 

 (3) 

meaning 
once it 
reduce. 
rval for 

 

imative 

 
ue 

ith the 
rd rate, 

there is 
0 and a 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:8, No:6, 2014

893

 

ne
as
po

fu
m

ha
te
co
in
ac
im

ex
ca
fa
m
pu

kn
fu
th
us
do

egative aging 
ssets it can b
ositive aging i

For this sam
unction is loc

model valid int

D. Parametri
At this point

as not fitted th
st was run t

ontaining the 
ncreasing rate
chieve the n
mproved, as sh

Considering 
xceeded by the
alculated as 17
ailures per yea

more appropria
ushes the life t

 

E. Second Es
Once the fit

nown for each
unction can sh
hree different 
seful density f
o not look to f

Curve 

Weibull 

Kernel 

when h’(t) <
be assumed th
in the wear-ou
mple the max
cated in time 
erval from 0 t

ic to Nonparam
t it is known 
he nonparamet
to adjust the 

decreasing 
. Using the s
onparametric 
hown in Fig. 9

the point w
e increasing h
7.3 years. The
ar. For the we
ated for old ag
to an old age w

Fig. 9 Bathtu

stimation of Pr
tting problem
h curve and a
how in Fig. 1
failure mode

functions hav
fit the histogra

T
PROBABILITY 

Parameters 
α0 = 18.4 
β0 = 2.0 

- 

< 0. However
hat there is a
ut region. 
ximum value
equals to 26

to 26 years. 

metric Fitting
that the first

tric hazard rat
parameter o

rate, the con
um of param
model the 

9. 
where the con
hazard rate, th
e hazard rate 
ar-out region 
ge end-of-life
with a rapidly

ub hazard rate cu

robability Den
m was solved,

a new plot of
10 that there 
es in the data
e area equal t
am data. 

 
ABLE II 
DENSITY FUNCTI

Median 

16.3 

16.4 

, for the distr
always a con

e of the diff
6 years, defin

g (“Bathtub Cu
t parametric fu
te well. A new
of the three 
nstant rate a

metric hazard r
fitting proce

nstant hazard 
he useful lifetim

at this point i
a value of β =

e behavior bec
y IFR close to 

urve 

nsity Function
, the paramet
f probability 
is informatio
. The aging a
to one, so the

IONS 
Mean 

15.4 

17.4 

 

ribution 
ntinuous 

ferential 
ning the 

urve”) 
function 
w fitting 
regions 

and the 
rates to 
ss was 

rate is 
me was 
is 0.039 
= 5.3 is 
cause it 
α. 

 

ns 
ters are 
density 

on from 
and the 
 shapes 

use
app
inf
cu
fin
pa
the
pa
ha
tra

of 
da

an
an
On
Th

[1]

[2]

[3]

Fig
 
The paramete

SECOND PA

Curve 
Wear-in 
Useful life 
Wear-out 

This paper h
eful lifetime 
proach, whi
formation abo

urve. The met
nd the bathtub
arameter α for
e characteris

arameters freel
azard rate for r
ansformers. 
Future resear

f different kin
atabase and ap

The authors 
nd comments f
nd ABRADEE
n the PhD pro
he University o

R. E. Brown a
IEEE Power &
J. L. Velasqu
"General Asse
Application to
vol. 81, pp. 20
L. Chmura, P
"Statistical an
Electrical Insu

g. 10 Modeled D

ers obtained ar

TA
ARAMETER ESTIM

Scale 
α1 = 25.5 
α2 = 25.5 
α3 = 25.5 

IV. CO

has presented
for distributio
ch allows t

out the hazard
thod consists 
b Weibull para
r the three dis
stic life eq
ly (5 paramete
random failure

ches on this to
ds of random
ply the metho

ACKNOW

gratefully ack
from COPEL 

E – Brazilian D
ogram the sup
of Texas. 

REFE

and H. L. Willis, "
& Energy Magazin
uez-Contreras, M
et Management M
o Power Transfor
015-2037, 2011. 
P. H. F. Morshui
nalysis of subcom
ulation Conferenc

Density function

re presented o
 

ABLE III 
MATION FOR THE B

Shape 
β1 = 0.01 
β2 = 1.0 
β3 > 5.3 

ONCLUSION 
d a new meth
on assets from
the user to 
d rate summar

of a graphica
ameters. The 
stributions ma

qual. Howev
ers) would lea
es for some gr

opic will inve
m failures iden
odology to oth

WLEDGMENT 
knowledge the
– Paraná Stat

Distribution U
pport from CA

ERENCES 
"The Economics 
ne, pp. 36-43, Ma

M. A. Sanz-Bob
Model in the Cont
rmers," Electric P

is, E. Gulski, J. 
mponent failurs 
ce, 5 to 8 June 20

ns curve 

on Table III. 

BATHTUB CURVE

Position 
γ1 = 0 
γ2 = 0 
γ3 = 0 

hod to estima
m the nonpara

obtain imp
rized on the b
al fitting proc
assumption o
akes the MTT

ver, modelin
ad to a more p
roups of distri

estigate the inf
ntified on the 
her assets. 

e data contrib
te distribution
Utilities Assoc
APES, UNIF

os Aging Infrastr
ay / June 2006. 
bi and S. G. A
text of an Electric
Power Systems R

J. Smit and A. 
in power transf
11. 

 

E 

ate the 
ametric 
portant 
bathtub 
cess to 

of same 
TF and 
ng the 
precise 
ibution 

fluence 
utility 

butions 
n utility 
ciation. 
EI and 

ructure," 

Arellano, 
c Utility: 

Research, 

Janssen, 
formers," 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:8, No:6, 2014

894

 

 

[4] A. E. B. Abu-Elanien, M. M. A. Salama and R. Bartnikas, "A Techno-
Economic Method for Replacing Transformers," IEEE Transactions on 
Power Delivery, vol. 26, no. 2, pp. 817-829, 2011. 

