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Wittayasara: Integration Apply Engineering and Industrial Technology 1
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Recovery of Crude Oil Wells using Organic Rankine Cycle (ORC)

0Tad WieAs " wazilgns lyegd”
Puchit Pengsiri" and Nattaporn Chaiyat”
Linendendinunannu uminenaoudly
Z yipdidniseaniuuiavinalulagaugamam
1School of Renewable Energy, Maejo University, Chiang Mai, Thailand
ZThermal Design and Technology Laboratory (TDeT Lab), Thailand

E-mail: benz178ti@hotmail.com

Fuiifuunanu 23 wgainieu 2567 Juiiuufluunaing 12 nuaiug 2568 Fuiineuuunanu 14 e 2568
Received: Nov. 23, 2024 Revised: Feb. 12, 2025 Accepted: Apr. 14, 2025

unAnga

mAfeiiauesvuurdalihdwsumsihanufeuisndufuremamaneihiiuiu
lagdndnshssAuansdunsduuin 10 kW, A4 @15v197U R-245fa wagsyuIeAI1NSaY
aaee1ne vesinafeuldiangungilugia 84.00 - 101.50 °C wagdnIN1sinadaula
291 /s gnldlunisudnlandla annuanisnaaey wudi szuundnlninainaiiuiau
arursananlniignsla 4.95 kw, AUszANSNINUDISEUUS00aE 3.20 HANTENU
Fudauandouainnisusediuigdngdin wuin nansenudunatsiifidinansenugesa
Ao MsinAudufiusiouywed 9.06E+04 kg 1,4-DB eq Uazsadan Ao Maiasuuuas
anwnfionnd 2.49E+04 kg CO, eq uardmaNIENUTUUANEA LU WYY YE 8.35E-02
DALY #udsuindan 2.27E-02 Speciesy waz@undnenns 1.71E+03 USD sausiavinnig
Ansziazuuuidaienainnisuseiiuigdnsdialduindu 0.00047 Pt lnsnanseny
foAIndoIAnIINMTlivBIAILAYIMEN NANTIATIEANAATYEAY WU FunuNdsay
RonIeliniu 2.26 Baht/kWh angldyaaiiuasvu 1,100,000 U
ArdAey: szuunan b, mﬁﬁwmm%fauﬁmﬁuﬁu, TInIusefuansdunsd, n1suseidiu

193n5%73m, wqumzﬁflﬁuau

Abstract
This research presents a power generation system for waste heat recovery
from crude oil wells. The system employed a 10-kW, organic Rankine cycle (ORC)
with an R-245fa refrigerant as the working fluid and an air-cooled system. A geofluid
temperature range of 84.00 — 101.50 °C and a mass flow rate of 2.91 L/s were used
to generate power from the ORC system. Test results revealed a net power output of

4.95 kW, and a system efficiency of 3.20% from the heat-to-power system. The life

WeansysanmanalulaggnannssuuaImnssuysvend
U 18 adun 1 unv1Au - dQuieu 2568



2 Wittayasara: Integration Apply Engineering and Industrial Technology

cycle assessment (LCA) revealed highly significant midpoint effects under human
toxicity of 9.06E+ 04 ke 1,4-DB eq and climate change of 2.49E+ 05 ke CO, eq.
The endpoint impact values encompassed a human health of 8.35E-02 DALY, an
ecosystem quality of 2.27E-02 Species-y, and natural resources of 1.71E+ 03 USD.
The LCA single score was approximately 0.00047 Pt. All of these impacts were
associated with the use of copper and steel. The economic analysis indicates
a levelized energy cost of 0.064 USD/kWh under an investment cost of 1,100,000 Baht.

Keywords: Power generation system, Waste heat recovery, Organic Rankine cycle

(ORQ), Life cycle assessment (LCA), Crude oil wells

1. unid

Masidoudundslundsnunoadanldfuodraunivarslutiogdy waglunszuiums
wandlnsidounelfiAnaufoudisiuauuin nseaudneninainudeuiisialan
A1UAIAEIY (McKinsey’s sustainability practice, 2023) WU31 ANAHIUGAAINNTTH
hifuiasAeldassaudouiianinndt 1,300 Th ausiduthdsuanen) Anidudesas 42
YosmpdIuvan AafumshaafeuinduAuiadumseusmindsnu uasiiuussansam
nsuannasulagn1sudnsaunasulniinastlnsiden (Combined petroleum and
power generation process) S3uManauanesulsutsvesfguralufuasusiadifen
(Green economy) sauvisiawImamdeweluiingg duasuanumdunatmisaisuou
(Carbon neutrality) LLazaﬁuawumi%amam%muLmﬁm (Carbon credit) (Ministry of
Energy, 2025)

ATeiAntesiumsiuamfoudulniingninauslag Zheng et al. (2022)
Anwnistharnudouinduiiuuldlussuundalniindnsussduansdunss Suvnzdniy
MsdsuauFeuiigumgdl 80 - 150 °C Whdundaaulifa uenand Zhar et al. (2021)
uay Diaz-Secades et al. (2024) l#Anwinmannsaldauouiisiigungiildegaed

a

UszanSan 1nen1suaenttansyinauimunzay 1w R-245fa R-123 waz R-152a @unsawiy

a

Uszandnmnisuantnilnla 10-20% Rijpkema et al. (2022) way Ravindran et al. (2024)

