NIIWAUILLUAIABAUY UABITTUUNAANAITUTIN

ANTAY WIAIART

nenunusiudaunilaaan s AN A NUANA TN AINITNANARTNINLTUTIA
AT IIAINITNYAANMNIT NIARTIIAINITNYARIUNT
AUYAFINITUANANT AWIAINTDINTNINENAE

1n9AnEn 2554

L4

A1ANFIRIYINAINIINMNIN AT

undadeuazuiudoyaniufuvesinniinusdwailnsdnm 2554 #ldusasluadafygigma (CUIR)
Wuniudeyavesiidadivesinoinusidwiumaiusiainedo
The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository(CUIR)
are the thesis authors' files submitted through the Graduate School.



A COST MODEL DEVELOPMENT FOR A POWER COGENERATION SYSTEM

Apirat Nakvichit

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering Program in Industrial Engineering
Department of Industrial Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2011

Copyright of Chulalongkorn University



Wdiadnaninug NNIWA UL LA ABIAUNUTBIILULNAANANUIIN

1mel ANTAY WIADART
@117 AAINITNYAAINNNT

rdl a a o o e o & o dgl o
AN NUEN AN INUEUAN 7R9AAMINA9¢E] gAY TRNenaIu

ADIZAAINIINIANART QRNAINIOINMINENAY auF WiiLanentnudaiumiiu

ANUNTNTBINTAN I ANNUANGAT BTy NN TTUTG

.................................................. ALAATULAAINTINANERT

=

(389ANAMINAN9E] AT LEYAN LAATEY9A)

o

AUZNTINNITADLIN NN IS

................................................... 192811N9TNNNT

(AN@R91a19e AT AU Neslszidig)

e’d‘ 2 a T o
................................................... mmwwﬁﬂmqwmuwuﬁum

2
o o A

(immmmmmﬁq A1 TRUNBNIII)

................................................... NITNNIT

................................................... N77UN1TNNEUANNWIIN AL

(9R9ANMTIANTE] ANTE WNLﬁﬂﬁﬂ)



BATAY WIATAMT :© NIIWAUILLLRNABIAUNUIBITTULNAANAIIUIIN. (A
COST MODEL DEVELOPMENT FOR A POWER COGENERATION SYSTEM)

8. NFnEANeNtnusuan : 9m.giied Fmuneisanw, 75 wih,

v
o o

NUIRERAINOUTTA9F AU LLLAIABINIATIAAIARTUBIFAUY ULBITELIL
HARNAIIBINTIUznau lUFasasan WA TR uRG (Gas Turbine Generator:
GTG) wasuulenanleln (Heat Recovery Steam Generator: HRSG) T4fiangaunann
91ANRITANRITN TN T AN I lunnsnan Wi uaz et uazilss@nininaesmag
nam 9aulifansiansansdnassindinlwinannnisiniingaugiinam adgduuunig
AngaAAN WA LULE I uRNga91980 (Time of use rate: TOU)  gtluniuiloymniid
nguszasAnaliifasiunulunienanlvilndaangs waznistindinlniln uldeting
winzan fanansanlugduuuresAinaanuaniaulumamnnednsd-4alus Ing

v o o o k4 o dl <3 v [ dl o o % aa]
NN3asaNNNIANNANTUTAINd ey A UNUNLAUHBUNAITINNNNIARNIDIAIETD Box
plot ANUUANAEUANNTANAAWAIIULAZ AR NANWUSLTUAUD ANBYTTNININANUT
Anuazean1euaariattan NiianuaiuannisingLsrass

suuuutTyu 1% lUsunsa Solver luMS Excel 2010 lunnsufitloyun Tae
nuuaReuluniluandninnisnansssusazmiay uazReulanisindiniwiuuy Tou
WUAIAINNINNIDLATI LA UALATIAAA LT UNAAINULUAIABITUNAA 83D
Two-Sample T-Test @au1snagulfdnuuuaiaasdaaniuuanisi@amaiuazanass
nsgliidumibananusiazmiaeninyssdnsnn TnauiaanilszAnsnnuinndnay
o | o o = o o a a A
OnNARAIIN13ENINNIN waztnadns i BauneuiunisatunI9a3e 3 N3l Aa
wiaekan Iiisiuignan iWieanng, 1easgegn uaziadafga Usznauiunig
° v v % 1 o Y v a o 1 a
tdin i lietnaunnzan i lidunulunisuaandssusonanasineianizuan

WA asdns Asdufiunundscudngegnlisonas 1925, 1229 uaz 16.47

MINAAL

NIATTN BAINITNGAAIANG AVIROTATRR. ...oovvooovee
a a A dl dl a a ' o

AN9773%1 FAINIINYAAINNIT aneieTe 8. N1FNHANENTNUSNAN..........cooe



# # 5271545021 : MAJOR INDUSTRIAL ENGINEERING

KEYWORDS : Mathematical model/ Cogeneration system cost

Apirat Nakvichit : A COST MODEL DEVELOPMENT FOR A POWER
COGENERATION SYSTEM. ADVISOR : ASSOC.PROF.SUTHAS
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The objective of this study is to propose a mathematical model for a
cogeneration system cost which consist of Gas Turbine Generators and Heat
Recovery Steam Generators by considering the Natural gas price and the system
efficiency. Including the electricity import from the Provincial Electricity Authority
(PEA) which is the Time of Use rate contact (TOU) The objective is to minimize cost
of power and steam generation and properly electricity import. By considering the in
term of energy balance which is considered in MW in hourly basis and Linear
regression correlation between the input and output energy to formulate the objective
equation. The correlation has been determined form the history data which
represented by a Box Plot, the statistical Outlierss elimination.

