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Abstract

Electricity is defined as the form of energy which is transferred with the help of wires and is used
for lighting, heating and supplies power for machines. Electricity in a coal-based power station is
generated by burning coal. Post-independence, the power sector witnessed significant progress
with hydro and coal based thermal power plants - being the main source of electricity. But this
improvement was not enough to meet the demands for electricity in a growing economy like India.
To improve the dismal condition of the power sector, various policy level measures were
introduced in India. But given these regulatory and structural reforms being introduced in the
Indian power sector, the power sector was still not generating electricity efficiently and operating
below its capacity. Within the power sector, coal based thermal power plants are of prime
importance as 86% of thermal installed capacity in the country is through coal fired plants. Hence,
they are of prime importance for the economic development of the country. Therefore, there is a
need to study the efficiency and productivity of these plants and identify the reasons for their

underperformance.

This piece of research was an attempt towards identifying firm specific performance drivers to
enhance its practical utility. Thus, the focus was on investigating the factors contributing towards
technical efficiency and productivity. Adopting the research methodology of quantitative analysis,
the study was conducted for a period of ten years covering forty-nine coal-based power plants in
India. The data was collected from “Review of Performance of Thermal Power Stations” reports
and “Report on Fly Ash Generation at Coal/Lignite Based Thermal Power Stations and Its
Utilization in the Country,” which are the annual publications by Central Electricity Authority of

India, an organisation under Ministry of Power.



Starting with the general overview, along with the evolution of reforms post-Independence in the
power sector, detailed description of data along with a thematic review of literature has been
conducted for each chapter. Keeping the main objectives of the study in mind, technical efficiency
estimates based on ownership, capacity and region has been highlighted. Slack analysis has been
conducted as well to examine the amount of input reduction needed for the power plants. The
determinants of technical efficiency along with benchmarking of thermal power plants, based on
their performance has also been analysed. Measurement of productivity at plant level and region-

wise, along with factors affecting productivity has been done.

For this purpose, non-parametric technique involving Data Envelopment Analysis (DEA)
technique, Malmquist Productivity Index and Tobit regression to identify the factors leading to
efficiency has been applied. Since the Electricity Act of 2003, was the chief game changer in the
power sector, the data period used for the study is from 2005-06 to 2014-15. 2014-15 is the latest

year for which the data was available.

It can be concluded that state owned plants were the least efficient ones and private plants were
most efficient. The coal-based plants were over-employed which hindered the efficiency and
productivity of these plants. The results indicated that on average, total factor productivity
declined and witnessed a regress when the technical efficiency change component decreased. For
improving the performance of state-owned plants, the policy makers and energy analysts need to
be well-informed about the current status and condition of power plants. For this purpose, the study
has suggested a few recommendations for policy makers to improve the performance of thermal

power plants in the country.



Qier gRIer

WA o HITAT ATHUTRA qTT AT T rvrsa frgwor

FeTt 1 € aTe ForeeRT Termiaeer ST oo forsteft 3 A1 % Ao & TR St @ 36 Rl wed 21 36 ST e

AT, AT ITHN S AT H IMTeh o JaRI o 9 H fopam e 21 ar forgge €= ety @ forsreft 1 fomifor fopam simam

2| 9T H, STTET % e, S & § 9gd Wi g% 81 7, 9ot SR A fogga s forrett & v € 1@ 81 78 wfq wwa

St ferepretier sTefeare i STELdl 1 O G | raned W 2l et & i g e fufa @ gaw & fog, Hifa

TR W I AN T6T 0| 57 Framen STk iemTd Guri o STasE TR Sl &5 STferd 7 7 Tt i1 Fererdrss

SR A H G Tl IRATT o1l & H, FHIge ST a1 H S T Tad & Fiteh R o1 hF 86%0 3wig

HETIYA &7aT SR Safed eai o it 81 38 er & 3 991 & onifier faermr o e steia wecaul € o1a: 37wt