[

Usenaldindnsussfuansdunsdiuwnainusouriamaleussny NINnNTEuIUNITNER

]

lugnamnssunaglods dmsunisndalniiainndanunaunuaiuauieudiaus
1n8 Djemaa et al. (2022) nagoulsaliinlousnanna UL g SIUNa9IUALTDU
TERAN WU @1U150HAANSIUNILALazUIEANT AnALSouUsean 3,823 kW
warSewaz 16.10 auaau Chaiyat et al. (2020) WaszUUNaRlWnsmAun1svinauLdy
warA11UIaU (Combined cooling, heating, power, CCHP) Wu11 Wé’qmqu%ﬁizwwam
Iinfu 32.62 kwh fiuszansnmfosay 11.60 wazyinisuszafiuiginsdin (Life cycle
assessment, LCA) 1ngfia1 5 IHansenunaenininsiinvesseuunieseiieuds Recipe
dethdeyailduianlitussansamiutu Tusluuuaiazsuuudaieasinty 0.026 Pt

woNINUGWINTIRTIERHaAULATYgA1anNS Inedvlauyundanudenis (Levelized

WeansysanmManalulaggnarnssukaImnssuyssend
Un 18 atdul 1 uns1Au - dqueu 2568



Wittayasara: Integration Apply Engineering and Industrial Technology 3

energy costing, LENC) Winfu 0.069 USD/kWh 91na1ui3sednadiu wudn nmsthmanudouiia
nnszunsnantlasdeuuwanini Seldflvudseleivinsineeaduldlgnnnis
a¥uuuitaemsadinaans wazsnausediudundny wWssgeand uazdaandou
PNMINAUIAULUUNSHART NG IUl ez Ulnsideudnaiey

2. Ingussanlunside

2.1 WeRmudunuuszuunanliiln g fnsussAuansdunsd dmsuanudeuiis
nEUALTRmRNIRSuRY

2.2 \oRATIERNad UNF1L tasuga1ans wazdaindouvoanisuanlii
Mnanafeuinduiuremauzinduiv

3. 3AIuNITIY
3.1 Ainseianinieauouuasnisamvasadluadouanvgaanzinduiu

ﬁ’]Lﬁuﬂﬁﬁﬁ?mmgi’mi’m%@%aGUEN‘VTE]}IL"\]wﬁﬂﬁuanuﬁﬂ‘wfﬂﬁﬁLL‘WQL‘WGUi
diothfedswaslnadeuainvamaiziiifuiu wivinisiinsesiaudifuauiou
waznien1nsulsznoulinie mmmagmw%auﬁ%ww (Specific heat capacity, Cp)
ANAIUVILLLY (Density, p) gl wardnsIN1smadieuiunng (V)

3.2 Wandunuuszuundnlndn dwmdunisiiainudeuiisnduiuvemauans

thiuiu

Wawwuuiaemuedamansiagldtoyanismeninuazaudinieninusou
vaavetlvafouldfinn SruduiteuluSudunisvinau (nitial conditions) 9Mnuideues
Chaiyat et al. (2020) Lﬁaaamwmzwwaml‘vxl‘ﬂﬁgé’]’ﬂiLLiaﬁumiSuw%éwm 10 kW,
dmfunisiianudeuiiandudurewmauiaiztifuivu (Crude ofl well, Q) Fiuans
nszuaumsvhedlunmd 1 Gunvesiadeuldfanainvauiasiituiuaedl 1CR-2CR
newannufeuliudiazenslugail 1HW-5HW flgunsaluaniudeunruiounuuriedoure
(Double tube heat exchanger) Qﬂﬂﬁu%mﬁﬁau (Hot water pump, Quw) ﬁiwﬁ’l%}auawm
ndafivingeu (Hot water tank) dhewanufeuliunarsiaulussuundaluiliidns
LLiqﬁumi%uw%éﬁmﬁ 1 -9 fnslosu (Boiler, Qg) rlarsvinuasuanuziiulodou
N84 LLazgﬂwa:uéhaﬁﬁﬁwéa?{u%ﬂmL'isuiuszwim%uﬁﬂﬁwéaﬁu (Oil pump, Wop,e)
1ua;®17i 10-12 ﬂauﬁwgim%’laasumaﬁa (Expander, We,p) finesruiuinieanudnladii
(Generator, Weype) Lﬁam%mwé’mﬂw%wﬁﬂﬁmiﬁwmﬁmmﬁuuazqmmﬁamaq wazlua
lUfaaTosmumtuLUUTEUIEAINFoURI881N"A (Air-cooled condenser, Q) %aawmq
dfnidenldsyuuszunsmnudousigennamaunussuusTUeaLSa uiet mssiiui
Tnsseunauiazihduiu ldfuashazein Ghuiaauagssuutszun) dmsuldluszuu
szueATISoudie mﬂﬁ?umiﬁwmmzmuLujmﬂmaamm%ﬁauazgné’mﬁaﬁ%mms
191U (Refrigerant pump, Wepe) N1UAUIAIIUTOUNSUAU (Heat recovery unit, Qury)
\3aasrUIsALTaU (Precool, Qpd) LazlATBIguAILToU (Preheat, Qpy) LilotiAuou

WeansysanmanalulaggnarnssuiarImnssusvend
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4 Wittayasara: Integration Apply Engineering and Industrial Technology

(%
a

faangunsaiing 1 ndualduselewd samtaiuvszaniammandalifiianauou
WAaUTEUIEA1UTeU (Cooling fan, Wace) gﬂaamwmﬁai%w FULASRIAIULLY
dmsusTUIeAINNSau @am]Wﬂmsv‘mmaaﬂajﬁal,l,’mﬁam (Meteorological department, 2023)
TngUseAvBamnsineuuosssuunaallinininaussfuasdun3s (Nsen) Tdsoazden