The model had been solved by solver on MS Excel 2010 which the
constrain resources is the unit capacity and TOU electricity import condition. After
compare the model result with the actual operation by a Two-Sample T-Test method,
it was concluded that the optimal solution shown the effectiveness loading allocation
result to minimize natural gas consumption. The most efficient generator will assign
to take more load compare with the actual operate in 3 cases, medium, maximum
and minimum power generation as well as a properly electricity import which leads
to save the monthly operating cost especially medium power generation is up to

19.25%, 12.29% and16.47% respectively.
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1.1) A wsiesnanadninnindingegaludaginan peak load (ladhs)

1.2) A wsiaananadninnindingegaludagiaa off-peak load (Aladns)

1.3) waauln A lugaanan peak load (Rladms-da1ua)

1.4) nasulifnindnludasnan off-peak load (Aladns-dalu)

1.5) Al uLlsssuuNAR (UnFauiag)

1.6) Al IuAS (Umsieiag)

1.7) A lWndnsssuuaming (umseniiae)

1.8) W1anesunAmas (Alaa3)

1.9) AN83TNLEN (UN)
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Peak Load Impgrt
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Energy Import [Scale up]
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4 c o oa s . L e s e oaya
Wasannafiutiuiindeyaresszuunielulsnduingu enalidnssiudeyamiunnly
ANTTULLRIN9NNT AN Taazeanifumisdaudsminsmeanen asaflufiemagauniny
Y . 4 4 L ¥ e ey d e
gnfievaasdeyaanizananisi 1.1)-1.4) Nezuuniglulsanauninsiuiunn i anuudugnaes
fayaloeldllsunsn minitab ® 15.1.20.0 FmviifsaunauaNulslmuiazeRAYes

aypansgaszdng 1) deganistidinlWihainmideusaian iniinnesninanisinilngoau
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nina AU 2) deyanifiutuinnisidinlliln Aesscuutiunndeyanialulsanaunngdupl

al

Process Book) InsidiananiinsdnaaszsiFa ey lsun

al

o AW Tdaanan Peak (lnnedms)

'
& o

o el Tutaanan Peak (\nnedmsi-talu)
o el ltqenan Off-Peak (nNESma-Gala)

° W@Tﬂﬁiﬂﬂ/\l%ﬁﬁ’]L%”Lwﬁfm"umm’mﬂ’mmxﬁﬂiﬁ]qnﬁ(Lmnﬁmﬁ—"fﬂm)

AINNANTTIAIEIAI8TE 2 Sample T-Test wudnfiayarisaesgailaiimnnuulstmuuay
Anedelndimeaiuaagllidn deyamiutunnléifoassuy Pl Process book tiuiindiasyals

Indipgeriumiideudaniianinii Gsanunsoiiandszenalilunisdszdiunstingin a1

uEeneun1sudinnas Iinlutaanan Peak (wnnz3ms)

Amualit MW Pl : daganisiadinaslwiinftunnainszuy Pl Process book

MW PEA: fiagjanstidinnaalniihainmisdeuieuiianlnin

Two-Sample T-Test and CI: MW PI, MW PEA

Two-sample T for MW PI vs MW PEA

N Mean StDev SE Mean

MW PI 10 3.44 2.70 0.85

MW PEA 10 3.32 2.66 0.84

Difference = mu (MW PI) - mu (MW PEA)

Estimate for difference: 0.13

95% CI for difference: (-2.40, 2.65)

T-Test of difference = 0 (vs not =): T-Value = 0.10 P-Value = 0.918 DF = 17

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu(MW PI) = mu (MW PEA)
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Boxplot of MW PI, MW PEA
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uEeneun1sudinnasawlniinlugaanan Peak (wnnedna-gaTua)

Amualil E-Peak Pl : dayanistidnnaaanulwilnftunnainszuu Pl Porcess book

E-Peak PEA: fiayanisuindinasinilnannuisdeunsaniian Infia

£
o

nsnBauiaudaganisidimasnulniinludanan peak svaviszuutiuinnelu (P) Aumiidauis

el (PEA)

Two-Sample T-Test and CI: E-Peak PI, E-Peak PEA

Two-sample T for E-Peak PI vs E-Peak PEA

SE

N Mean StDev Mean
E-Peak PI 10 138 274 87
E-Peak PEA 10 138 287 91
Difference = mu (E-Peak PI) - mu (E-Peak PER)
Estimate for difference: -0
95% CI for difference: (=265, 264)
T-Test of difference = 0 (vs not =): T-Value = -0.00 P-Value = 0.997 DF = 17

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (E-Peak PI) = mu (E-Peak PEA)



25

Boxplot of E-Peak PI, E-Peak PEA
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uRen e un1suinnaawliiinlugagnan Off-Peak (unnzdms-daTua)

Amualil E-Offpeak PI - fayanistindnasnulnilaftiunnainszuy Pl Process book

E-Offpeak PEA: dayanistidinnaalniinannmicdeudauiianlniln

Two-Sample T-Test and CI: E-Offpeak PI, E-Offpeak PEA

Two-sample T for E-Offpeak PI vs E-Offpeak PEA

SE

N Mean StDev Mean
E-Offpeak PI 10 104 191 60
E-Offpeak PEA 10 112 216 68
Difference = mu (E-Offpeak PI) - mu (E-Offpeak PEA)
Estimate for difference: -7.2
95% CI for difference: (-199.7, 185.3)
T-Test of difference = 0 (vs not =): T-Value = -0.08 P-Value = 0.938 DF = 17

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (E-Offpeak PI) = mu (E-Offpeak PEA)
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Boxplot of E-Offpeak PI, E-Offpeak PEA
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Awunlil E-Holiday Pl : faganisidinnasnulninntiuninainszuy Pl Porcess book

E-Holiday PEA: #asyaniatindinnaalninainmis@eussutien niln

Two-Sample T-Test and CI: E-Holiday PI, E-Holiday PEA

Two-sample T for E-Holiday PI vs E-Holiday PEA

SE

N Mean StDhev Mean
E-Holiday PI 10 127 246 78
E-Holiday PEA 10 129 248 79
Difference = mu (E-Holiday PI) - mu (E-Holiday PEA)
Estimate for difference: -2
95% CI for difference: (=235, 232)
T-Test of difference = 0 (vs not =): T-Value = -0.02 P-Value = 0.988 DF = 17