[5] W. Li, "Incorporatint Aging Failures in Power System Reliability 
Evaluation," IEEE Transactions on Power Systems, vol. 17, August 
2002. 

[6] H. Rinne, The Weibull Distribution, A Handbook, New York: CRC 
Press, 2008, pp. 27-31. 

[7] W. Li, E. Vaahedi and P. Choudhury, "Power System Equipment 
Aging," IEEE Power & Energy Magazine, vol. 4, pp. 52-58, May/June 
2006. 

[8] H. L. Willis and R. R. Schrieber, Aging Power Delivery Infrastructures, 
Second Edition ed., Boca Raton, FL: CRC Press, 2013. 

[9] Z. Li and J. Guo, "Wisdom About Age," IEEE Power & Energy 
Magazine, pp. 45-51, May/June 2006. 

[10] M. M. A. El Aziz, D. K. Ibrahim and H. A. Kamel, "Estimation of the 
Lifetime of Electrical Components in Distribution Networks," The 
Online Journal on Electronics and Electrical Engineering, 2010. 

[11] J. Endrenyi and G. J. Anders, "Aging, maintenance, and Reliability," 
IEEE Power & Energy Magazine, May/June 2006. 

[12] X. Zhang, E. Gockenbach, V. Wasserberg and H. Borsi, "Estimation of 
the Lifetime of the Electrical Components in Distribution Networks," 
IEEE Transactions on Power Delivery, vol. 22, no. 1, January 2007. 

[13] C. F. Joyce, "A Weibull Model to Characterize Lifetimes of Aluminun 
Alloy Electrical Wire Connections," Alcan International, 1989. 

[14] E. A. Colosimo and S. R. Giolo, Análise de sobrevivência aplicada, São 
Paulo: Edgard Blucher, 2006. 

[15] M. Hollander, D. A. Wolfe and E. Chicken, Nonparametrica Statistical 
Methods, Florida: John Wiley & Sons, 2013. 

[16] R. Billinton and R. N. Allan, Reliability Evaluation of Engineering 
Systems: Concepts and Techniques, New York and London: Plenum 
Press, 1983 

[17] R. B. Abernethy, The New Weibull Handbook, 5th ed., Florida: Robert 
B. Abernethy, 2006. 

[18] ReliaWiki, Life Data Analysis Reference Book, Tucson: 
http://reliawiki.org/index.php/Life_Data_Analysis_Reference_Book, 
2013. 

[19] Lifetime Reliability Solutions, “Do a Timeline Distribution Before doing 
a Weibull failure Analysis,” 2013. [Online]. Available: 
http://www.lifetime-reliability.com/tutorials/reliability-
engineering/Do_Timeline_Before_Weibull_Analysis.pdf. 

 
 
 
Eduardo C. Guardia (M’09) was born in Rio Claro / SP – Brazil. He 
received the B.Sc. degree in Electrical Engineering in 1998 and the M.Sc. 
degree in Energy Engineering in 2007, both at the Federal University of 
Itajubá, Brazil. 

His professional background includes actuation in Energy Efficiency 
projects for distribution utilities and ANEEL. He also worked in Energy 
Efficiency projects doing energy and mass balance assessment for several 
industry processes. He has been enrolled in the lifetime research since the last 
regulatory depreciation rates review in 2010, with the publication of the 
agency document RN 474/2012. From the same time he worked in the 
development of Construction Modules for distribution network and Reference 
Price Database to the RAB valuation. 

Mr. Guardia was a visiting researcher at The University of Texas at Austin 
in 2009. Today he is involved in the project Methodologies of Tariff Revision 
for the Distribution of Electricity Service to the Brazilian Association of 
Electric Energy Distributors (ABRADEE). Other interests are smart grid and 
renewable. 
 
Jose W. Marangon Lima (M’94–SM’06) was born in Aracaju / SE - Brazil. 
He received the B.Sc. degree from the Military Institute of Engineering, Rio 
de Janeiro, Brazil, in 1979, the M.Sc. degree from the Federal School of 
Engineering of Itajubá, Brazil, in 1991, and the D.Sc. degrees from the 
Federal University of Rio de Janeiro, Brazil, in 1994. 

He worked from 1980 to 1993 with Eletrobrás, the Brazilian holding 
company for the power sector. Since 1993, he has been with the Federal 
University of Itajubá as a Professor of electrical engineering. 

Dr. Marangon was from 1998 to 1999 with ANEEL as a Director Advisor. 
In 2003, he was also with the Ministry of Mine and Energy (MME) to 
elaborate the New Brazilian Electricity Model. From 2005 to 2006 he was on 
his sabbatical year with the Operations Research and Industrial Engineering 
group of the University of Texas. 

Afonso Henriques Moreira Santos was born in Itanhandu / MG – Brazil. He 
received the B.Sc. degree in Electrical Engineering, in1978, the M.Sc. in 
Power Systems, in 1981, from UNIFEI, and the D.Sc. in Engineering, in 1987, 
from UNICAMP. Post Doctor on CIRED – Centre International de la 
Recherche sur L’environnement et le Developement (Paris). 

He is a Professor at UNIFEI from the EXCEN Research Group, where has 
been developed works in the field of SHPs, co-generation, energy on rural 
environment, energy efficiency, economic regulation and energy sector 
planning, hydrological resources management, water reuse for petroleum 
refinery, economic modeling and energy businesses and electricity market.  

Dr. Santos was Director of ANEEL from 1997 to 2000, contributing to the 
New Brazilian Electricity Model. Energy Secretary at MME from 2001 to 
2002 and director at DME Energética. 