AUNNTNNAUAAIEAATLAZAMUFURUSTRIAILUTAN o) AsuanslunIni 1

Type

Refrigerant —»
Oil

Cooling fluid —p
Hot water —p»
Crude oil —»
Electicity

s =
I | ) 5HW

Double tube heat exchanger

Phase A 1CR Hot water <
Liquid —_— pump (Wiype)
Mixture - .
Vapor e CrUd(ZO')l well aHw Hot water tank
Alr - 2 Boiler (Qp) b
Expander . o
G t ) SRUE
en(epri or 12 1 3HW
-_:(\)# * Organic Ranking cycle . SHW
Wepe) (Weg) | Ol and vapor 9 Preheat (QLH)
3¢
separator e O‘ |
Heat recovery 10 11 Precool Receiver 5 - >
unit (Qupy) = - @0 18 ‘ >
; Oll pump (Wep.o) Cooling fan (W) ] -
7 6
- P >
Q- ICF A 2ocF
Refrigerant pump (Wgp ) 4 Air-cooled condenser (Qc)

AN 1 LHUAINAITHIUDE118095zUUNAR LA A mSUn1siIA NS auRIndUA Y
RN/ G REAVGGIELY

3.3 NAFDUKALIATIZAATUNEIY
tnanisaaevluiesufoRnisuasdoyaauiiinianinuiouretinduiv
TAemeimaumsaussousvesmanaaliing e dnsusPuansdunsd mntuhmsiesey
Usrandnmmslindsnuessyuu ngldismsanaseladu (Linear regression) Lilemaunis
aussauy TAMwINUiBufisuranIseenkUUNLUU AR NAdRMARS LAHAN SYIAFDY
WlouuleUszansuavesuuudtans dviunseenuuuszuundslniidmiunistiiai
SouiianduAuremauinziiiududeluluaunes

WeansysanmManalulaggnarnssukaImnssuyssend
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Wittayasara: Integration Apply Engineering and Industrial Technology 5

Input
VCR, TlCR: Tamb
1]
Testing and given data
Refrigerant, Viaw, poil, CPoil, ATcr, AThw, ATcr, ATuru, ATew, ATpn, ATerphx,
ATprg, ATprc, SH, SC, €8, €pHx, €pHx, Nsps NsExpr NG I
1]
Double tube heat exchanger
Tacr = Ticr — ATcr ther = (Ver per) / 1,000 Qcr = 1iicr Cpcr (Tacr — Tacr)
Torw = Tarw = ATew  Touhw = (Tenw + Touw) /2 Cprw = F(Touncrw)
thyw = (Ver paw) / 1,000 viw = F(Tou Hw) Qnw = Qcr €DHx
I

Tiww = Ticr— ATprpHX
prw = F(Touigaw)
Quw = 1w Cprw (Tarw — TaHw)

] v Y
Condenser Pressure Boiler
Ticr = Tamp > Pu=1(Tg) - > Qg = Qnw &pHx
Tocr = Ticr + ATcr PL=1(Tc) Tg = Tiww — ATerp
Te=Tacr + ATerc T,=Tg+SH
Ts=Tc— SC h5 = f(Tc - SC) hy = f(TB) hy = f(TB)
s5 = f(Ts) vs = f(Ts) v hy =f(T5, Py)  s2=1f(T2 Py)
; - '
Receiver E);pa:nger Mass flow rate
Te=Ts hg = hs G > tiyer = Qg / (N2 — hy)
_ Tz = (P, ha) . . N .
S6 = S5 ha = hy — ho— h Mojt = MR threr 3 = mger + Moy
3=y — Msexp (N2 — ho)]
v 5= f(Py, hy) , y
Refrigerant pump hs = f(PL, Ts) Oil and vapor separator
S75=S6 s = f(Pw, S75) vo = f(PLT2) Tw=Ts Tu=Ty
hy = [(h7s —he) / nsp] + he v3 = f(Py, Ta) vio =1/ poil
Tr=f(Pu, h7)  p1=1(T1) src = f(Tc)
H;=1,000 v¢ P4/ g Sgc = f(Tc) Heating and power
Y Sg.c = Sg.c — Stc Qc = thef (Mg —hs)
Precool and Preheat X3 = (s3—5,c) 100/ stgc Weyp = titer (2 — hg)
To=Teg+ ATpc _ Wep = tiverve [P —P] /msp
hg = f(Tg) 1 Wop = thoivio (Proi —Proi) / sop

QPC,ref = et (hQ - h8)
Qpc.oil = Qpc ref EPHX
T12 = T11 — (Qec o / thoit CPoir)
T1 = Tg + ATPH
hy = f(T1)
QpHref = et (hl - hg)
QpHHw = QpH ref EpHx
Tarw = Tonw — (QF:H,HW / 1w Cprw)

y

Heat recovery unit
Tg=T7+ AThru

hg = f(Tg)
Qnruilig = we (hg —h7)
Qtruvap = QHRU lig EHRU
T4=Ts— (ATuru/ &nru)

h, = f(T,)

T

Wiawp = tiw Viaw (Prpaw — PLiw) / msp
WExp,e = WExp NsexpNe
Whree = Wge / Mucp
Wore = Wop / Mmcop
Whwpe = Whwe /Msp
Worch = Wexp — Wre — Wop
Worce = Wexpe — Wrpe — Wope
Wosystemnet = Worce — Whwpe— Wace
T