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (E-Offpeak PI) = mu (E-Offpeak PEA)
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Boxplot of E-Holiday PI, E-Holiday PEA
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NNA 23 Boxplot of NG to GTG1, NG to GTG2, NG to GTG3 Raw data
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Boxplot of NG to GTG1, NG to GTG2, NG to GTG3
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DINN 24 Boxplot of NG to GTG1, NG to GTG2, NG to GTG3 after Outliers eliminated
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2.2) Was AN Re@n L nusa @ AN ARG (wnnedme)

Boxplot of GTG1 Power, GTG2 Power, GTG3 Power
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PINA 25 Boxplot of GTG1 Power, GTG2 Power, GTG3 Power Raw data

Boxplot of GTG1 Power, GTG2 Power, GTG3 Power
184
16-
144

2 &— ®

8 1 -
10+
8_

GTG1 Power GTG2 Power GTG3 Power

AN 26 Boxplot of GTG1 Power, GTG2 Power, GTG3 Power after Outliers eliminated
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Boxplot of HRSG1 i/p, HRSG2 i/p, HRSG3 i/p
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nNA 27 Boxplot of i/p HRSG1, i/p HRSG2, i/p HRSG3 Raw data
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NN 28 Boxplot of i/p HRSGH1, i/p HRSG2, i/p HRSG3 after Outliers eliminated
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Boxplot of HRSG1 Steam, HRSG2 Steam, HRSG3 Steam
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AINN 29 Boxplot of HRSG1, HRSG2, HRSG3 Steam Raw data
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Boxplot of HRSG1 Steam, HRSG2 Steam, HRSG3 Steam
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AN 30 Boxplot of HRSG1, HRSG2, HRSG3 Steam after Outliers eliminated

4 AOEOE) \5o . , N S
AINANA 29 uar 30 WenaaARALUNAuEY azinliiwudndeyamaeidusaun
szannslAeasiuAnAe A utaauEsdy InaaAeasestBunuletin AR lda nmina naR

a1 1Tl 38.0, 37.76 LAY 37.67 AUAETA NI ATNANFL

3.2 MANNANNUFUDITRYAUASASTNENNTT

3.2.1 daganisidinlnilraannasiWindouniinig

o =

pasa NN danan lFn1AAnsasARalnR  (Outliers) lHwaasaunulsvannsiaanmdasiu

a

anmasaudn ihdeyanidusounulszaing smannduiug Insendandnisnisaiuanlaseaing

21PN A RNT9 a9 1E 901 (TOU) Tetlsynavising

|
o

o AR NAS AN ANENgedn luTaeian peak load (Rladns)

a9

o AuAaINIAe N AN geanlugaginan off-peak load (Rladms)

a9
'

o NasulinRTindnlutaenan peak load (Rladns-dalu)
o NasulfnRTindnlutagaan off-peak load (Rladns-dalu)
o AW LssTUUNAR (Unsemiae)

o AW unleszuuds (U msauiae)



36

AN sszuuamng (U msaag)
pranesunAmes (lannd

1 =
ANBITULEIN (LN)

35n12AaA1 AN lusauLAaL

1)

irdiayanistiunnnistindinluiinlunsiazdaanan snmsdugasnaslniingegalusey
Aeu uazyaA AUl lusnssine fauaadluanged 3.1
anvusauyaAwas i gegauazndulnfiniiindinluudazdasioan iieriald
wRsnifienrubesas 70 veyarnaslnigegareafionugiu (Aeuidnariniingsgs
Tus91 12 1HBw) Tnafinournnsu e uifleussd
- wadlihgegauazndaulniinlusenideiu fyadmuiieandn Seaaz 70 280
yarnasinfingeaneaneugiu Wanyarmadlningagauaznaanlniizes
eutiuiilu Setas 70 1893arInAs iingeanvedinougu
- waslingaaauazwaau i TuseLAeniis yasaasnnnd Seas 70 1e9
yar1nasingegaaevnougiu Wanyarnaslniingegauaznaaulniin

ANNANTDIADIIL

ihiiasanaeiniihgaqeiiataainan Peak uaz Off peak snisauniieuiundalniingega
TneAianizdauiiiuiosas 61.97 m@mﬁﬂﬂ%@;a@mL@?{ﬂiwﬁ@ufu IneAnlugns
14.02 UmAanians

ihdayandsanulniinnafasn ilduuds anseandsznimaesnsliindauniinae
tihile 2), 3) waz 4) insanriuAnsssNiten 1 Tusaen I Rea luEewiu

tindia 5) NnARNEyAATn Sanas 7 Te9yara

thite 5) uay 6) nsanudludn Wi 1’7iﬁm&im‘tﬁﬁumﬂﬂ%@'quqﬁmﬂ‘l,w,wi

A
ATABDU

aal a o £ A
Qﬁﬂ’]i‘W@ﬂi‘MﬂW@\ﬂWW’]Lm‘ﬂuﬁﬁu

1)

2)

= A Aﬂld o v A Qs/ A o
Ransouneuninasningagalusen 12 neuduga o nenilaqiiu
yar A lihgegauasndiulniihduiivesusiazinen Andufesas 70 1aayafIna
Tihgegalusey 12 Rendugn o ireutlaqiiu Bandt yarniingau
¥ a ' A A A a

nsgnedeyarlniingau o meugaula) azldunu 11 sevda

o a v o a 4 A ey e a4
wasaINAIL 11 saudanda azndusniasnnheuninaswilngegalusen 12 hiew

a

= o o o = =
Augn 0 iheutlaqiiu anaiayudaull e

faatamraaiadaelunislsziiunstindinnas i nuaznaawlninluwsazineu



37

i ]

