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FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Commi ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati onal  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  comm i ttee  has  representati on  from  al l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app ly I EC Publ i cations  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent  certi fi cation  bod i es.  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
paten t ri gh ts.  I EC shal l  not  be  hel d  respons ibl e  for i denti fyi ng  any or a l l  such  paten t ri gh ts .  

The main  task of I EC techn ica l  committees  is  to  prepare  I n ternati onal  Standards.  However,  a  
techn ical  committee  may propose the  publ ication  of a  Techn ical  Report when  i t  has  col l ected  
data  of a  d i fferent ki nd  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC TR 62874,  wh ich  is  a  Techn ica l  Report,  has  been  prepared  by I EC techn ical  comm ittee  
1 0 :  F l u i ds  for el ectrotechn ica l  appl ications.  

The  text of th is  s tandard  is  based  on  the  fo l lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

1 0/903/DTR 1 0/91 7A/RVC 

 

Fu l l  i n formation  on  the  voting  for the  approval  of th is  Techn ica l  Report can  be  found  i n  the  
report on  voti ng  ind icated  i n  the  above table.  

Copyright International  Electrotechnical  Commission  



I EC TR 62874:201 5  © I EC 201 5  – 5  – 

Th is  publ ication  has  been  drafted  i n  accordance  wi th  the  I SO/I EC D i rectives,  Part 2 .  

The  committee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  un ti l  
the  stabi l i ty date  i nd icated  on  the  I EC websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  
re lated  to  the  speci fic  publ ication .  At  th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  rep laced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l i ngual  vers ion  of th is  publ ication  may be  issued  at  a  l ater date.  
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INTRODUCTION  

The cel lu los ic so l i d  i nsu lation  of transformers  and  other e lectrical  apparatus  i s  subject to  
thermal  degradation  during  the ir operational  l i fetime.  Th is  resu l ts  i n  a  progress ive  loss  of 
paper’s  mechan ica l  properties,  such  as  tens i l e  streng th ,  wh ich  are  re lated  to  the  duration  of 

the  techn ical  l i fe  of the  equ ipment [3 , 4 ]  1 .  

During  i ts  thermal  degradation  process  (also  cal l ed  “ageing”  i n  th is  Techn ical  Report) ,  
ce l l u lose  forms  several  by-products,  some of wh ich  may be  detected  by means  of i nsu lating  
o i l ’s  chem ical  anal ys is  [1 , 2 ] .  The  concentration  and  rate  of i ncrease  of those  by-products  can  
be  used  as  a  tool  to  estimate  the  progress  of paper thermal  degradation  i n  transformers  and  
other e lectrical  apparata  i n  service.   

For th is  reason ,  I EC  techn ical  comm ittee  1 0  has  prepared  th is  Techn ical  Report for the  
mon i toring  of i nsu lating  o i l  parameters  re lated  to  cel l u lose  ageing  and  the  i n terpretation  of 
resu l ts,  as  a  gu idance  to  the  thermal  degradation  evaluation  of i nsu lating  paper.   

Th is  Techn ical  Report i s  based  on  the  evaluation  of cel l u lose  ageing  by-products  con ten t i n  
i nsu lating  o i l ,  and  the ir rate  of formation  during  the  l i fe  of the  o i l - immersed  electrica l  
equ ipment.  Statistical  reference  values  reported  in  Annex A of th is  Techn ica l  Report are  
based  on  data  col lected  by TC1 0.  The  fi nal  report  of CIGRE WG  D1 . 01 .TF1 3  [7 ]  was  taken  as  
a  source  of i n formation  concern ing  mechan isms  and  parameters  i n fl uencing  the  formation  of 
furan ic  compounds.  

NOTE  Methods  for the  estimation  of actua l  deg ree  of pol ymerization  (DP)  val ues  of paper,  wh i ch  are  wi del y 
ava i l able  i n  l i terature,  were  not  appl i ed  wi th i n  th i s  Techn ical  Report.  Th i s  i s  due  to  the  fact  that  a  number of 
d i fferen t models  have  been  developed  and  reported ,  and  they often  l ead  to  d i fferen t  resu l ts .  Moreover,  the  
appl i cabi l i ty of those  models  has  not  been  su ffi cien tl y proven  by compari son  wi th  fi e l d  experience  to  be  i ncl uded  
i n to  an  I EC standard .  

Health  and  safety 

This  Techn ica l  Report does  not purport to  address  al l  the  safety problems associated  wi th  i ts  
use.  I t  i s  the  responsibi l i ty of the  user of the  Techn ical  Report to  establ ish  appropriate  heal th  
and  safety practices  and  determ ine  the  appl icabi l i ty of regu latory l im i tations  prior to  use.  

The  m inera l  o i l s  wh ich  are  the  subject of th is  Techn ica l  Report  shou ld  be  hand led  wi th  due  
regard  to  personal  safety and  h yg iene.  D i rect contact wi th  eyes  may cause  s l i ght i rri tation .  I n  
the  case  of eye  con tact,  i rri gation  wi th  copious  quanti ti es  of cl ean  runn ing  water shou ld  be  
carried  ou t and  med ica l  advice  sough t.  

Some of the  tests  speci fied  in  th is  Techn ica l  Report involve  the  use  of processes  that cou ld  
l ead  to  a  hazardous  s i tuation .  Attention  is  d rawn  to  the  re levan t s tandard  for gu idance.  

Environment  

This  Techn ica l  Report i nvolves  m ineral  o i ls ,  chem icals  and  used  sample  con tainers.  The  
d isposal  of these  i tems  shou ld  be  carried  ou t i n  accordance  wi th  current national  l eg is lation  
wi th  regard  to  the  impact on  the  environment.  Every precaution  shou ld  be  taken  to  prevent the  
re lease  i n to  the  envi ronment of m ineral  o i l .  

___________ 

1   F i gu res  i n  square  brackets  refer to  the  B ib l i ography 
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GUIDANCE ON  THE INTERPRETATION  OF CARBON  DIOXIDE  
AND 2-FURFURALDEHYDE AS  MARKERS OF PAPER THERMAL  

DEGRADATION  IN  INSULATING MINERAL OIL 
 
 
 

1  Scope 

I EC TR 62874,  wh ich  is  a  Techn ical  Report  provides  gu i dance  for the  estimation  of consumed  
thermal  l i fe  of transformers'  ce l lu los ic i nsu lators ,  th rough  the  anal ys is  of some compound  
d issolved  in  the  i nsu lati ng  m ineral  o i l .  A comparison  between  anal ytical  resu l ts  of 2 -furfural  
(2-FAL)  and  carbon  oxides  and  thei r correspondent typica l  va lues  estimated  for d i fferent  
fam i l ies  of equ ipment g ives  i n formation  on  the  estimated  thermal  degradation  of papers.  