L]

More = (Wexpe — Wrpe — Wope) / Qs

Efficiency

Noreth = (Wexp — Wrp — Wop) / Qg

Nsystem = WSystem,neI / QCR

Output

Wexp.er Worc.e; Wsystemnets Norc: NoRce thy Nisystem

End

Al 2 msdszdiumundinuresnsihanuieuianduauvemauaviiudy

3.4 Aipseinadudeuindon
n1sUseliadndnstiniinseunisiansandsenauludie ssuudgdnsusedu
a158un3d sruutifeu sruusTUIEAINuSeudieeIn1a gunsaluanudsualuien
LATIEUUYI HURUANISANYILUULATIAA-1-4NSN (Cradle-to-Grave) NANTIAITVIE
LL’dSﬁ’]iSU’W’e)EJﬂﬂi@UﬂunJﬂ‘ﬁgumau (?iguwimﬂﬁme?fqi’mqﬁu nsvuds n1sneasig
nsfudiuey nsdesuaiy uaznisienau (M1s3ledauaznisilinau) vien1svinay

(Function unit, FU) Mllun1suseudiu A 1 kwh veandenuliinansiandals dengnisinnu
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6 Wittayasara: Integration Apply Engineering and Industrial Technology

(Life span) 20 U n153asevilddoyaangiutdeya SimaPro uayld3i5n1s Recipe iausuiiiy
HANIENUTUNATN 18 HaNTeNy TuUay 3 NaNTENU kagkanssnul¥afen (Single score)
AananensaunsUsElinlunmg 3

Ozone depletion |—>| Stratospheric 0zone concentration |—>| Damage
| Human toxicity o] Harzard-weight dose | Damage |—> I
[ Lonizing radiation o Absorbed dose o Damage F—» 3 -
Photochemical oxidant formation Photochemical ozone concentration %
Partculate mater formation PMy, intake Damage %
Climate change Infra-red radiative forcing Damage |—>
Terrestrial ecotoxicity Hazard-weighted concentration - ]
= — - Terrestial Damage
Terrestrial acidification Base saturation m »
Agricultural land occupation Occupation é _ %
Urban land occupation & T
Natural land transformation Transformation / é 5
Marine ecotoxicity Hazard-weighted concentration Marine Damage ||
Marine eutrophication Nitrogen concentration ]
Freshwater eutrophication Phosphorus concentration Fresh water -
Freshwater ecotoxicity Hazard-weighted concentration damage &
Water depletion Amount of water %
Fossil fuel depletion Upper heating walue / 3
- - Damage
[ Mineral resource depletion |- Grade decrease - L |

£%

ANN 3 MIUTHIUMUAILIAGOLYBINTUIANUTOUTNNTUAUYD VAN

TUAU
3.5 AATITANARIULATYAENS

AUNUNEI1UAONUIY (Levelized cost of energy, LEC) fid Fuiinnsiass
mmmwgﬁ%awm‘i%’aﬁ fananslugunis 2 uag 3 ﬁmm'}ﬁunulw%La‘ﬁ'amaammq
lasan1397nYadelaun yad1iuaamnu (Investment cost, Inv) Aununasaulunisndnsded
(Production energy cost, PEC) Wasaulningnssiol (Worc pet tor) 818015189 10U8958UY
(N) §ms1duan (Discount rate, ) waziaden1si@euanin (Deterioration factor, DF)
NASNSUDIENIINONLE 939U095UIANT (Real interest rate, ireal) HAOATSUMB (INflation
rate, infuion) TaNAURBUlIMTIAT T nanalunnT1af 1

" PEC "Wt
LEC = | Inv + Z /| 22— (2)
(1+71) =1 (1 + DF)
R= [(1 + iReaL) / (1 + ilnﬂation)] -1 (3)
A1319% 1 Roulum A ziauAsugAans
s19azden Usunu
M5 UUUYIATY (ireal, %) (The World Bank Group, 2024) 1.50
MWD (infiation, %) (The World Bank Group, 2024) 1.00
Yasumnudavann (OF, %) (Chaiyat et al.,, 2020) 2.00
919984A59N13 (N, y) 20
naMsviaused (top, h/y)' 8,400

WeansysanmManalulaggnarnssukaImnssuyssend
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Wittayasara: Integration Apply Engineering and Industrial Technology 7

4. HAUATILATIZINANITIVY
4.1 wan1sAAsiERaNUAnIeANTauLaznIen nYaIvadluaiau

vadladildnnvauarziifudvludmiadunanss Sdnvaznianisaim
Fauandunnd 4 fo Wuremansenitshiufvuasdhldmuludadiulssana 70:30 Fud
avvauwihuRuIsdidndnihtuivuasilifuuandetuly Wethveavaifenasluyi
nsnegeUmaNUAnIeANTou WUl AUAINTEUTINE (Cp) Ay 4.59 ki/kgK
Ingldgunsal DCS-Analyzer hagai1unuiiuy (p) IAWMIAU 987.30 kg/m’® AI8uIMIFIY
ASTM D4052-18a (AmSpec (Thailand) Limited, 2022) TuvasiaudAgunignin wui
vodlvafounivauazihsiufioumndliuiueu udlnesiuazgendi 55 °C nuaddnsng
Inalduuouudazuinndn 1.5 L/s fadunaunainnislddunsanies (Crank balanced
pumping unit) Tumsguvasinadousoninnuauaiztiduiu