I Finiends |t

3 [EL 5T TN BT i

¥ Frwsiies s [ |

Ll From [ i

' [ et Pl K1 [FruT

& R ke eles e o dibwe i e el [L o o ] Pl

1 08 o] FIC T TR FE-ITE - R CTERREE TR ]
' ¥ 14 18 o Fikh L et Bisl BEIE N

i H i 1A 18 =Em T ET T FE TR TS It

i LEEW et WEl  Er e M S MY M LS WDE] ERES SRR T . b
18 1150 Dow jusa) LET N ] R T ] [T REF T ST EFE L T -
1] 1170 I s L NURENE (S el ) HFHE A MU T FRLES W  ERLIY 5N LA EORLE
1] LT AR im LNy em [ L8 e «4m im YFE LHE 4N v LSRR
1 e [1=- 1L L i g

] LEES LG ST el W L L T L] L 7T
L] T i [ -
1] Pl S1EN LM o ¥ i

i mil W] 558, 0 LY Hama@
- Rawr [T L LEMATLS
-] s Exii |1 EiLET RELET
" el 800 kPl FIL I T 5, B TEN T
5] L L i L
= refa LT T340, 4450 1A KM BT
] o i T LT T " meEm
N Crarell 1 T EET ¥ e, . 1L B

4 e 2 wm
AN 31 FaeNIRN2 AW AT TN

o’/’ o a dl ¥ a o 1 v v o a oY ac
aniuihuanisdsziunlfnnrouisuduen i fiaunas uanisiiaazifagds Two-
Sample T-Test lulilsunsst minitab ® 15.1.20.0 wudndayansaastaiirannuulslsuiay
AnedelndireaiuaagUlidn wsesianlidssfiunaindmadniiuasnasnulnilnaunnli
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uReusuAn e Reuss et da kaauien I funan1sdsziluan inannuuLanang

Awunli PEA : Anlnihainmisdeussnil eanlaanasluiihdauguia (wm)

Cal:  uan1sUsziiiuAn IANaNARLLAa84 (L1m)

Two-Sample T-Test and CI: PEA, Cal

Two-sample T for PEA vs Cal

N Mean StDev SE Mean
PEA 22 1892924 1579041 336653
Cal 22 1892921 1579042 336653

Difference = mu (PEA) - mu (Cal)

Estimate for difference: 3

95% CI for difference: (-960804, 960810)

T-Test of difference = 0 (vs not =): T-Value = 0.00 P-Value = 1.000 DF = 42

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (PEA) = mu (Cal)
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Boxplot of PEA, Cal
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ANNANT WSz 1Bl AnAR lAanmdae AR AN AsiuRmuLae N1 (GTG1 Power) Autliunad

ANNNERUANNANTEITNTNAN M LN 176@ R I esvae nam AN AiuAmuLaef1 (NG to GTG1)

Regression Analysis: GTG1 Power versus NG to GTG1

The regression equation is
GTGl Power = - 1.884 + 0.4076 NG to GTGl

S = 0.480782 R-Sq = 82.6% R-Sq(adj) = 82.6%

Analysis of Variance

Source DF SS MS F P
Regression 1 733.348 733.348 3172.59 0.000
Error 669 154.640 0.231

Total 670 887.988

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus GTGl Power is significantly responded to NG to GTGl.

Fitted Line Plot
GTG1 Power = - 1.884 + 0.4076 NG to GTG1
177 ——— Regression
—— 9%l
16+ a/” 95% PI
15 o > i S 0.480782
Z R-Sq 82.6%
14 R-Sq(adj) 82.6%
@ e
3 131 o
[
g 124 o® b
114
°
10
$
9_ [ J
8_ T T T T T
30 33 36 39 42
NG to GTG1

AN 33 GTG1 Power VS NG to GTG1 Fitted Line Plot and Residual Plots
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ANNANT WSz 1Bl AnAR IAanrae AR AN AsiuRmuLae N2 (GTG2 Power) AutlEunnd

ANNNERUANNANTEITNTNAN M LN 176@ R I eevae nan AN AiuAmuLaef2 (NG to GTG2)

Regression Analysis: GTG2 Power versus NG to GTG2

The regression equation is
GTG2 Power = - 3.406 + 0.4391 NG to GTG2

S = 0.400252 R-Sq = 90.3% R-Sq(adj) = 90.3%

Analysis of Variance

Source DF SS MS F P
Regression 1 1002.72 1002.72 6259.12 0.000
Error 669 107.18 0.16

Total 670 1109.90

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus GTG2 Power is significantly responded to NG to GTG2.

Fitted Line Plot
GTG2 Power = - 3.406 + 0.4391 NG to GTG2
174 Regression
— —  o5%CI
16 . ﬁ ° 95% PI
15- WB® -~ s 0.400252
’ R-Sq 90.3%
14- R-Sq(adj)  90.3%
o
3 134
a
g 124
11+
104
9_
8_ T T T T T T T T
30 32 34 36 38 40 42 44
NG to GTG2

AN 34 GTG2 Power VS NG to GTG2 Fitted Line Plot and Residual Plots
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ANNANT WSz 1Bl AnAR I Aanrdae AR AN AsiuRmuLae N3 (GTG3 Power) AutlEunad

ANNNERUANNANTEITNTNAN M LN 126@ R I eavae nan AN AiuAmuLae N3 (NG to GTG3)

Regression Analysis: GTG3 Power versus NG to GTG3

The regression equation is
GTG3 Power = - 1.966 + 0.4064 NG to GTG3

S = 0.272403 R-Sq = 92.8% R-Sq(adj) = 92.8%

Analysis of Variance

Source DF SS MS F P
Regression 1 636.213 636.213 8573.91 0.000
Error 669 49.642 0.074

Total 670 685.855

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus GTG3 Power is significantly responded to NG to GTG3.