The  ageing  rate  of i nsu lati ng  papers  can  be  evaluated ,  i n  short time  ranges  (e. g .  1  year) ,  by 
regu larl y mon i toring  2-FAL and  carbon  oxides  con ten t i n  the  o i l  and  by comparing  them  to  
typ ical  rates  of i ncrease.  

A s tatistical  approach  for the  estimation  of paper thermal  degradation ,  and  the  evaluation  of 
ageing  rate  i s  g i ven .  

Typical  va lues  for concentrations  and  rates  of i ncrease  of the  parameters  re lated  to  paper 
ageing  were  extrapolated  from  a  statistical  database col lected ,  and  are  reported  i n  Annex A.  
They may be  used  as  a  rough  gu ide,  bu t they shou ld  not be  cons idered  as  threshold  values.  

Th is  Techn ica l  Report i s  on l y appl icable  to  transformers  and  reactors  fi l l ed  wi th  i nsu lati ng  
m inera l  oi ls  and  i nsu lated  wi th  Kraft paper.  The  approaches  and  procedures  speci fied  shou ld  
be  taken  as  a  practica l  gu idance  to  i nvesti gate  the  thermal  degradation  of ce l lu los ic  
i nsu lation ,  and  not as  an  a lgori thm  to  ca lcu late  the  actual  degree  of polymerization  (DP)  of 
papers.  

The  paper thermal  l i fe  evaluation  protocol  described  i n  th is  Techn ical  Report appl i es  to  
m ineral  o i l  impregnated  transformers  and  reactors ,  i nsu lated  wi th  Kraft paper.  Any equ ipment 
fi l l ed  wi th  i nsu lating  l i qu ids  other than  m inera l  o i l  ( i . e .  esters,  s i l i cones)  or i nsu lated  wi th  so l id  
materia ls  other than  Kraft paper ( i . e .  TUP – thermal l y upgraded  Kraft paper,  syn thetic  
pol ymers)  i s  ou tside  of the  scope  of th is  Techn ical  Report.  

Th is  Techn ica l  Report i s  appl icable  to  equ ipment that has  been  subm i tted  to  a  regu lar 
mon i toring  practice  during  the  service,  and  for wh ich  main tenance  and  fau l t  h is tory i s  known .  

2  Normative references  

The fol l owing  documents,  i n  whole  or i n  part,  are  normativel y referenced  i n  th is  document and  
are  i nd ispensable  for i ts  appl ication .  For dated  references,  on l y the  ed i ti on  ci ted  appl i es .  For 
undated  references,  the  l atest ed i ti on  of the  referenced  document ( i nclud ing  any 
amendments)  appl i es .  

None.  
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3 Significance  

3. 1  General  

This  Techn ical  Report describes  a  statistical  approach  to  paper thermal  l i fe  evaluation .  Th is  
means  that a l l  typica l  va lues  are  obtained  from  popu lations  of transformers  belong ing  to  the  
same fam i l y for techn ical  characteristics  and  appl i cation  (see  Annex A) .   

The  approach  used  to  col l ect statis tical  data,  described  i n  6 . 1 ,  can  be  appl ied  by u ti l i t i es  or 
owners  having  a  l arge  popu lation  of un i ts ,  to  calcu late  i nd ividual  reference  va lues  re lated  to  a  
speci fic fam i l y of transformers  or reactors.  Th is  i s  very important because  d i fferent popu lation  
of transformers  ( i . e .  operati ng  i n  d i fferent cl imates  or under d i fferen t operational  cond i ti ons)  
may have  d i fferen t typical  va lues.  

NOTE  For an  extensi ve  survey on  fu ran ic  compounds  as  markers  for d i agnosis  of paper i nsu lati on  deg radati on ,  
see  CIGRE  Brochu re  494/201 2  [7] .  

3.2  Thermal  and  mechanical  degradation  of paper 

3.2. 1  General  

There  are  main  factors :  des ign  and  materia ls,  con tam inan ts  i n  the  i nsu lation  system  and  
operational  cond i tions,  that wi l l  determ ine  the  ageing  of a  transformer [1 , 2 ] .  For the  sol i d  
i nsu lation  – paper and  pressboard  – i t  means  a  combination  of mechan ica l  and  d ielectric  
performance,  wh ich  are  i n terl i nked  and  synergetic.  For a  transformer,  i n  the  context of 
thermal  ageing ,  i t  i s  the  mechan ica l  s trength  of the  paper that matters .  The  ageing  of paper 
resu l ts  i n  a  decreased  mechan ica l  strength  and  is  assumed  to  reduce the  ab i l i ty of the  
transformer to  wi thstand  short ci rcu i t s tress.  Th is,  however,  has  not  been  statis tica l l y 
demonstrated ,  yet.  

Tensi le  s trength ,  e l ongation  and  fol d ing  strength  a l l  d ecay wi th  time,  and  more  qu ickl y at 
h igher temperatures.   

The  mechan ical  performance of ce l lu los ic i nsu lation  i s  g i ven  i n  terms  of tens i le  index or 
degree  of pol ymerization  (DP),  wh ich  are  strong ly i n fluenced  by ageing .  The  DP value  i s  an  
average  value  of chain  l eng ths  of the  ce l l u lose  molecu les  g i ven  as  a  number of g l ucose  ri ngs  
i n  a  cel lu lose  chain .  I t  i s  measured  th rough  measurement of the  viscos i ty of a  paper solu tion ,  
accord ing  to  I EC  60450  [8] .  

I t  i s  more  conven ien t to  perform  DP than  tens i le  i ndex,  because  of the  l im i ted  amount of 
paper access ib le  for tests;  therefore  i t  i s  widel y used  for the  evaluation  of the  ce l l u los ic 
ageing  status .  

There  are  three  main  processes  of degradation :  

– hydrol ys is;  

– oxidation ;  

– pyrol ys is .  

3.2.2  Impact of temperature  

Temperature  affects  the  rate  of degradation .  Th is  fact i s  reflected  i n  I EC 60076-7  [3 ]  and  
IEEE  Std  C57.91  [4]  transformer l oad ing  gu ides.   

I EC 60076-7  [3 ]  suggests  i n  accordance wi th  Monts inger that the  l i fe  of a  transformer can  be  
described  accord ing  to  Equation  (1 ) :   

 Life duration  = 
θ×− pe  (1 )  
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where:  

p   i s  a  constant (a  value  of 6  i s  suggested  i n  the  range  80  °C  to  1 40  °C)   

θ   i s  the  temperature  i n  degrees  Cels ius.   