3

AN 4 SNYULNINIENINVBINRULAEU

TRy
4.2 NANITIDNWUUATUNENU

HANITRDNLUUIINKUUTIRDIMNWANAAIAAT WU Szuunan i insusediu
ansPunEAlETumNLSeuNTTURUI AN (Ticr) ﬁqmm:ﬁ 101.50 °C 9a51715MaLT9u98
(Mcg) 2.91 kg/s Foan1sUs NN EoUR RN USLUAY (Qu) 163.48 kW witel4lunaniasy
aufoufiutinazenn kugunsaiuanildsuainuieuuuuviedousie lneldtuinfou
Ftraslndn 0.70 kW, Lﬁmﬁuqmmﬁiﬁmﬁmzmﬂ (Tyw) 100.50 °C wazazanasdlotou
Tiurszuunanlnil (Ta) 91.06 °C TnefluSuaanudouvesinazenn (Quy) 112.79 kw
Joudhgindnsussfuansdunid anudouiingosiu (Qu) 101.51 kW demlsudansyiiau
R-245fa AdasINsinaidanna (i) 0.52 ke/s Tugndl 1 (Ty) Tgamnil 59.63 °C ansviay
szuaniUdsunnufouiivdesuuaznaisiuledeusinddlugail 2 (T,) fgamgil 99.80 °C
wEntuashnuesiundeuaiewesuasnesowruialiih (W) ttardalnidin 9.21 kW,
Tunszuaumsszuigaufoufieiaiosmuuiiu (Q0) Usua 94.41 kw dnnsldidsli
MNWARNTZUNEAINTBU (Wace) 2.60 kW, grumpiennadsuindesniiuazeeniadeiminiu
27.90 °C uag 35.70 °C fanansluninil 5 UszAnsainnisanuieuvesindnsusedy
4159UN3E (i ord) wazUsEANSAMNIsAUANLSauTUIWTveeTndnsussAuasBun3d
(Nord) WinfiuFesas 11.56 wazdova 8.13 stUUNAANGINUIITANENT (Weystemner) 19 4.96 KW,
TneflUseanEn eI (Neysen) 50802 3.05 Filandlunind 6
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U 18 adun 1 unv1Au - dQuieu 2568



8 Wittayasara: Integration Apply Engineering and Industrial Technology

120

100 & = = = = = = =l =) =) =) £

Temperature (°C)
finy [ 09
o o o
T T T

TlCR TZCR TlHW TZHV\/ TZ T3 TlCF TZCF

0 1 1 1 1 1 1 1 1 1 1 1

Jan Feb Mar Apr  May  Jun Jul Aug Sep Oct Nov  Dec
Month

AR 5 gaunindl au 9aene 9 aeluszuundalniiigdnsushuansdunsd

200 12

® QCR = QHW A& QB QC x WExp,e WORC,e ¢ WSystem’met

180 W )

|
|

Heat capasity (kW)
N
o
T
1
[e)}
Power consumption (kW,)

[N
N
o
T

100 A—A—A—A—A—A—A—A—A—A—A

80 1 1 1 1 1 1 1 1 1 1 1 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

AN 6 DATINTONUNAIUSOULAL AT LINEIY

4.3 namswaszuusdaliidwiunisianadeuiisnduduainquihiiy

éTuLLUUSUUUmﬁmiw%i’gﬁﬂsLLiqﬁumi%um%émum 10 KW, fauanslunini 7
guUnsaluanilasumnueuluuviedouriavin 240 KW (Anufunazgamniigean 16 bar
gauges uaw 160 °C) grldlunstheudouiandufunrquanzisiuiy ieuanasu
arwdouiuiiazenn wasdrelvunssuundalnil iginsussAuansdunid indedu (gunsel
uanUABUANLTOULUUHY 150 KW nER9Inausuiad SUS-304) fn1seoniuunsthaniiy
YouisnduAuainansheunielussuuninlii R-245f lngldiadesszuisninudou
LaziAdedguALTauvLInAIaE 15 KW ileiiinaruaunsalunisnanliliihliuiinges
Ailalnwuumieann (Induction generator) YA 11 kW. WUU 3 phase #iafiuLA3os
yeeiiimuIaniazedalenuuang (Screw compressor) ¥unm 15 kW fifinnansisey
1,450 - 4,500 rpm wazU3uInsn19n59a (Displacement volume) 250-302 m>/h A

WeansysanmManalulaggnarnssukaImnssuyssend
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Wittayasara: Integration Apply Engineering and Industrial Technology 9