Fitted Line Plot
GTG3 Power = - 1.966 + 0.4064 NG to GTG3
16 —— Regression
— —  95%CI
15+ 95% PI
S 0.272403
144 R-Sq 92.8%
R-Sq(adj) 92.8%
o 13-
o
3
(-8 12_
g 114
10
9_
8_ T T T T T T T T
25.0 27.5 30.0 32.5 35.0 37.5 40.0 42.5
NG to GTG3

AN 35 GTG3 Power VS NG to GTG3 Fitted Line Plot and Residual Plots
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ANNANNUSITUING WANIBANNEUN LA nUUsNAR WA AaiuR a1 (GTG1  Exhaust) Ayl

1BunalWinne@n lwannmias nas AN AeiuA g1 (GTG1 Power)

Regression Analysis: GTG1 Exhaust versus GTG1 Power

The regression equation is
GTGl Exhaust = 20.20 + 1.168 GTGl Power

S = 0.0928143 R-Sg = 99.5% R-Sq(adj) = 99.5%

Analysis of Variance

Source DF SS MS F P
Regression 1 1211.78 1211.78 140666.96 0.000
Error 669 5.76 0.01

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus GTGl Exhaust is significantly responded to NG to GTGl

Fitted Line Plot
GTG1 Exhaust = 20.20 + 1.168 GTG1 Power
a — Regression
39 —_— 95% CI
38 95% PI
S 0.0928143
37 R-Sq 99.5%
R-Sq(adj) 99.5%
2 364 :
1
E 35+
g 34—
33+
32
31+
30_ T T T T T T T T
9 10 11 12 13 14 15 16
GTG1 Power

AN 36 GTG1 Exhaust VS GTG1 Power Fitted Line Plot and Residual Plots
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ANNANNUFITUING WANIBANNEUN LA nUUsNAR WA AaiuR a2 (GTG2  Exhaust) Ayl

1BunalWinnean lWannmiasnas AN AeiuA a2 (GTG2 Power)

Regression Analysis: GTG2 Exhaust versus GTG2 Power

The regression equation is
GTG2 Exhaust = 19.94 + 1.187 GTG2 Power

S = 0.103452 R-Sq = 99.5% R-Sq(adj) = 99.5%

Analysis of Variance

Source DF SS MS F P
Regression 1 1564.91 1564.91 146223.47 0.000
Error 669 7.16 0.01

Total 670 1572.07

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus GTG2 Exhaust is significantly responded to NG to GTG2

Fitted Line Plot
GTG2 Exhaust = 19.94 + 1.187 GTG2 Power
a Regression
> - — 95% CI
38+ 95% PI
S 0.103452
. R-Sq 99.5%
= 36 R-Sq(adj) 99.5%
3
‘33 35-
t) 344
B 5
324
314
30
T T T T T T T T
9 10 11 12 13 14 15 16
GTG2 Power

AN 37 GTG2 Exhaust VS GTG2 Power Fitted Line Plot and Residual Plots
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ANNANNUSITUING WANIBANNEUN LA nUUsNAR WA AR auae A3 (GTG3  Exhaust) Ayl

1BunalWinnean lannmias nas AN AeiuATLaeN3 (GTG3 Power)

Regression Analysis: GTG3 Exhaust versus GTG3 Power

The regression equation is
GTG3 Exhaust = 19.94 + 1.190 GTG3 Power

S = 0.0627161 R-Sq = 99.7% R-Sq(adj) = 99.7%

Analysis of Variance

Source DF SS MS F P
Regression 1 970.807 970.807 246817.00 0.000
Error 669 2.631 0.004

Total 670 973.438

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus GTG3 Exhaust is significantly responded to NG to GTG3

Fitted Line Plot
GTG3 Exhaust = 19.94 + 1.190 GTG3 Power
39+ —— Regression
- — 95% CI
38+ 95% PI
S 0.0627161
374 R-Sq 99.7%
R-Sq(adj) 99.7%
hd
9 36
(1]
Z 35
8 ..
G 34
33
32
31
T T T T T T T T
9 10 11 12 13 14 15 16
GTG3 Power

AN 38 GTG3 Exhaust VS NG to GTG3 Fitted Line Plot and Residual Plots
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ANNANTUSITUIN 1B U TN NNAR ANl NAR et uUqe A1 (HRSG1  VPS) Ayl

1 BN UNANIBANNFAUANANTETINTI AR AN FEUAN AU AR AN AiuA w7 1 lun1snan letinaes

MdIN@n latndaef1 (Energy to HRSG1)

Regression Analysis: VPS1 versus HRSG1 i/p

The regression equation is
VPS1 = 17.02 + 0.1835 HRSGl i/p

S = 2.71144 R-Sq = 86.2% R-Sq(adj) = 86.2%

Analysis of Variance

Source DF SS MS F P
Regression 1 54499.5 54499.5 7412.96 0.000
Error 1185 8712.0 7.4

Total 1186 63211.5

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus HRSGl VPS is significantly responded to Energy to HRSG1.

Fitted Line Plot
VPS1 = 17.02 + 0.1835 HRSGL1 i/p
70+ Regression
- — 95% CI
95% PI
60 S 2.71144
R-Sq 86.2%
R-Sq(adj)  86.2%
50
L
7))
=%
>
40
30
20_ T T T T T
50 100 150 200 250
HRSG1 i/p

NN 39 HRSG1 VPS VS Energy to HRSG1 Fitted Line Plot and Residual Plots
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ANNANTUSITUIN 1PN uTed et NNAR iiannvuae An lasuLaeN2  (HRSG2  VPS) i

1 BN UNANIBANNFAUANANTETINTI AR AN FEUAN AU AR AN AiuA w7 1 lun1snan letinaes

MdIan latndaef2 (Energy to HRSG2)

Regression Analysis: VPS2 versus HRSG2 i/p

The regression equation is
VPS2 = 18.77 + 0.1725 HRSG2 i/p

S = 2.32818 R-Sq = 82.1% R-Sqg(adj) = 82.1%

Analysis of Variance

Source DF SS MS F P
Regression 1 23900.0 23900.0 4409.24 0.000
Error 962 5214.5 5.4

Total 963 29114.4

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus HRSG2 VPS is significantly responded to Energy to HRSG2.