Th is  i s  a  s impl i fi ed  vers ion  of Arrhen ius  l aw used  i n  I EEE  Std  C57. 91  [4] .  

Since  a  precise  end-of-l i ne  cri terion  for a  transformer is  not rea l l y avai l ab le ,  I EEE  and  I EC  
standards  use  an  approach  where  ageing  rate  is  cons idered .  Th is  i s  the  i nverse  of l i fetime –  
i n  Montsinger form :  

 Rate of ageing = constant
θ×

×
pe  (2)  

The  constan t i n  Equation  (2)  i s  dependent on  many parameters,  e. g .  ori g ina l  qua l i ty of 
cel l u losic  products  as  wel l  as  envi ronmental  parameters  (moisture  conten t  and  oxygen  i n  the  
system).  A graph ical  representation  of these  i n fl uences  i s  shown  i n  F igure  1 .  

 

Figure 1  – Schematic  d iagram  showing  rate  of ageing  k,   
depend ing  on  d i fferent  ageing  mechan isms  

3.2.3  Impact of humidi ty and  oxygen  

Hum id i ty and  oxygen  ingress  (oxidation)  have  an  important impact on  the  ageing  of Kraft  
paper.  Th is  means  not on l y that the  mechan ical  strength  of paper rapid l y decreases  under 
i ngress  of moisture  and  a i r,  bu t practical l y causes  an  i ncreas ing  contam ination  of the  
combined  l i qu id -sol i d  i nsu lation  under these  cond i ti ons.  I t  i s  a  consequence  of the  
degradation  products  formed  from  o i l  and  paper l ead ing  to  a  further degradation .   

During  the  ageing  of the  combined  cel lu los ic and  o i l  i nsu lation  many by-products  are  formed  – 
carbon  oxides,  water,  acids,  s l udge  and  furan ic compounds.  Many of these  degradation  
products,  e. g .  furan ic compounds,  are  solub le  i n  o i l  and  stable  enough  to  be  used  as  
d iagnostic markers.  Furan ics  are  formed  by dehydration  reactions  fol l owing  h ydrol ys is  of the  
cel l u lose  and  hem icel l u lose  as  wel l  as  by oxidati ve  pyrol ysis  of cel l u lose.  Their anal ytical  
determ ination  is  wel l  known  and  re l iab le  (see  I EC 61 1 98  [1 2] ) .  

I n  a  transformer a l l  these  processes  – hydrol ys is ,  oxidation  and  pyrol ys is  – act 
s imu l taneousl y,  resu l ti ng  i n  a  non- l i near mechan ism  (see  F igure  1 ) .  Wh ich  process  wi l l  
dom inate  depends  on  the  temperatu re  and  the  operational  parameters.  I n  fact the  appl ication  
of one  acti vation  energy,  a l though  often  practiced ,  i s  very d i fficu l t because  of the  complexi ty 
of the  degradation  processes.  
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3.3  Symptoms of paper ageing  in  insu lating  oi l  

3.3. 1  General  

The ageing  of paper can  be  detected  by d i rect i nvestigation  on  the  paper or by the  
measurement of by-products  d issolved  i n  the  oi l .  

Cel l u lose  degradation  main l y affects  the  mechan ical  properties  (tens i le  s trength ,  e l ongation ,  
burst s trength ,  double  fo ld  strength ,  etc. )  of paper (see  F igure  2),  bu t a  d i rect measure  of 
those  parameters  requ i res  the  sampl ing  of a  l arge  amoun t of paper,  wh ich  i s  normal l y 
imposs ible  during  the  operational  l i fetime of a  transformer.  However,  the  re lati onsh ip  between  
the  mechan ica l  i ndexes  and  the  degree  of pol ymerization  (DP)  is  wel l  known.  Degradation  of 
paper does  not s i gn i fican tl y affect i ts  res istance  to  the  compress ion  forces  mostl y and  
con tinuous l y appl ied  to  transformer wind ings  through  clamping .  

 

Figure 2  – Relationship  between  mechan ical  properties  of  
insu lating  paper and  paper degree  of polymerization  (DP)  [5] .  

The DP value  is  the  average  number of g l ycoside  ri ngs  i n  the  cel l u lose  polymer;  i n  the  nati ve  
cel l u lose  DP may be  as  h igh  as  or more  than  1 0  000  un i ts  bu t after the  puri fication  process  
and  other treatments  the  DP value  of the  e lectrical  Kraft paper decreases  to  around  
1  000  un i ts  (typical  va lue:  1  200) .  

DP i s  measured  in  accordance wi th  I EC  60450  [8] ,  th rough  measurement of the  speci fic 
viscosi ty of a  very smal l  amount of paper d issolved  in  cupri -ethylene-d iam ine  (CuED).  From  
th is  measurement the  i n tri ns ic viscosi ty of solu tion  is  deduced  and  from  th i s,  us ing  the  
Martin ’s  formu la ,  the  DP va lue  i s  easi l y ca lcu lated .  

By-products  of aged  paper may be  class i fi ed  as  volati l e,  so luble  and  i nsoluble ,  and  are  
dependent on  the  speci fi c decomposi tion  process:  pyrol ys is,  h ydrol ysis  or oxidation .  
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3.3.2  Volati le  by-products  

Carbon  oxides  (CO and  CO2 )  are  the  u l timate  products  of cel lu lose  degradation  and  are  

measured  wi th  d issolved  gas  anal ys is  (DGA)  in  accordance  wi th  I EC  60567  [9] .  I t  must be  
taken  i n to  account  that both  CO  and  CO2  can  be  generated  from  oi l  oxidation  as  wel l .  

Water can  reach  several  per cen t of the  paper weight.  Most of the  water formed  i s  adsorbed  
and  reta ined  i n  the  sol i d  i nsu lation  of the  transformer and  on l y a  l i ttle  part  i s  d issolved  in  o i l .  
Of cou rse  another contribu tion  to  total  water i s  the  i ngress  of moisture  from  atmosphere.  

The  detection  of water i n  o i l  i s  performed  i n  accordance  wi th  I EC  6081 4  [1 0] .  

3.3.3  Soluble  by-products  

A l arge  number of oi l  soluble  compounds  (acids,  a lcohols,  e tc. )  are  generated  from  paper 
degradation .  The  most commonl y used  compound  for d iagnosis  i s  2-furfu ral  (2-FAL)  and  i ts  
re lated  compounds:  

– 5  h ydroxymethyl  2-furfu ral  (5-HMF)  

– 2  fu rfuryla lcohol  (2-FOL)  

– 2  acetyl furan  (2-ACF)  

– 5  methyl  2-furfural  (5-MEF).  