SPUUSTUILAIINS U BN IAILIR 130 KW wagldiaay 6 67 wuu 3 phase AifUsuns
n15lnaveseinia 8830 m”h A21U15958U 1,320 rpm vuanalif1daz 0.55 kW,
dmfunmstuindeusiniadionaliuioussnainanineu R-245f lagaisringu
SlomuutuszgninAuilususnashonusasitusuuiinuey (Horizontal type) 1 60 L
e?iﬂmaamwu ﬁLﬂ@iﬁﬁmiamﬁ%éﬁﬁwmm%&uﬁaﬂé’uﬁu (Inner heat recovery unit) ¥ 10 kW
eluinusnasiauuasiiu Suuvunasluiiauuad (Vertical multistage pump)
vafEslih 0.37 kW, wag 0.75 kW, griddmiuiuiadoummhauwaziiiunuidy
4.4 HAN1TVAFIUKALIATIZAUTEANSAINATUNAI9U
ndayanisnaaeuluesdifinig wud aaumgiivedinarid (Tice) Tutas
gl 84.00 - 101.50 °C gndouitnlulugunsaluaniUasuaiueunuuvedousie
FruausaulIuia Q) 154.84 KW A5n51n15lnaideuna (me) 2.91 ke/s vaslnadou
gunndl (T 100.50 °C aggnemaruouluduhdounasanguugfl (Tuy) mdeUssaunn
91.10 °C th3pugnioudhiiniosiuvesiginsussuasdunds (Qu) 112.26 kW uanivdsy
mnuFeufuansyinuindiesy (Qs) 101.03 kW ansvinugnésliiiteniigamgd (T,) 87.70
wazdinufuf1ugs (Py) 908.89 kPa gauge aunaneifulofeusindudngindeswesd
Wendnau Insideudainiesvetefuasiaiesiudnliiilnensaufiondnlnin (Weee)
9.21 kW, msldndsuaingunsainng q angluszuu Usenaulusae Juansvieu (Wep.e)
0.67 KW, Taisty (Wope) 0.29 kKW, Jur%eu (Wiwp,e) 0.70 kW, Laginauszu1on1usou
(Wace) 2.60 kW, daualiiinsa@nlalilngnsle’ (Wesemned 117U 4.95 kW, AUszansam
AIUNEIUYBITZUURAAINATI NI NTUSIRUANTBUNSE (Nor) WIAUSeeax 8.17 uawliUss@visnm
VOITZUY (Nsystem) NUTOBEY 3.20
TnguszdnsamdundanuresigdnsussAvarsduniduosauided
fiAlndiAsafiuauves Chaiyat et al. (2020) fivhnsnaaeuszuundnlnfiiiginsussdu
A150UNSTVUA 10 KW MU USEANSAINAUNSIIUTA1508aY 8.42 WA lUIIWITLAINGT?
finslduvdanrudouiigumadl 113 °C IwhlfuszavBamiundanuiiimnniy

i V

_(

r'F
® l Boiler I E,

s o ]

e 4

AW 7 é}’ul,wmzwmﬁmlvxlﬂﬁg%’ﬂiLLimumiaumd Jdm

ol

Uﬂ?‘ﬁﬂ’]ﬂ??ﬂiau%\iﬂaUﬂu
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10 Wittayasara: Integration Apply Engineering and Industrial Technology

AsUseiliudszansameesssuunanliiiidnsunisiiannudeuiianduiy
Mnavgazihdudv neldnsienginisannssladuiieasuengfinssunisianu
Ingldmnuduiusseninanuuandisesgumgivedvadouridnazaungiioniauid
(Ter; — Tery) sWusauusauuuwnu X Tugamgiigag 55.00-80.00 °C wazinuausz@nsam
MSTNUVBITEUY (Nsystem) LTUAILUTINULUAY Y svinsIsuiisunanissians
(Simulation) wagn15nAday (Testing) FananluAIMT 8 WUT AUNTANTIAUSVOITLUUNER
Tianuuusiass daansluaunsd 4 a1 R wiadu 1.00 wazan P-value Wiy 4.83 x 1072
Tuguziiaunisaussausaosszsuunanliinainnanisvagey fwansluaunisi 5 wuin
A1 R? VAU 0.9665 wagAn P-value Wi1Avu 1.21 x 107 91an1siUSeulisunanisanass
LazHan1Inaaay wud wullduvesdeyalndifgsiudsudieuin uanedaninugnaos
LaEANL T Reve UL AR IIAdinfans e AT RlEWaLT Y TusyAnsHadmiy
T lunsUszifiudnenmmstanudoufianduiunnaalni dmsumsesnuuuiiiteuls
Susudsundasiuueunanliegaiuszadnsam

nSystem,Simulation = 01306(TCR| - TCF,i) - 6.5597 (4)
Nsystem,Testing = 0.1287(Tcrj — Tery) — 6.4275 (5)
q
.
@ Simulation Testing '_.0".‘
¥4

3T S
X e
e y = 0.1287x — 6.4275 :
> e
e R2 = 0.9731 o
(]
SR P-value = 1.95 x 107! y = 0.1306x — 6.5597
© Rz = 1.0000
£ P-value = 4.06 x 1072
2
wv

O 1 1 1 1
55 60 65 70 75 80
Ters = Ters (°C)

CR,i

CF,i (

MWN 8 aunTsaNsIauesEUUNan T InInsuseAuansBunsdnuuuiaewazn1sagey

4.5 HanIEMUATLEING oY
n13Us I InsInasyin1susediutaydsnenissulsenauliime fnghu
waznslindanunaenegnisléon iledseliunansenudeduindenfiaziAndu wui
finsl4mEn 2,276 ke Moaune 575.30 kg wazwanadin 246.50 ke lutransreadns tifuiu
Usues 1,784,160 m? anemeanudeulddniazenalutiediivay fnnssaluavesans
¥ausasisfunaeauyszanm 1 ke/y wazndnlvdlausyunu 831,600 kwh dmsutuneu
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Wittayasara: Integration Apply Engineering and Industrial Technology 11

A15300UANNTAUNMEN 2,276 kg LaENDILAT 57530 ke ndunnldlug Tuvaziiwaradin
246.50 kg gnn1sfdalagnisilenay