FIFRICAAT HIT IATEHAT o TERIA hl SFTAIHAT 2 [EH T8 TQT TR 1 6 Toh ST & 7 I9cfons T &1 & 2l

I MR 3T HIIT T TSI ATeAeh! shl S-S T GIEIR TATE & ST 57 GIAT hl AR STAAIAT ! S@H § 7ag

L | TG ST S hEhT UL hiSd & S dohleh! 81T 3T IcqTehd T o TR 8| HETcHeh forsdur shl Tive Juredt shi 3191

U, 39 I 1 STSRA  3TETE HIRIAT ATETG T G BT a0 L g6 a9 ¥ 6l Fate § QU fopa T stiwsi &t
"y AT T S o Tt T 3 " S s U v i/ forise See g are wei uE 57
FfeTTESE 37 3 S, e wfoeet & form w21 S for witeror, St foga @ & el 2, anfie ®v E

gfqaeT T ThTeH T R

T AT | AT Tawr & YT Fid g, Sl & | Tl o 918 AT o8 T Ao S, 3ihel 1 foreangaeh
Seeig ST wifecd wrft ot forRnTa wwte ot TS ) M 3Tl 1 eI § Wd gU, Wi, T i 3R il % STER
T AFTehT ZETT T foRIY &9 & IR TR 21 WA H HErET (372 KT o qieor o forg Ttk fersgwor off fepar

R TRkl g&rar & Fruftent SR a9 G % HHeUEl ol frsdwor 3ok il freared 9t st B1fv-frT SRR & g9E sl



AT § iRt ITh! ScUTEehdT shi GIFT-EaT I Tidt o fe@rer & 37ehT 7T 21 SHeh H1 & IcATShdl hl THTfeId i oot

FRET T Tearar Hft foram T 2

39 SR o fore X yrarfersr qekfieh T TRt foram o & fraw eter Saeiawe sHTerifem (S € ©) qeries, ATerefoee
TrefRfadt $eam i 2ifere Torem SR Scmeandt # afg i aTet Fiant I ST T 75 31 Fhott &rf #, ferega Aterfremr 2003
T Shifd TIoRt 3T o safere sifskel s 2005-06 & wit 2014-15 e o at & forn mm 21 2014-15 F s &

HAlohe IuaTey T 2

frses arg 7T ST e @ TR TS Tfiea ATl R ST sl ScdTashar e oft 3R et S g sarer ey w© R

SHITAT ST AT G § S H ST AT USTTR 9T & 57 & 5 G330 shl shrderdan 31 ScateehdT | SITem 37t 21

TIOT 36 T st A Hohd Ld & foh STEaH, ool S&TaT § Seald A dTel Beehi H AT AT Fo Beeh el |

fimae 3175 31X STet &1 g3TT| Wil WA hl Scarashal H I A o forg, Hifa fmiaretl st it fosgwent =i =it

wiisreT TRt o A 7 ST ST 3R T TeT TNl $9 3R o T, 39 wieeRr 7 <fifd fmtarett # fog o fax