The  detection  of 2-FAL and  re lated  compounds  in  o i l  i s  performed  i n  accordance wi th  
I EC 61 1 98  [1 2 ] .  

I n  the  same way as  wi th  water,  a  re levant amount of generated  furan ic compounds  is  reta ined  
i n  the  bu lk  of the  paper.  The  ratio  between  the  concentration  of furan ic  compounds  i n  the  
paper and  i n  the  o i l  d i ffers  for each  s ing le  compound ,  and  i s  affected  by temperature.  
I ncreased  temperature  forces  the  equ i l ibrium  of furan ic compounds  to  a  h igher concentration  
i n  the  o i l .  Decreased  temperature  forces  the  equ i l i bri um  of furan ic compounds  to  a  h i gher 
concentration  i n  the  paper,  especial l y i n  the  case  of d ry paper.  

Paper hum id i ty and  type  of paper also  i n fl uence  the  o i l -to-paper concentration  ratio  of furan ic 
compounds.  A wet paper tends  to  retain  a  l arger amount of furan ic compounds,  thus  reducing  
the  o i l -to-paper concen tration  ratio.  

Furan ic compounds  are  not h i gh l y stable,  and  may be  degraded  by oxidation ,  mostl y in  o i l s  
wi th  h igh  oxygen  con ten t.  Decay i n  the  concentration  of 2 -FAL was  observed  i n  transformers 
during  thei r operation ,  due  to  i ts  i nherent  i nstabi l i ty.  

Acid  compounds  may be  formed  e i ther by ce l l u lose  and /or o i l  oxidation ,  and  a  h igh  acid i ty 
often  accompan ies  other symptoms of paper ageing .   

3.3.4  Insoluble  by-products  

Severe  paper ageing  can  fi nal l y l ead  to  the  fragmentation  of pol ymeric  cel l u lose,  and  smal l  
paper fibres  can  be  detached  from  the  paper mass.   

The  ce l l u lose  fi bres  can  be  detected  as  particles  present i n  i nsu lati ng  o i l ,  i n  accordance wi th  
I EC 60970  [1 1 ] .  

3 .4  Operational  parameters  influencing  paper thermal  ageing   

I n  add i tion  to  transformer hours  of service  as  a  key parameter i n  defi n ing  “real  age”  of paper 
i nsu lation  i n  normal  working  reg imes,  other operational  parameters  such  as  l oad ,  type  of 
cool i ng  and  transformer sub-type  have  a  major i n fluence on  paper thermal  ageing .  The  nature  
of the  o i l  may a lso  be  a  fundamental  parameter for the  estimation  of paper thermal  ageing .  
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The  h i gh- load  of a  transformer,  impl ying  e levated  operati ng  temperatures,  promotes  the  paper 
thermal  degradation  process,  observed  wi th  some types  of transformers  that are  often  
overloaded  (shunt reactors,  HVDC,  generator step-up  (GSU)  i n  thermal  power p lants  (TPP),  
h igh  vol tage  in ter-tie  transm ission  transformers).   

The  type  of cool i ng ,  in  terms  of cool ing  med ia  (water or a i r)  and  type  of fl ow appl ied  (forced  or 
natura l  convection ) ,  affects  efficiency of heat removal ,  thus  i n fl uencing  the  rate  of paper 
thermal  degradation .  The  most efficien t cool i ng  can  be  ach ieved  by appl ying  water as  coolan t 
i n  forced  o i l  fl ow.  

For example,  i t  was  observed  i n  most cases  that the  degree  of paper degradation  wi th  GSU  
transformers  i n  h ydro  power p lan ts  (HPP)  i s  l ower than  wi th  thermal  power p lant GSU  un i ts ,  
having  a  s im i lar service  duration .  These  fi nd ings  are  corre lated  to  d i fferent types  of cool ing  
(OFWF versus  ONAF  and  OFAF),  hours  of service  and  l oad ing  h istory of HPP  and  TPP un i ts  
[6 ] .  

Among  d i fferent transformer sub-types,  a i r-breath ing  transformers  are  subj ected  to  more  
in tensive  paper degradation  than  sealed  ones,  due  to  h i gher oxygen  and  moisture  content.  
E levated  concentrations  of oxygen  and  water accelerate  the  paper degradation  process.  

S ince  the  paper degradation  process  i s  temperature  dri ven ,  every environmenta l  and  
operational  cond i tion  that may affect the  temperature  can  a lso  mod i fy the  degradation  rate  of 
the  sol id  i nsu lation .  An  elevated  envi ronmenta l  temperature  or a  h i gh  load ing  can  thus  
increase  the  rate  of paper degradation ,  resu l ti ng  i n  a  sudden  increase  of 2 -FAL,  CO2 ,  CO and  

other by-products .  

3.5  Role  of oi l  type and  condi tion  

Oi l  type  may affect the  ageing  rate  of paper.  I nh ib i ted  o i l s  show a  l ower tendency to  form  
acid i ty,  and  the  oxidation  process  is  s lackened ;  the  effect of oxygen  in  the  paper oxidation  
process  is  reduced .   

Transformers  impregnated  wi th  i nh ib i ted  o i l  may show a  l ower content  of 2-FAL i f compared  
wi th  un i ts  i nsu lated  wi th  an  un inh ib i ted  o i l ,  even  i f showing  the  same degree  of pol ymerization  
(DP)  of the  paper.  

The  effect of pass ivators  ( tri azole  derivates)  i n  the  ageing  of cel l u loses  i s  s ti l l  not wel l  
defined .  By defin i tion ,  metal  pass ivators  may i nduce  a  l ower rate  of the  o i l  d egradation  
process  by deactivati ng  the  copper catal yst i n  oxidation  processes,  therefore  s lowing  down  
the  paper degradation  process,  bu t i n fl uence of metal  pass ivators  on  2-FAL concentration  i n  
the  o i l  may not be  s tra ightforward .  Some l aboratory stud ies  have  shown  that papers  
impregnated  wi th  o i ls  to  wh ich  a  passivator has  been  added ,  may have  a  l ower tendency to  
form  furan ic compounds;  th is  may l ead  to  optim istic estimation  of ageing  i n  presence of 
tri azol ic  pass ivators .   

The  ageing  cond i ti on  of the  o i l  may a lso  affect the  parti ti on  of fu ran ic compounds  between  
sol i d  and  l i qu id  i nsu lation ;  acid ic o i ls  may resu l t i n  an  i ncreased  2 -FAL concentration  i n  o i l ,  
due  to  i ts  augmented  capabi l i ty to  extract polar compounds  from  the  paper.  