Fitted Line Plot
VPS2 = 18.77 +0.1725 HRSG2 i/p

—— Regression
60- —_— 95% CI
95% PI
S 2.32818
R-Sq 82.1%
50+ R-Sq(adj)  82.1%
@
S 401
30+
20

T T T T T T
50 75 100 125 150 175 200 225
HRSG2 i/p

NN 40 HRSG2 VPS VS Energy to HRSG2 Fitted Line Plot and Residual Plots
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ANNANNUSITUIN  1BnaANsaused et fnan lEa Nl @ latnvuaefs  (HRSG3  VPS) Ayl

1 BN UNANIBANNFAUANANTETINTI AR AN FEUAN AU AR AN AiuA w7 1 lun1snan letinaes

Mdsin@an latuaefs (Energy to HRSG3)

Regression Analysis: VPS3 versus HRSG3 i/p

The regression equation is
VPS3 = 20.82 + 0.1573 HRSG3 i/p

S = 2.00042 R-Sq = 84.7% R-Sq(adj) = 84.7%

Analysis of Variance

Source DF SS MS F P
Regression 1 23376.5 23376.5 5841.65 0.000
Error 1054 4217.8 4.0

Total 1055 27594.3

P-Value < 0.05 (Confidential level 95%)
Reject HO, Thus HRSG3 VPS is significantly responded to Energy to HRSGG3.

Fitted Line Plot
VPS3 = 20.82 +0.1573 HRSG3 i/p
65 —— Regression
—— 95% CI
60 95% PI
S 2.00042
35 R-Sq 84.7%
R-Sq(adj)  84.7%
504
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P 454
>
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AN 41 HRSG3 VPS VS Energy to HRSG3 Fitted Line Plot and Residual Plots
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3.3 AuN15IRLsEANA
Auum sl
wiaen@n Wilniaiufing: G, GT; Gas Turbine = { "G1", "G2", "G3" }

MinanaRwlann H, HRSG; Heat Recovery Steam Generator = { "H1", "H2", "H3" };
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(4) aunednnlseasd Auulunisuan iiiuaylain
(5)-(8) Foanan WA IFANLBNuAGeINT ANz ANEAINTBILAATLqE

(9-(11)  BuauanmBaunldainuiaanan N Asiuig aulssAnsninueausazmiioe
(12)-(15)  Fesuanlatn iRNBNUNFARIN1T ANNUILANBAINTBIWAAZIIE

(16)-(22) AR AVDILAAZMUIL AR

=

MinCost = Py % [Z:(E2,) + X;(E1;)]
0.4076(E2,) — 1.884 = W,
0.4391(E2,) — 3.406 = W,
0.4064(E2;) — 1.966 = W,
W, = 44

1.168(W,) +20.20 = T,

D

T3 IS T R
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1.187(W,) + 19.94 =T, (10)
1.190(W5) + 19.94 =T, (11)
0.1835(E1, + T,) + 17.02 = Q, (12)
0.1725(E1, + T,) + 18.77 = @, (13)
0.1573(E15 + T3) + 20.82 = Q4 (14)
%iQ =78 (15)
25 <E2, <47 (16)
27 < E2, <44 (17)
25<E2, <44 (18)
15<E1,+T, <55 (19)
16 <E1,+T, <53 (20)
15 <E1l;+T; <53 (1)
E2;, W, E1;, T; <0;i,j=1,2,3 (22)
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1) Tsunsnawpzvideyanieansa Minitab ® 15.1.20.0
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Two-Sample T-Test and CI: GTG1 Power, Cal GTG1 Power

Two-sample T for GTGl Power vs Cal GTGl Power

N Mean StDev SE Mean
GTG1l Power 636 12.204 0.950 0.038
Cal GTGl Power 636 12.204 0.877 0.035
Difference = mu (GTGl Power) - mu (Cal GTGl Power)
Estimate for difference: 0.0004
95% CI for difference: (-0.1005, 0.1013)
T-Test of difference = 0 (vs not =): T-Value = 0.01 P-Value = 0.994 DF = 1260

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (GTGl Power) = mu (Cal GTGl Power)

Boxplot of GTG1 Power, Cal GTG1 Power
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10

GTG1 Power Cal GTG1 Power

PINA 42 Boxplot of GTG1 Power, Calculated GTG1 Power
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Two-Sample T-Test and CI: GTG2 Power, Cal GTG2 Power

Two-sample T for GTG2 Power vs Cal GTG2 Power

N Mean StDev SE Mean

GTG2 Power 636 12.09 1.16 0.0406

Cal GTG2 Power 636 12.12 1.12 0.045

Difference = mu (GTG2 Power) - mu (Cal GTG2 Power)

Estimate for difference: -0.0320

95% CI for difference: (-0.1577, 0.0937)

T-Test of difference = 0 (vs not =): T-Value = -0.50 P-Value = 0.618 DF=1268

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (GTG2 Power) = mu (Cal GTG2 Power)

Boxplot of GTG2 Power, Cal GTG2 Power
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PINA 43 Boxplot of GTG2 Power, Calculated GTG2 Power
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Two-Sample T-Test and CI: GTG3 Power, Cal GTG3 Power

Two-sample T for GTG3 Power vs Cal GTG3 Power

N Mean StDev SE Mean

GTG3 Power 1003 12.47 1.31 0.041

Cal GTG3 Power 1003 12.47 1.28 0.040

Difference = mu (GTG3 Power) - mu (Cal GTG3 Power)