gama o e € o & 391 % a1 R A Senedhar S gaar  dfg gt



Table of Contents

CITITICALE ...t i
ACKNOWIBAGMENTS ...ttt ettt b et b e b e e st e sbe e e e sbeeseenreenbenneenes I
ADSTFACT. ... i
TADIE OF CONTENTS ...ttt bbbt n e \Y
LLEST OF FIQUIEES ...ttt ettt b bt b e bt e bt e bt e st e b e e st e ne e s e e st e seeseeneaneene e viii
LISE OF TADIES ... X
Lo INEFOTUCTION .t bbb 1
1.1 ~ Thermal Power Generation in INdia ..........cc.cocoeoiiiiininiiiiiiiicicecceeeece e 1
1.2 Structure of Power Supply in India ........cccooviiiiiiiiiiiiieceee e 4
1.3 Evolution of the Power Sector Reforms in India...........ccoovveviiiiiieniiiciieiece e 5
1.4  Summary of the Evolution o Indian pOWer SECtOT .........c.cecveriieriierieeiieieeee e 8
1.5  Brief Outline of Energy Policies in INdia ............ccoeeiiiiieiiienienieeieceece e 11
1.6 International SCENATIO.......ccuiiuiriiiiiiiiiieet ettt s 12
1.7 Indian Scenario of Thermal Power Plants ..........cccccocoiiiiiiiniininiineeecece 16
1.8  Importance of Coal-based Thermal Power Plants ............cccccovvieririeninienieiencee e 22
1.9 Motivation 0f the StUAY ........ceiuiiiiiiiieee et s 25
1.10  Need for Performance Measurement ..............ccveerierierieeiieenieseeereesreeseeeneesneessnesseesseesnns 28
1.11  Overview of Techniques to Measure Technical Efficiency..........cccccevveviiniienienicnicenne, 29
A DT - W B 1= ol g ] o] o] o PP 33
2.1 AN OVEIVIEW...eiiiieiiiecieeeie ettt et ettt e e te et estaeebeesaaesabeesbeessaessseessaessseesseeseessseenseenssessseans 33
2.2 Selection of Inputs and Output Variables...........ceoeeieriiieniiiienieieceecee e 33
2.3 Database fOr the STUAY ......eeeciiiiiiieieeccece ettt e eare e e e e nr e e enraees 34
2.4 SCOPE OF the STUAY ....eeeieiiieiieeee ettt et et e b esaeeeseesneeeneeens 36
2.5 DESCIIPHIVE STALISTICS .vveeuvieieierieeiiestiesie et esteeete et e stteeteeteesteesebeeseesaeesnseenseesseeeseenseesnseans 39
2.6 Variable deSCTIPTION . .....eiiieiieiiieeieetie ettt et ettt et e et e st esteebeesaaeenseeseesseeenseenseesnseens 39
2.7 Determinants of Technical EffiCiency ........c.ccccoviriiiiiciiiiiie e 41
2.8 Limitations of the Data.........c.cccciviiiiiiiiiiiiiiic e 42
3. Measurement of Technical EffICIENCY .......ccooiiiiiiiiiiiee e 44
3.1 INEOAUCHION ottt ettt ettt et b ettt 44
TNV (511 1 Vo (o) 0T PRSP 46



3.2.1 Charnes, Cooper and Rhodes (CCR) Model..........ccooveriirieeiieiiecieeieeee e 48

3.2.2 Banker, Charnes and Cooper Model (BCC) .......c.oovieiiiiiieiieiecieeeesee e 50
3.3  Input and OULPUL OTTENEALION. ......eieeiiieiieeeiieecieeectee et e e eteeesreeetreesereeesereeeseseessseeesnseesnsseenns 54
3.4  Measurement Of EffiCIENCIES ......cocueviiiiiiiiiiiiiiicicee e 54
3.5 MEEATTOMEIET ..ttt st sttt st b et sb et sb et 57
3.6 LIterature REVIEW ......cc.eoiiiiiiiiiiieieiieie ettt ettt st 59

3.6.1 INAIAN STUATES. ...ttt st s 59

3.6.2 International STUAIES ........cocueiiiiiiiiiiie e e 63
3.7 Objectives OF the STUAY ....cccueeruiiiiieiieeceee e 66
3.8  DEA Analysis of Coal-based Power Plants............ccccevviiriieiieniieiicieceeeeee e 66

3.8.1 Plant level Technical Efficiency Results...........ccceevieriiiiieiieniicieeiesee e 67

3.8.2 Ownership-wise Technical Efficiency ........cccceviiviieiieiiecicccce e 68

3.83 Ownership-wise Pure Technical Efficiency.........c.ccooveviiviiieiiiiiiiiieieeeece 71

3.8.4 Ownership-wise Scale EffiCIeNCY ......covviviiiiiiiiiiiiicieeeeeee e 73

3.8.5 Returns-to-scale Characteristics of Thermal Power Plants..............ccccoovveviieiiieniennnn. 75

3.8.6 Capacity-wise EffICIENCIES . .....cccueriieiiiieieiiieieeee e 77
3.9  Sequential FTONtier ANALYSIS.......cccerieiiirieniiiieitieieettete ettt st 89
3.10  Meta Frontier ANALYSIS ....cccueerierieeiieiieeie ettt ettt ettt e e e eteenaee e 91