913197 2 uansnisUszifiunansguisandendunats 18 nansenu wudn
fupounsreataiinansenusodandeuasanfnilu 2.476+05 kg eq Anidudosay 69.17
fumeuntsdifiunisdamanssnu 2.07E+05 kg eq Andiufesar 5.80 uagmstlnaudwa
NT¥NU 1356402 kg eq Antdiudonaz 0.04 wansenuduAwindoudunarsfiniian
fio maiAnamdufivseuywd 9.06E+04 kg 1,4-DB eq uazmIiUdsuutasaningfienia
2.49E+04 kg CO, eq MUAINU

migayLﬁw%’wmﬂiéaLLaﬂﬁamaéﬂqﬁﬁaﬁwﬁ@Lﬁmmﬂ n1siaenlddan nsvuds
szezlna warnslindsnu Jedrudamansznuegianniensasdinvesyuduazaudsdy
vosszuuiing WeAugaegnslinuvesssuutansine 1 1wy win noswns wagnoundes
fldlunszurunsneadieazgniunisilufa aunsnannansznudeduindendszana
8.93E+04 kg eq AnluSoway 24.99

nsiasgsinansgnudulate nud nisudesuafivnasnoignislday
AINANTENUABATUAUNINYBINYYELWINAY 8.35E-02 DALY %158 1.00E-07 DALY/KWh
FuAINdaUINGU 2.27E-02 Speciesy W38 2.73E-08 (Species-y)/kWh wagdnumsnens
WU 1.71E+03 USD %30 2.06E-03 USD/kWh

syuundnlnfinigdnsuseAuarsduniddmsunisiiaueusiandui
IN15Ua08uafiynaono1gn1slduTInyinfu 1.79E+05 kg eq waginansenunaniley
NYIUNAY 2.15E-01 kg eq/kWh suadlpsuuuB A i uAwndsnwiniy 0.00047 Pt
Fafiafosnirszuunanlnihiginsusshuansdunidainimdoures Chaiyat et al. (2020)
fiflnzuundadasiiu 0026 Pt lasamAdeiinsussdintaganmsneuailsudousaude

= o

WM IEHANTENUADAILINBUFWINAI

A151991 2 NANTENUEWINADUTUNANS

Hansznuduandou Ll
ARDNDNY 1 kwh Pt
mﬁLiJﬁ"wLnJaaamwQﬁmmm (kg COz eq) 2.49E+04 | 3.00E-02 | 4.60E-07
nsanasvastulelen (kg CFC-11 eq) 8.92E-04 | 1.07E-09 | 2.54E-08
nsiAnnMenuanAiU (kg PMyo eq) 8.64E+01 1.04E-04 | T7.65E-06
MsinN1EEUNIA (kg SO, eq) 2.62E+02 | 3.15E-04 | 2.68E-04
nswSaiulaRaunfvesiivthlusndniria (ke P eq) 3.81E+01 | 4.58E-05 | 5.92E-07
nsasiulaRaunfvesivhlundnimea (kg N eg) 8.62E+00 | 1.04E-05 | 1.14E-04
mainauduiivsieuywd (kg 1,4-DB eq) 9.06E+04 | 1.09E-01 | 3.71E-07
mMsifan e dufivdediiu (kg 1,4-DB eq) 120401 | 1.44E-05 | 2.29E-07
nsinnmziidufivieundninan (kg 1,4-DB eq) 1.94E+04 | 2.34E-02 | 7.90E-08
MeAnns i ufivsouranimeia (kg 1,4-DB eq) 1.72E+04 | 2.07E-02 | 2.63E-05
ﬂ’liaﬂawaﬂﬁlﬁ?({] (kg Fe eq) 1.94E+04 2.34E-02 5.23E-09
mMsanawenTonaesda (kg oil eq) 1.86E+03 | 2.24E-03 | 1.04E-06
nainUAAseweuastuiulalan (kg NMVOO) 6.87E+01 | 8.27E-05 | 2.27E-08

WeansysanmanalulaggnarnssuiarImnssusvend
U 18 adun 1 unv1Au - dQuieu 2568



12 Wittayasara: Integration Apply Engineering and Industrial Technology

A1519% 2 NANSENUALINABUTUNA (A1)

HaNsENUAWINEaN HaEMImsn
AaDNDY 1 kWh Pt
mainssdviinnelossu (kBq Uzss eq) 1.16E+03 1.39E-03 5.14E-08
ANSAAAIIEITIALNIINITALAS (m’a) 1.12E+03 1.35E-03 6.48E-11
nsanasuesinuiiontede (m’a) 4.49E+02 5.40E-04 7.61E-07
ANTanaveiAUsTINTIR (M2 2.60E+00 3.13E-06 4.85E-05
NMsaRAmBmMINEINTNINA (m?) 2.00E+03 2.40E-03 1.50E-07
ﬁgﬂwuﬂ 1.79E+05 2.15E-01 0.00047

4.6 NAGULATEFANERT

NANFIATIEUIATYgAEANS FalanssisaziBonlunnedl 3 wudl dunuiin
9152 UURAR I AT TnIUseAuaITBUNTE 1,000,000 Baht qﬂmaﬂuamﬂﬁaumm%w
wuUYiedousie 50,000 Baht wagsruueniou 50,000 Baht dsnalilyadinisayu
Wamua 1,100,000 U Sarldgneluniswanlndinded 30,000 Baht/y Insszuuwaslnii
191U 24 h/d wae 350 d/y anunsandanasaulniingnidel 41,580 kWh/y vinllidunu
Tunisudandsary (i) sevile 2.26 Baht/kwh Fafianlndifsafussuunanndsnusiu
Chaiyat et al. (2020) Pndunulunisnanndanusentie 2.18 Baht/kWh