3.6  Fau l t  conditions  that  may affect  thermal  ageing  

I n  transformers  where  the  degradation  mechan ism  may be  e i ther thermal  or e l ectrical ,  the  rate  
of paper degradation  may i ncrease  rapid l y as  a  consequence  of s i gn i fican t temperature  rise.  
H igh  energy thermal  and  e lectrical  fau l ts  i nvolving  excess ive  currents  ci rcu lating  th rough  the  
i nsu lation  and  large  cu rren t fo l l ow-through  l ead  to  extens ive  destruction  and  carbon ization  of 
paper.  

I n  presence of l ocal  thermal  degradation  due  to  a  fau l t,  the  estimation  of the  paper’s  
consumed  thermal  l i fe  may become very d i fficu l t,  s ince  the  extension  of the  paper volume  
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i nvolved  i s  unknown ,  and  temperature  may have  strong  variations  even  over a  short t ime.  
I nvestigations  on  the  presence  of thermal  fau l ts  through  DGA shou ld  a lways  accompany 
thermal  l i fe  evaluation ,  to  avoid  m islead ing  conclusions.   

H i gh  energy e lectrical  fau l ts  (d ischarges  of h i gh  energy)  usual l y i nvolve  a  very smal l  volume 
of paper,  so  that the  con tribu tion  to  the  detected  concentration  of furan ic compounds  is  
neg l ig ib le .  I n  case  of d i scharges  wi th  paper i nvol ved ,  a  sharp  increase  of carbon  oxides  i s  
observed ,  rather than  an  noticeable  i ncrease  of 2 -FAL.  The  formation  of ce l l u lose  by-product  
has  not been  found  to  be  re lated  to  partia l  d ischarges.  

3.7  Maintenance  operations  that  may affect  thermal  ageing  ind icators  

3.7. 1  General  

Main tenance operations  on  the  o i l  may affect  (partia l l y or tota l l y)  parameters  used  as  
i nd icators  of cel l u lose  thermal  ageing  (see  3 . 3) .  Thei r effects  shou ld  be  taken  in to  accoun t 
during  the  estimation  of the  tota l  2-FAL concen tration ,  and  i n  evaluati ng  the  rate  of i ncrease  
of the  thermal  ageing  i nd icators.  

3.7.2  Effects  of oi l  recond ition ing  

Oi l  recond i tion ing  may reduce  2-FAL  concen tration  i n  o i l ,  d epend ing  on  the  duration /efficiency 
of the  treatment.   

O i l  recond i ti on ing  normal l y does  not s i gn i fi can tl y affect 2-FAL,  gas  and  moisture  
concentration  i n  cel lu lose.  On- l ine  degassing  or l ong-term  recond i tion ing  may reduce moisture  
i n  paper.  

The  equ i l i brium  of 2-FAL d istribu tion  between  o i l  and  paper is  restored  i n  a  time depend ing  on  
temperature,  cool i ng  and  o i l  ci rcu lation .   

D issolved  gases  and  water d issolved  i n  o i l  are  mostl y removed  by vacuum  degassing .   

I n  the  6  months  fol lowing  a  recond i tion ing ,  the  rates  of i ncrease  of 2-FAL,  d issolved  gases  
and  moisture  shou ld  not be  considered  as  an  ind icator of i ncreased  ageing  rate,  the  
equ i l ibri um  being  forced  thermodynam ical l y th rough  the  i ncrease  of concentration  i n  the  o i l .  

3.7.3  Effects  of oi l  reclamation  

Reclaim ing  the  o i l  has  major effects  on  the  concentration  of 2-FAL.  Furan ic compounds  are  
polar and  they are  a lmost complete l y removed  by fu l l er’s  earth  and  other adsorbing  med ia.  

After an  o i l  reclamation  the  trend  of furan ic compounds  shou ld  be  carefu l l y recorded  (wi th  
frequent  sampl ing)  to  mon i tor the  i ncrease  of 2 -FAL,  taking  i n to  account  new equ i l ibri um  
cond i ti ons.  

NOTE  For effects  of reclamation  on  d i ssolved  gases  and  moisture  see  3. 7. 2  

3.7.4  Effects  of oi l  change  

Oi l  change has  major effects  on  the  concentration  of 2-FAL,  as  wel l .  Al l  the  by-products  
d issolved  i n  the  o i l  are  removed .  Nevertheless,  after an  o i l  change  a  new equ i l i brium  between  
sol i d  and  l iqu id  i nsu lation  i s  dependent on  temperature,  cool ing  and  o i l  ci rcu lation .  

After an  o i l  rep lacement the  trend  of furan ic compounds  shou ld  be  carefu l l y recorded  (wi th  
frequent sampl ing)  to  mon i tor the  i ncrease  of 2 -FAL,  taking  in to  account  new equ i l ibri um  
cond i ti ons.   

NOTE  For effects  of o i l  change  on  d i ssolved  gases  and  moisture  see  3. 7. 2  
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4 Moni toring  protocol  

4.1  General  

A regu lar mon i toring  of parameters  related  to  thermal  ageing  of ce l lu lose  i s  s trictl y requ i red  
for the  estimation  of paper ageing  cond i tion  and  i ts  rate  of thermal  degradation .  No  evaluation  
shou ld  be  done  and  no  action  shou ld  be  taken  on  the  bas is  of a  s ing le  determ ination .   

Evaluation  based  on  a  few samples  close  to  the  end  of the  operational  l i fetime wi l l  not lead  to  
re l i able  conclus ions;  the  approach  for the  estimation  of paper thermal  degradation  reported  in  
th is  Techn ical  Report cannot be  appl i ed  i f a  regu lar mon i toring  was  not performed  during  the  
l i fe  of the  equ ipment.  

4.2  Parameters  

4.2. 1  Basic  mon itoring  

Parameters  for a  bas ic mon i toring  are  (see  3. 3):  

– furan ic compounds;  

– DGA (d issolved  gas  analys is) .  

NOTE  The  use  of DGA as  a  mon i tori ng  tool  i s  solel y add ressed  to  the  scope  of th i s  Techn ical  Report,  i . e.  the  
estimation  of paper age ing  cond i ti on .  For the  appl i cati on  of DGA as  a  tool  to  i n tercept  or reveal  fau l ty cond i ti ons  of 
transformers,  refer to  I EC 60599  [1 4] .  

4.2.2  Complementary monitoring  

Parameters  for complementary mon i toring  are  (see  3. 3) :  

– water con ten t i n  o i l ;  

– acid i ty;  

– i nh ib i tor content  (for i nh ib i ted  oi ls  on l y,  refer to  I EC 60666  [1 3]  for the  detection  method) ;  

– pass ivator con tent  (for passivated  o i l s  on l y,  refer to  I EC  60666  for the  detection  method) ;  

– particle  counting .  