3.10.1  Capacity-based ANALYSIS ......ccuereueeruierierieeiieie sttt ettt e s te e b e saeesnteens 91

3.10.2  OWNErship-wiSe ANALYSIS ..c..eeveruirieriiiieiieieseete sttt sttt st 95

3.10.3  RegION-WiISE ANALYSIS ....eruieiiriiitieiietieiiest ettt ettt ettt et st e sttt et eseenbeeneens 98
3.11 Sensitivity Analysis of Technical Efficiency Results...........ccccovveeviniininieniniienciieceee 101

3.11.1  Peer COUNt SUMIMATY .....oiiiiiieiieeeiie ettt ettt e et e e et e et eesneeeebeeeemeeeeneeeeanes 102

3.11.2  INPUL OMESSION ...euutieitieiieeiieeieesiee et et et e seteeteestteseeeenseeseesseeenseesseesseesnseeseenseesnseenseas 103
3.12  Actual versus Projected ValUes .........cccueeeiiiiiiiiiiiiecieecec ettt 107
313 CONCIUSION ...ttt et sttt et st st b e s esbe s sneeanens 111

Determinants of Technical Efficiency and Benchmarking of Thermal Power Plants....... 116
4.1 INEEOAUCTION ..ottt ettt sttt ettt et b e et sbeenees 116
4.2 LIterature REVIEW ......ccc.ooiiiiiiiiiiiiieieei ettt ettt s 116
N B ) 3 LA 2T (L) ()  H SRS 119
4.4 EXPplanatory VAriabIes .........cccieiciiiiiiieeiiiecieeeciee ettt et sere e e nreeennneeeanes 121
4.5  Results Of TODIt ANALYSIS....ccuiiiciiieiiieeiiieeiieeiiee et eieeerreeeraeesbeeeseseeesaeessreeessseeensseesnnes 124



4.6  Ranking of Thermal Power Plants under DEA Model ..........cccooviviieiieniiiiieiece e 127

4.7  Input-Oriented Efficiency SUMMATY ........ccccuiiiiiiiieiiierie e 131
4.8 CONCIUSION ...ttt sttt et et sbe et s 137

5. Measurement of Productivity for Thermal Power Plants ...........ccccooiiiiiiinncic 140
5.1 INEOAUCTION ittt sttt et st et st e b saeenbeeanen 140
5.2 Productivity MEASUICIMENL . .......ccueereereeriieeieeieeseeeteesteesteesaeesseesseeeseesseesseessseenseesseesnseens 141
5.3 MeEthOAOIOZY ..ccueiieiiieiieeiie ettt ettt st e et st e s e et e et e enteereensaeenneen 145
54 LITETAtUIS TEVIBW....coueiiiriietitieteeit ettt ettt ettt et et ettt be et sbe e sbe et sae e bt saeenaeeanens 151
5.4.1 International STUAIES ......c..ceoviriiiiiiiiiric e 151
54.2 INAIAN STUAIES ..ottt s e et e e b e s e e ebeesaessseesseenseas 155

5.5  ODbjectives OF the StUAY.....cc.eeiuieiiiiieceece et eaaeen 156
5.6 Input and Output Variables.........c.cccuiiiuierieiiieiiecie ettt ere e seesreesreesraesaaeens 157
5.7 RESUILS ettt 157
5.7.1 Total Factor ProdUCHIVILY .......oovieiiieiieiieeiieeie e 157
5.7.2 Average Productivity Change ...........c.ceevevieeiiienieeieeieecte et 160
5.7.3 Plant-wise Total Factor ProductiVity .........c.cceceririeninienienieiceeceeeeeeee e 161
5.7.4 Region-wise Total Factor Productivity Change..........c.ccoecevvererieneenenieeneeeneene. 164
5.7.5 Sequential MPI Index APpProach..........c.oeceeieiiieiiieiieeeeeeee e 165
5.7.6 Labour ProdUCHIVILY .......oouieiieiieeieeiiee sttt ettt 167