Estimate for difference: -0.0031

95% CI for difference: (-0.1164, 0.1102)

T-Test of difference = 0 (vs not =): T-Value = -0.05 P-Value = 0.957 DF=2002

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (GTG3 Power) = mu (Cal GTG3 Power)

Boxplot of GTG3 Power, Cal GTG3 Power
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NN 44 Boxplot of GTG3 Power, Calculated GTG3 Power
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Two-Sample T-Test and CI: GTG1 Exhaust, Cal GTG1 Exhaust

Two-sample T for GTGl Exhaust vs Cal GTGl Exhaust

N Mean StDev SE Mean

GTG1l Exhaust 618 34.44 1.17 0.047

Cal GTG1l Exhaust 618 34.43 1.15 0.046

Difference = mu (GTGl Exhaust) - mu (Cal GTGl Exhaust)

Estimate for difference: 0.0153

95% CI for difference: (-0.1140, 0.1440)

T-Test of difference = 0 (vs not =): T-Value = 0.23 P-Value = 0.817 DF = 1233

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (GTGl Exhaust) = mu (Cal GTGl Exhaust)

Boxplot of GTG1 Exhaust, Cal GTG1 Exhaust
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AR 45 Boxplot of Exhaust GTG1, Calculated Exhaust GTG1
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Two-Sample T-Test and CI: GTG2 Exhaust, Cal GTG2 Exhaust

Two-sample T for GTG2 Exhaust vs Cal GTG2 Exhaust

N Mean StDev SE Mean

GTG2 Exhaust 618 34.41 1.32 0.053

Cal GTG2 Exhaust 618 34.39 1.30 0.052

Difference = mu (GTG2 Exhaust) - mu (Cal GTG2 Exhaust)

Estimate for difference: 0.0146

95% CI for difference: (-0.1317, 0.1609)

T-Test of difference = 0 (vs not =): T-Value = 0.20 P-Value = 0.845 DF = 1233

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (GTG2 Exhaust) = mu (Cal GTG2 Exhaust)

Boxplot of GTG2 Exhaust, Cal GTG2 Exhaust
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AN 46 Boxplot of Exhaust GTG2, Calculated Exhaust GTG2
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Two-Sample T-Test and CI: GTG3 Exhaust, Cal GTG3 Exhaust

Two-sample T for GTG3 Exhaust vs Cal GTG3 Exhaust

N Mean StDev SE Mean

GTG3 Exhaust 617 34.39 1.19 0.048

Cal GTG3 Exhaust 617 34.37 1.17 0.047

Difference = mu (GTG3 Exhaust) - mu (Cal GTG3 Exhaust)

Estimate for difference: 0.0121

95% CI for difference: (-0.1197, 0.1440)

T-Test of difference = 0 (vs not =): T-Value = 0.18 P-Value = 0.857 DF = 1231

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (GTG3 Exhaust) = mu (Cal GTG3 Exhaust)

Boxplot of GTG3 Exhaust, Cal GTG3 Exhaust
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AR 47 Boxplot of Exhaust GTG3, Calculated Exhaust GTG3
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Two-Sample T-Test and CI: HRSG1 Steam, Cal HRSG1 Steam

Two-sample T for HRSGl Steam vs Cal HRSGl Steam

N Mean StDev SE Mean

HRSG1 Steam 616 37.99 2.40 0.097

Cal HRSG1l Steam 616 37.94 2.12 0.086

Difference = mu (HRSGl Steam) - mu (Cal HRSGl Steam)

Estimate for difference: 0.053

95% CI for difference: (-0.200, 0.3006)

T-Test of difference = 0 (vs not =): T-Value = 0.41 P-Value = 0.680 DF = 1212

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (HRSGl Steam) = mu (Cal HRSGl Steam)

Boxplot of HRSG1 Steam, Cal HRSG1 Steam
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AN 48 Boxplot of HRSG1 Steam, Calculated HRSG1 Steam
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Two-Sample T-Test and CI: HRSG2 Steam, Cal HRSG2 Steam

Two-sample T for HRSG2 Steam vs Cal HRSG2 Steam

N Mean StDev SE Mean

HRSG2 Steam 616 37.85 2.50 0.10

Cal HRSG2 Steam 616 37.78 2.18 0.088

Difference = mu (HRSG2 Steam) - mu (Cal HRSG2 Steam)

Estimate for difference: 0.064

95% CI for difference: (-0.199, 0.320)

T-Test of difference = 0 (vs not =): T-Value = 0.48 P-Value = 0.634 DF = 1208

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (HRSG2 Steam) = mu (Cal HRSG2 Steam)

Boxplot of HRSG2 Steam, Cal HRSG2 Steam
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AN 49 Boxplot of HRSG1 Steam, Calculated HRSG1 Steam
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Two-Sample T-Test and CI: HRSG3 Steam, Cal HRSG3 Steam

Two-sample T for HRSG3 Steam vs Cal HRSG3 Steam

N Mean StDev SE Mean

HRSG3 Steam 6l 37.73 2.04 0.082

Cal HRSG3 Steam 616 37.66 1.63 0.066

Difference = mu (HRSG3 Steam) - mu (Cal HRSG3 Steam)

Estimate for difference: 0.074

95% CI for difference: (-0.133, 0.280)

T-Test of difference = 0 (vs not =): T-Value = 0.70 P-Value = 0.486

P-Value > 0.05 (Confidential level 95%),
Accept HO: mu (HRSG3 Steam) = mu (Cal HRSG3 Steam)

DF
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Boxplot of HRSG3 Steam, Cal HRSG3 Steam
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AN 50 Boxplot of HRSG3 Steam, Calculated HRSG3 Steam
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Power from GTGs | VPS from HRSGs
Case Optimized MWe Tons/hr
| Optimized GTG Average + Optimized PEA 44.0 97.4
Il Optimized GTG Max + Optimized PEA 49.3 971
Il Optimized GTG Min + Optimized PEA 31.6 1031
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Input Output Input Output
Unit E2i Wi Ti Total Unit E1j Ti Total Qj Sj Total
MW-hr MW MW-hr MW-hr MW-hr | MW-hr | MW-hr | MW-hr | MW-hr | MW-hr