4.3  Recommended  testing  frequencies   

The  fol lowing  sampl i ng  and  testi ng  frequencies  are  recommended  for paper thermal  
degradation  mon i toring ,  depend ing  on  the  age  of the  equ ipment and  the  resu l ts  of previous  
estimations  of paper thermal  degradation .  

I n  case  of i nd ications  of typica l  or low paper thermal  degradation :  

– bas ic  mon i toring  every 1  to  2  years .  

I n  case  of i nd ications  of h i gh  paper thermal  degradation  or h i gh  rates  of paper thermal  
degradation ,  or in  case  of suspect  of abnormal  paper ageing  due  to  h igh  l oad ing ,  defective  or 
i nsufficien t cool i ng  or severe  envi ronmenta l  cond i ti ons:  

– bas ic  and  complementary mon i toring  at l east twice  per year.  

I n  case  of evidence  of severe  thermal  degradation ,  or i f DGA shows  presence of thermal  
fau l ts  (T1 -T2):  

– refer to  I EC  60599  for DGA i n terpretation  and  sampl i ng  frequency.  
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5 Typical  values  of paper ageing  symptoms  

5.1  General  

Typical  va lues  are  calcu lated  for 2-FAL and  carbon  d ioxide,  for d i fferent fam i l ies  of equ ipment 
l i sted  i n  5. 1 .  The  sample  popu lation  is  d ivi ded  in  age  ranges  as  fol l ows:  

– un i ts  wi th  service  age  l ower or equal  to  1  year;  

– un i ts  wi th  service  age  h i gher than  1  year and  l ower or equal  to  1 0  years ;  

– un i ts  wi th  service  age  h igher than  1 0  years  and  l ower or equal  to  30  years ;  

– un i ts  wi th  service  age  h i gher than  30  years .  

For each  age  range  two  reference values  are  calcu lated :   

– the  l ower value  corresponds  to  the  va lue  where  90  %  of the  popu lation  fa l l s  (90 th  
percenti l e)  

– the  h igher value  corresponds  to  the  value  where  98  %  of the  popu lation  fa l l s  (98 th  
percenti l e)  

Wh i le  calcu lating  typical  va lues  for a  fam i l y of equ ipment,  i t  i s  h i gh l y recommended  to  fol l ow 
the  above  l i s ted  cri teria ,  taking  i n to  account a lso  the  fo l lowing  recommendations :  

– d iscard  values  measured  j ust fo l l owing  an  o i l  recond i tion ing ,  recla im ing  or replacement;  

– d iscard  va lues  measured  on  un i ts  having  been  ou t of service  for a  long  period ;  

– cons ider on l y values  measured  wi th  un i ts  at constan t power l oad  (equ i l ibri um  cond i tions) ;  

– the  re l iabi l i ty of l aboratories  perform ing  the  anal ysis  i s  of ou tmost importance.  

Whi le  ca lcu lati ng  typical  rate  of i ncrease  (RoI )  va lues  for a  fam i l y of equ ipment,  i t  i s  h i gh l y 
recommended  to  fo l l ow the  above l i sted  cri teri a:  

– cons ider on l y values  sampled  wi th  a  reasonable  time  gap  (>  6  months),  to  reduce  the  
effects  of test reproducibi l i ty;  

– RoI  shou ld  be  preferably measured  on  a  set of 3  to  4  va lues  obtained  wi th  regu lar 
sampl i ng ,  even tual l y us ing  the  moving  average  to  reduce the  effects  of s tatistical  
fl uctuations.  

5.2  Fami l i es  of equ ipment  

For a  better estimation  of paper thermal  degradation ,  equ ipment i s  classi fi ed  i n  fam i l ies ,  
having  d i fferen t typical  va lues  of the  parameters  re lated  to  thermal  degradation  of paper.  
Fam i l i es  of equ ipment are:  

– reactors  

– power transformers  

•  GSU  (generation  step-up  un i ts)  

•  network transm ission  

•  l arge  d istribution  (>  2  MVA)  

– recti fi ers  

•  HVDC 

•  LVDC 

– furnace  transformers  

– i ndustria l /d istribution  (<  2  MVA)  
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Moreover,  when  a  sufficien t amoun t of data  is  avai l ab le ,  each  fam i l y i s  d i vided  in  sub-fam i l i es  
on  the  bas is  of des ign  parameters  (conservator breath ing  mode)  and  type  of o i l  ( i nh ib i ted  or 
un inh ib i ted).  

6 Estimation  of paper thermal  degradation  and  ageing  rate   

6.1  General  approach  

NOTE  The  procedu re  for estimation  of paper thermal  degradation  descri bed  i n  th i s  Techn i cal  Report  i s  based  on  
the  stati s ti cal  evaluation  of a  popu l ation  of transformers.   

The approach  to  the  estimation  of paper thermal  degradation  proposed  here  i s  addressed  to  
suppl y general  i n formation  on  the  thermal  degradation  cond i ti ons  and  ( i f possible)  on  the  rate  
of degradation .   

Paper thermal  degradation  may be  evaluated  by means  of comparing  the  value  of parameters  
re lated  to  thermal  degradation  to  the  typical  values  obtained  by the  popu lation  of equ ipment.  

Transformers  and  reactors  having  undergone major repair,  oi l  change and /or reclamation ,  or 
having  shown  symptoms of thermal  fau l ts  shou ld  be  evaluated  very carefu l l y,  for the  reasons  
described  in  3. 6.  

A un ique  set of threshold  values  for furan ic compounds  or carbon  oxides  cannot be  
establ ished ,  d ue  to  the  l arge  variation  of typica l  va lues  resu l ti ng  from  d i fferent  databases.  
Nevertheless,  a  statis tica l  evaluation  may be  done  on  a  se lected  popu lation ;  thus,  on  the  
basis  of typ ical  va lues  ca lcu lated  as  described  i n  5:  

– LOW thermal  degradation  is  associated  wi th  values  l ower than  the  90 th  percen ti l e  of the  
appropriate  fam i l y of transformer,  for the  correspond ing  service  age;  

– TYPICAL thermal  degradation  i s  associated  wi th  values  between  90 th  and  98 th  percenti le  
of the  appropriate  fam i l y of transformer,  for the  correspond ing  service  age ;  

– H IGH  thermal  degradation  is  associated  wi th  values  h igher than  the  98 th  percen ti l e  of the  
appropriate  fam i l y of transformer,  for the  correspond ing  service  age.  

Un i ts  i n  LOW ageing  cond i ti on  can  be  assumed  as  having  a  paper thermal  degradation  l ower 
than  the  one  that  shou ld  be  expected  on  the  base  of the  actual  age  of service.  