5.8 CONCIUSION ....vieitiiciiieiiteeiie ettt ettt e st e et e e e e saeessaeebeesseeesseesseesssesaseenseesssesnseens 169

6. Conclusion and ReCOMMENALIONS...........cciiiiiiiiiiiiiice i 172
6.1  Measurement of Technical EffiCiency ..........cccoeoiiiiiiiiiiiiniiiieeeeee e 172
6.2  Determinants of Technical EffiCiency .........ccceoveriiiiiieiieiiiceceeeeeeeee e 178
6.3  Ranking of Thermal Power Plants based on OWnership ..........ccccevcvevieeiienieniienienieeiene 179
6.4  Measurement Of PrOQUCTIVILY .....cccciiiiiiiiiiiieciie ettt ettt 180
6.5  ReCOMMENAAtIONS. .....cc.iiiiiiiiiiiiiieiiet ettt e 182
6.6  Sustainability and Renewable ENergy .........cccovvviiiiiiiiioiiieeceeeee e 190
6.7  Scope fOr fUtUIE STUAY .....eiiiieiieiiieeieeee ettt e e ebeensaesnneens 192
T REIEIEINCES ...t 193
N o] 1< g Lo o1 P TP 213
BHO DIBLA. .....ceeveetee et 227

vii



List of Figures

Figure 1.1: ElectriCity SUPPIY StIUCTUIE ......cooviiie ettt 4
Figure 1.2: Summary of Evolution of Power Sector RefOrms .........cccccvevevveie i 8
Figure 1.3: Electricity Generation Dy Various SOUICES .........cccveruereerieeriesieeseesieseesieesseseessnensens 13
Figure 1.4: Producers of Coal iN 2016.........cccooiiiiiieiicic et 14
Figure 1.5: Per Capita Consumption of Electricity in Different Countries ..........c.cccoccvevveinennnns 15

Figure 1.6: Generation (Million Units) and Capacity (Mega Watt) of Thermal Power Plants... 16
Figure 1.7: Energy Shortage and Peak DefiCit ...........cccooviiieiiiii i 17

Figure 1.8: All India Plant Load Factor (%) of Thermal Power Stations (Coal and Lignite

02T | PSSR 18
Figure 1.9: All India Sector-Wise Plant Load Factor (%) of Thermal Power Stations............... 19
Figure 1.10: Share of Energy Supply (During 1997-98 t0 2024-25) .......cccccevvevviiieiieie e 20
Figure 1.11: Per Capita Consumption of Electricity (KWh)........c.ccceiviiiiiiiiieie e 21
Figure 1.12: Total Installed Capacity (MW) in February 2021.........c..ccccovveiiiveiicieecece e 22

Figure 1.13: Share of coal, lignite, gas and oil in total thermal capacity of India in February

Figure 1.14: All-India Sector-wise Installed Capacity of Coal based plants as on 28.02.2021 .. 24

Figure 3.1: Measurement of EfficienciesS in DEA..........ccco oo 56
Figure 3.2 : Meta frontier MOGEL...........oovi i 59
Figure 3.2: Average Overall Technical Efficiency according to Ownership ...........cccccceevveiinnne 69
Figure 3.3: Average Pure Technical Efficiency according to Ownership.........ccccoevvevieiiicinnne, 71
Figure 3.4: Average Scale Efficiency according to OWNership ........ccccccveviviveeiie e 73
Figure 3.5: Number of Plants Operating Under Different Returns-To-Scale...........cccccovvvivennnns 75