GTG1 | 46.64 17.50 29.14 46.64 HRSG1 | 25.21 | 29.14 | 54.35 | 26.15 | 28.21 54.35

GTG2 | 44.03 | 15.90 28.13 44.03 HRSG2 | 30.44 | 28.13 | 58.57 | 26.08 | 32.49 | 58.57
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MW-hr | MW-hr | MW-br MW-hr MW MW-hr | MW-hr MW-hr
Cogenerator 1 25.21 46.64 71.85 65.91 17.50 26.15 28.21 71.85
Cogenerator 2 30.44 44.03 74.47 69.28 15.90 26.08 32.49 74.47
Cogenerator 3 28.64 31.32 59.96 61.29 10.69 26.38 22.90 59.96
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Case | [GTGs44.0] GTe1 | GTG2 | GTG3 [GTGTotal| HRSG1 | HRSG2 | HRSG3 |HRSGTotal| NGTotal | %Save
NG Price,
Optimized THB/MWth 847.38 174,793.27
Loading [S="0rv 466 44.0 313 252 304 28.6 206.27
Allocation
NG, ma/hr 18656 | 17610 | 12526 10084 | 12176 | 11458 82510] 42 g4
NG Price, 3.9
Flat  |mogmantn 847.38 203,040.68
Loading
Allocation NG Mt 39.86 39.12 3941 118.39 42,64 41,69 36.89 121.22 239,61
NG, malhr 15945 | 15649 | 157.62 | 47356 | 17057 | 166.75 | 147.56 484.88 958.44
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Case Il [GTGs49.3] G6Te1 | GTG2 | GTG3 [GTGTotal| HRSG1 | HRSG2 | HRSG3 |HRSGTotal] NGTotal | %Save
NG Price,
Optimized THB/MWth 847.38 178,656.29
Loading [S="0rv 466 440 436 252 200 224 210.83
Allocation
NG, m3/hr 18656 | 17610 | 174.24 10084 | 11591 89.68 843,33 4
NG Price, 6.3
Flat | aevnh 847.38 190,759.16
Loading
Allocation INGMAth 4343 43.85 43.39 130.67 33.19 32.55 28.70 94.45 225.12
NG, m3/hr 17373 | 17538 | 17356 | 52268 | 13277 | 13022 [ 11480 377.79 900.47
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Case Il [GTGs31.6] GTG1 | GTG2 | GTG3 [GTGTotal| HRSG1 | HRSG2 | HRSG3 | HRSGTotal] NGTotal | %Save
NG Price,
Optimized | THa/vwth 847.38 201,731.18
Loading o= v 254 438 245 36.2 76.0 3241 238.06
NG, ma/hr 10177 | 17538 | 9847 14461 | 30399 | 12835 95226 | 40 40
NG Price, 6.
Flat [ 847.38 241,423.34
Loading
Lot NG, Mwih 34.23 30.57 30.26 95.06 63.92 63.76 6217 189.85 28491
NG, ma/hr 136.93 | 12227 | 121.04 | 38024 | 25568 | 25504 | 24866 | 759.38 1,139.62

AN9197 11 AR INARNEN1IARTINITLLAT NN BU U IUN1IRARIINNTL UL WA UL EILIAN

(FT34)
Power from VPS from NG to NG to NG NG Cost % Save
Case Optimized GTGs HRSGs GTGs HRSGs Total
MWe Ton/hr MWth MWth MWth THB

| GTG Average + PEA 44.08 97.40 121.98 84.3 206.3 174,793.27 13.912
I GTG Max + PEA 49.31 97.14 134.23 76.6 210.8 178,656.29 6.345
1} GTG Min + PEA 31.64 103.10 93.83 144.2 238.1 201,731.18 16.441

Existing

Flat GTG Average 44.4 97.40 118.39 121.22 239.61 203,040.68

Flat GTG Max 49.63 97.14 130.67 94.45 22512 190,759.16

Flat GTG Min 31.96 103.10 95.06 189.85 284.91 241,423.34
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Case I: Average GTGs' Production + PEA
NG consumption, MWth

GTGEE GTGE TR GTG HREAG HE&G2 HAARGS HR%G MG Telal
Iotal lotal

B Optimized Loading, Allscation B Flat Loading allocation
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Case ll: Max GTGs' Production + PEA

L}
NG consumption, MWth
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Case lll: Min GTGs' Production + PEA

NG consumption, MWth
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Optimized Loading Allocation + PEA
NG consumption, MWth
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Case Salvage| BFW+Salvage | NG to GTG Cost Cost NG to HRSG Cost Cost Total NG Cost | Total Cost % Save
THB THB THB THB/kWe THB THB/ton VPS THB THB

| |Optimized GTG Average + Optimized PEA|  2.64 8,652.60 113,740.16 2.58 71,429.60 112 162,281.95 | 170,937.20( 19.25

Il |Optimized GTG Max + Optimized PEA 2.96 8,629.50 113,740.16 2.31 64,916.13 1.02 166,246.30 | 174,878.75| 12.29

Il |Optimized GTG Min + Optimized PEA 1.90 9,158.60 79,507.49 2.51 122,223.69 1.82 200,151.71 | 209,312.21| 16.47
Flat GTG Average 2.66 8,652.60 100,321.25 2.26 102,719.43 1,62 203,040.68 | 211,695.94
Existing[Flat GTG Max 2.98 8,629.50 110,726.90 2.23 80,032.26 1.26 190,759.16 | 199,391.64
|Flat GTG Min 1,92 9,158.60 80,552.15 2.52 160,871.18 2.39 241,423.34 | 250,583.85
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