Un i ts  i n  TYPICAL ageing  cond i tion  can  be  assumed  as  having  a  paper thermal  degradation  
close  to  the  one  that shou ld  be  expected  on  the  bas is  of the  actual  age  of service.  

Un i ts  i n  H IGH  ageing  cond i ti on  can  be  assumed  as  having  a  paper thermal  degradation  h igher 
than  the  one  that  shou ld  be  expected  on  the  bas is  of the  actual  age  of service.  

Al l  reference values  described  in  Annex A were  obta ined  from  a  databank of un i ts  where  90%  
of the  popu lation  has  a  service  age  of l ess  than  35  years .  Thus,  a l l  considerations  re lati ve  to  
the  ageing  cond i tion  and  the  paper thermal  degradation  shou ld  refer to  an  average  l i fe  of 
transformers  of 30  to  40  years.  

6.2  Practice  

Fol low the  mon i toring  protocol  described  i n  Clause  4  regu larl y.  

Exam ine  the  main tenance and  fau l t  h is tory of the  equ ipment,  and  g ive  particu lar atten tion  to  
even ts  wh ich  may have  i n fl uenced  the  con ten t of cel l u lose  degradation  by-products  (see  3 . 4  
to  3. 7)  or to  fau l t cond i ti ons  wh ich  may j eopard ize  the  evaluation  of paper thermal  ageing  (see  
3. 6).  
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Veri fy to  wh ich  of the  fam i l i es  defined  i n  5. 2  (or other fam i l ies  even tual l y i den ti fied)  the  un i t  
belongs.  

Establ ish  actual  va lues  and  rates  of increase  of 2-FAL and  carbon  d ioxide  i n  the  un i t,  and  
refer to  typical  va lues  i n  order to  i den ti fy the  cond i ti on  of the  un i t i n  terms  of ageing  cond i tion  
and /or ageing  rate.  F igure  3  reports  a  fl ow-chart of the  whole  practice  procedure.  

  

 

Figure 3  – Example of flow-chart for the  estimation   
of paper degradation  conditions  

NOTE  I f 2-FAL eval uation  and  CO2  evaluation  produce  d i fferent  resu l ts ,  a  conservati ve  approach  suggests  

considering  the  worst  cond i ti on  of the  two obta ined .  I n  th i s  case,  a  more  frequent  mon i tori ng  i s  recommended  for a  
better assessment.  

EXAMPLE  One  network transm ission  un i t  fi l l ed  wi th  un i nh i b i ted  m ineral  o i l ,  wi th  1 2  years  of service,  shows  the  
fol l owing  data:  

– 2-FAL concentration  =  2 , 5  mg/kg  

– CO
2
 concentrati on  i n  o i l  =  6  500  μ l /l  

Tables  A. 1 ,  A. 2  and  A. 9  appl y to  th is  example .  Search  i n  the  column  [1 0  <  Y ≤  30]  where  the  
actual  values  fa l l  i n  comparison  wi th  reference  values.  

2-FAL va lue  ind icates  a  TYPICAL ageing ,  CO
2
 va l ue  i nd icates  a  LOW ageing .  The  un i t  shou ld  

be  cons idered  i n  TYPICAL ageing  cond i tion ,  wi th  a  recommendation  to  con tinue  a  regu lar 
mon i toring  to  confi rm  th is  evaluation .  

7 Actions  

A transformer or reactor found  in  H IGH  ageing  cond i tions  or wi th  a  H IGH  ageing  rate  may 
requ ire  an  action  to  recti fy the  cri tica l  factor.   

IEC 

Actions:  
Increase sampling 

frequency 
contact manufacturer 

Ageing rate:  
low  

Compare with  
typical  rol  

Ageing rate:  
typical  

Ageing rate:  
h igh  

Deeper investigations  

Deeper investigations  

Compare with  
typical  value  

Thermal  
degradation:  

h igh  

Thermal  
degradation:  

typical  

Thermal  
degradation:  

low  

Results  Sampling  protocol  
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I t  i s  recommended  to  keep  the  un i t under regu lar and  strict mon i toring  to  confi rm  the  presence  
of abnormal  paper thermal  degradation .   

I n  case  of abnormal  paper thermal  degradation ,  refer to  the  manufacturer before  taking  any 
decis ion .   

Copyright International  Electrotechnical  Commission  



I EC TR 62874:201 5  © I EC 201 5  – 1 9  – 

Annex A 
(informative)  

 
Typical  values  tables  

A.1  General  warning  

Data  reported  i n  Annex A shal l  not be  considered  as  thresholds  or l im i ts.   

They are  g iven  as  examples  of typ ical  values  for some fam i l ies  of equ ipment,  and  are  not 
exhaustive  or comprehensive  of a l l  transformer types.  Users  having  a  sufficien t number of 
un i ts  to  ca lcu late  speci fi c typ ical  va lues  and  rates  of i ncrease  are  encouraged  to  bu i l d  thei r 
own  tables  of values  and  to  refer to  them  for evaluation .  

A.2  2-FAL typical  values  

A.2. 1  General  

Typical  va lues  of 2-FAL concentration  (Conc. ,  expressed  i n  mg/kg)  and  rate  of i ncrease  (RoI ,  
expressed  in  mg/kg/y)  are  l i sted  in  the  fo l l owing  tables.  Each  table  refers  to  the  fam i l y of 
equ ipment and  o i l  type  described  i n  the  re lated  note.  

NOTE  Values  reported  as  N . A.  (not  avai l able)  were  not  cal cu lated ,  because  the  number of cases  i n  the  popu l ation  
was  too  exi guous.   

A.2.2  Fami ly:  GSU  (generation  step-up un i ts)  

NOTE  I n  A. 2 . 2 ,  no  d i sti nction  i s  made  between  un i ts  wi th  open  conservator and  un i ts  wi th  sealed  conservator.  

A.2.2. 1  Sub-fami ly:  GSU  impregnated  with  un inh ibi ted  oi l  

Table  A. 1  – 2-FAL typical  values  for GSU  transformers,   
fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 1  860  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  <  0 , 05  <  0 , 01  0 , 3  0 , 04  2 , 0  0 , 30  3 , 0  N .A.  

98°  <  0 , 05  <  0 , 01  1 , 0  0 , 1 0  4 , 0  0 , 70  6 , 0  N .A.  

 

A.2.2.2  Sub-fami ly:  GSU  impregnated  with  inh ibi ted  oi l  

Table  A.2  – 2-FAL typical  values  for GSU  transformers,   
fi l led  wi th  inh ibi ted  mineral  oi l  (based  on  a  population  of 1 76 un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  N .A.  N .A.  0 , 1  N .A.  0 , 80  0 , 25  N .A.  N .A.  