viii



Figure 3.6: Distribution of Mean PTE SCOME........ccciveiiiie et 76

Figure 3.7: Average Overall Technical Efficiency According to Size........cccccvevvvievveiciicinenns 78
Figure 3.8: Average Pure Technical Efficiency According to Size ........cccccevvevviceiiececieieens 82
Figure 3.9: Average Scale Efficiency AcCOrding t0 Siz€.......ccccveveiiieiveic i 86
Figure 3.11: Actual vs Projected Levels for Coal Consumption (Million Tonnes) ................... 108
Figure 3.12: Actual vs Projected levels for Number of Regular Employees............cccccveeveennenee. 109
Figure 3.13: Actual vs Projected Levels for Auxiliary Power Consumption (%) ..........ccccueee.. 110
Figure 5.1:Components of Malmquist Productivity INAeX ............cccevveveereiievieese e 148
Figure 5.2:Region-wise Average Total Factor Productivity ............ccceevveveiieiii v 164



List of Tables

Table 1.1 Growth in conventional electricity generation in the country during 2009-10 to 2020-21.......... 3
Table 2.1: List of All Forty-Nine Thermal Power Plants in India..........c.cccooeiiiievinncie e 37
Table 2.2: Summary Statistics of Output and Input variables (2005-06 to 2014-15)..........ccccevvrererrennenn. 39
Table 2.3: Summary Statistics of Determinants of Technical Efficiency from 2005-06 to 2014-15........... 42

Table 3.1: Year-wise Descriptive Statistics of Overall Technical Efficiency of Thermal Power Plants .... 68
Table 3.2: Sequential based Malmquist indices and their components from 2006-07 to 2014-15............. 90
Table 3.3:DEA estimates of technical efficiencies and meta-technology ratios based on capacity from
2005-06 10 2014-15......eii ittt ettt b bbbt E e R R bR e b e b e e nEe e b b e erbeenbe e be e nre e e 92
Table 3.4:DEA estimates of technical efficiencies and meta-technology ratios based on Ownership from
2005-06 10 2014-15.... ettt ettt bttt bt sE e R R bR b e bt R e e b b e rbeenbe e be e nre e e 96

Table 3.5 :DEA estimates of technical efficiencies and meta-technology ratios based on Region from

2005-06 10 2014-15......eeeiie ettt b ettt ekttt b e bt e bRt Rt a bt E e Rt e b e e eRe et bt erneenne e b e nre e 98
Table 3.6: Peer Count Summary for Thermal Power Plants (2005-06 t0 2014-15)........cccccvvvviriniennennns 102
Table 3.7: Sensitivity Analysis by Input Omission for BCC Model (2014-15) ........ccccoevevievieveieccieennn, 104
Table 4.1: Description of Variables used for Tobit REgIreSSioN..........cccooviiiiiiiiineieceseeeseeea 122
Table 4.2: REGIreSSION RESUILS......cciiieiiiiiiie ettt be et sae e e be s te e st e sbeesaesreetaesbesreernesreens 125

Table 4.3: Ranking of Average Efficiency Scores of Top Five Thermal Power Plants based on Ownership

.................................................................................................................................................................. 128
Table 4.4:Input-Oriented Overall Technical Efficiency SUMMArY ........cccooeiiiiieiiiiee e 132
Table 4.5: Input-Oriented Pure Technical Efficiency SUMMArY..........cccoooiiiiiinineiccesee e 134
Table 4.6: Input-Oriented Returns to Scale SUMMAIY ..........cocoiiiiiiiiiee e 136
Table 5.1: Year-wise Average Productivity Change..........cccooiiiei i 158
Table 5.2: All-round Productivity Growth of Thermal Power Plants from 2005-06 to 2014-15 ............. 160



Table 5.3: Comparison of the Malmquist indices and their components (annual averages from 2005-06 to
2004-15) ot b £ E bR £ R h R £ R R R e b b e b bt bbbt an b ens 166

Table 5.4: Labour productivity levels for Thermal Power Plants from 2005-06 to 2014-15................... 168

Xi



	Vandita _thesis.pdf