98°  N .A.  N .A.  0 , 1 5  N .A.  1 , 5  0 , 60  N .A.  N .A.  
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A.2.3  Fami ly:  network transmission  un i ts  

Table  A.3  – 2-FAL typical  values  for network transmission  transformers,   
fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 2  845 un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  0 , 1  0 , 01  0 , 3  0 , 06  1 , 6  0 , 25  2 , 0  0 , 3  

98°  0 , 2  0 , 02  1 , 1  0 , 6  3 , 5  0 , 80  4 , 5  1 , 1  

 

A.2.4  Fami ly:  l arge  d istribution  un i ts  

A.2 .4. 1  Sub-fami ly:  l arge d istribution  un i ts  wi th  open  conservator 

Table  A.4  – 2-FAL typical  values  for large  d istribution  transformers,   
wi th  open  breath ing  conservator,  fi l l ed  wi th  un inh ibi ted  m ineral  o i l   

(based  on  a  popu lation  of 7  1 07  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  <  0 , 05  <  0 , 01  0 , 7  0 , 20  1 , 5  0 , 30  N .A.  N .A.  

98°  0 , 2  0 , 03  3 , 0  0 , 50  4 , 5  0 , 80  N .A.  N .A.  

 

A.2.4.2  Sub-fami ly:  l arge  d istribution  un i ts  wi th  sealed  conservator 

Table  A.5  – 2-FAL typical  values  for large  d istribution  transformers,   
wi th  sealed  conservator,  fi l l ed  wi th  un inh ibi ted  mineral  oi l   

(based  on  a  popu lation  of 288  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  <  0 , 05  N .A.  0 , 1 5  0 , 02  1 , 6  0 , 40  N .A.  N .A.  

98°  0 , 1 5  N .A.  0 , 85  0 , 04  5, 0  0 , 70  N .A.  N .A.  

 

A.2.5  Fami ly:  industrial  d i stribution  un i ts  

Table  A.6  – 2-FAL typical  values  for industrial  d istribution  transformers,   
fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 3  885 un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  0 , 60  0 , 02  0 , 70  0 , 1 0  1 , 3  0 , 30  N .A.  N .A.  

98°  1 , 5  0 , 20  2 , 7  0 , 70  4 , 5  1 , 1  N .A.  N .A.  
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A.2.6  Fami ly:  LVDC un i ts  

Table  A.7  – 2-FAL typical  values  for LVDC  transformers,   
fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 360  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  N .A.  N .A.  0 , 80  0 , 30  1 , 0  0 , 30  N .A.  N .A.  

98°  N .A.  N .A.  1 , 4  0 , 80  3 , 0  0 , 80  N .A.  N .A.  

 

A.3  Carbon  d ioxide typical  values  

A.3. 1  General  

Typical  va lues  of carbon  d ioxide  concentration  (Conc. ,  expressed  in  μ l /l )  and  rate  of increase  
(RoI ,  expressed  i n  μ l /l /y)  are  l i sted  i n  the  fol lowing  tab les.  Each  table  refers  to  the  fam i l y of 
equ ipment and  o i l  type  described  i n  the  re lated  note.  

NOTE  1  Values  reported  as  N .A.  (not  ava i l abl e)  were  not  ca l cu lated ,  because  the  number of cases  i n  the  
popu lati on  was  too  exiguous.  

Due to  lack of data  no  d ivis ion  of data  i s  described  accord ing  to  type  of preservation  system  
(open-breath ing  vs .  sealed /n i trogen  b lanketed)  that may affect CO

2
 concentration .  I t  i s  h igh l y 

recommended  to  make such  d i vis ion  for ind ividual  data  bank anal ys is.  

NOTE  2  Typical  va l ues  and  typical  rates  of i ncrease  for carbon  oxi des  that  are  reported  i n  I EC  60599  d i ffer from  
the  ones  l i s ted  i n  the  fol l owi ng  tables.  Th i s  i s  due  to  the  d i fferen t approach  used  i n  th i s  Techn ical  Report,  where  
typical  va l ues  are  ca lcu lated  for speci fi c  age  i n terval s ,  and  are  a imed  sole l y at  the  estimation  of paper thermal  
deg radation .  For the  appl i cation  of DGA as  a  tool  to  i n tercept or reveal  fau l ty cond i ti ons  of transformers,  refer to  
I EC 60599.  

A.3.2  Fami ly:  GSU  (generation  step-up un i ts)  

Table  A.8  – CO2  typical  values  for GSU  and  exci tation  transformers,   

fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 1  098  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  2  000  N .A.  5  000  1  500  6  000  1  500  8  000  N .A.  

98°  2  500  N .A.  7  000  3  000  1 1  000  3  000  1 5  000  N .A.  

 

A.3.3  Fami ly:  network transmission  un i ts  

Table  A.9  – CO2  typical  values  for network transmission  transformers,   

fi l led  wi th  un inhibi ted  mineral  oi l  (based  on  a  population  of 435 un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  3  000  N .A.  5  000  N .A.  8  000  N .A.  8  000  N .A.  

98°  5  000  N .A.  8  000  N .A.  1 1  000  N .A.  1 3  000  N .A.  
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A.3.4  Fami ly:  l arge  d istribution  un i ts  

Table  A. 1 0  – CO2  typical  values  for l arge  d istribution  transformers,   

fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 7  291  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  2  000  N .A.  4  000  N .A.  5  000  N .A.  6  000  N .A.  

98°  3  500  N .A.  8  000  N .A.  9  000  N .A.  1 2  000  N .A.  

 

A.3.5  Fami ly:  industrial  d i stribution  un i ts  

Table  A. 1 1  – CO2  typical  values  for industrial  d istribution  transformers,   

fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  population  of 4  556 un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  1  500  N .A.  3  500  N .A.  4  500  N .A.  5  000  N .A.  

98°  3  500  N .A.  5  500  N .A.  7  000  N .A.  9  000  N .A.  

 

A.3.6  Fami ly:  LVDC un i ts  

Table  A. 1 2  – CO2  typical  values  for LVDC transformers,   

fi l led  wi th  un inh ibi ted  mineral  oi l  (based  on  a  popu lation  of 273  un i ts)  

Age →  

Percenti le  ↓  

<  1  Y 1  – 1 0  Y 1 0  – 30  Y  >  30  Y  

Conc.  RoI  Conc.  RoI  Conc.  RoI  Conc.  RoI  

90°  N .A.  N .A.  3  000  N .A.  4  500  N .A.  N .A.  N .A.  

98°  N .A.  N .A.  4  500  N .A.  7  500  N .A.  N .A.  N .A.  
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