M19197 3 NTIATILIAUATEFAERTVRINT SRR LT 1N AN UTNTRIRULAENLTY

318aLDYN Usua
1. WUl ANEALSTENS (Weystorm net, KWH) 4.95
2. Wﬁamulw%ﬁmﬁmlﬁqw%a% (Wsystemnet tor, KWh/y) 41,580
3. YaA1¥uaUITUURAALNTNIINTUSIANaNTBUNSE (INvore, Baht/y) 1,000,000
4. yaruawugUnsaluaniudsuanuieunuuiedeuio (Invou, Baht/y) 50,000
5. Qaﬁwﬁuammzwﬁaﬁﬁau Anfl 5% veamAIInTusIAUaTBNTY 50,000
(INVpiping, Baht/y)
6. ;ﬂamﬁuamuﬁy’wm (Inv, Baht) 1,100,000
7. aldanelumsuanndanused Aaf 3% YBITIATININIWIIAUATBUNIE 30,000
(PEC, Baht/y)
8. AUNUNANUFEVIIEY (LEC, Baht/kWh) 2.26

N153LA1ERANEaULNY (Sensitivity analysis) WUTT S1A1VBIAUNUANIINTLUY
nanluATnInsussAuasdunid (ORO) uazAlddnglunisndnanadsuned (PEC) Inasie
AdunundsnudemineAeutiigs lurneflyasGuamussuuethou (Piping) wazyad
Fuasmugunsaluanidsumnudounuuviedeurio (DHX) rasedunundanusionite
Aouthatios fauanssansiiaseailunsnsi 4
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M13199 4 NMFIRTIEviAugaulmvensHaninInANTeuwa AU NIy

ORC 1,000,000 1,100,000 1,200,000 1,300,000 1,400,000 1,500,000
LEC 2.260 2478 2.697 2916 3.135 3.353
Piping 3% 4% 5% 6% % 8%
LEC 2.231 2.245 2.260 2.274 2.288 2.303
DHX 15,000 30,000 50,000 70,000 85,000 100,000
LEC 2.209 2.231 2.260 2.288 2.310 2.332
PEC 3% 4% 5% 6% 7% 8%
LEC 2.260 2.484 2.709 2933 3.158 3.382

5. @yunauazn1sanusena

muu,wivwwaml%lﬂngaﬂsLLiaﬂumsaummum 10 kW, dusunisdiainusou
mﬂammawammuumumu mamimaaumuwamu wuh anufeuisnnvasivaon
MAvRuIETuRU 150,80 kW figamndl 84.00 - 101.50 °C anusandnlwiingns 4.95 kw,
AusgAnsnimuesszuuiosas 3.20 nad udwinden wuir wansuseduingdnsdie
funansiiuiniian fe n1siinAudufivdeuyyd 9.06E+404 kg 1,4-DB eq uaznIs
LﬂﬁauLLUaaaﬂwwgﬁaWﬂﬁm 2.49E+04 kg CO, eq ArnansynusudwaIndoudulans
fnansznuAuguA YRy YRy 8.35E-02 DALY fuAsuindeuindy 2.276-02
Speciesy WazduNSNeNTWIRU 1.71E+03 USD nansenusedaunindominainnisld
nosunsuazmanlutuneuniseatratundn dwmiunarzuundafeiveinisusaduindng
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Abstract

The objective of this research was to reduce the steps and time required for
product disbursement in the retail department. Based on the data collected, it was
found that the disbursement process involved manual document recording, multiple
steps, and a lengthy processing time, resulting in work delays. The researcher
analyzed the root causes of the problem using a process flow chart and proposed
using the SAP program to enhance the efficiency of product disbursement.
This approach was based on the "Why-Why Analysis" method. The research results
showed that before the improvement, there were 27 steps involved in the
disbursement process. After implementing the SAP program, the steps were reduced
to 17, a decrease of 10 steps or 37.03% . Additionally, the time required for product
disbursement decreased from 2,635 seconds to 1,725 seconds, reducing the time
by 910 seconds or 34.53%.

Keywords: Manual Processing, Efficiency, Flow Process Chart, SAP Program

1. umin
Hagtiuanmwndeumensudsdugsfianisiuanddsiinsivasuniasegissinig?
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Abstract

This study comparatively evaluated the accuracy and precision of three tree
height measurement instruments: a Laser Rangefinder, a Total Station in Remote
Elevation Measurement (REM) mode, and a Total Station in Coordinate mode. The
research also compared their operational efficiency for teak tree height measurement
and demonstrated their application in estimating carbon sequestration. This novel
field-based validation offers a comparative analysis for commercially and ecologically
significant teak (Tectona grandis), directly linking precise height measurements to
carbon stock estimation and addressing the practical need for reliable, efficient survey
methodologies in tropical forestry. Height measurements were conducted against a
precisely determined reference under controlled offset conditions (-0.50, -0.25, 0.00,
+0.25, +0.50 m from true vertical). Results indicated the Total Station (Coordinate
mode) yielded the highest accuracy, precision, and overall efficiency, considering
acceptable error margins. The Laser Rangefinder was the most rapid but exhibited
lower accuracy and efficiency. Field measurements of 93 teak heights across all three
instruments showed no statistically significant differences at the 95% confidence level,
a consistency observed in repeated and inter-user measurements. Carbon dioxide
equivalent calculations of 76,554. 19 kg revealed Coordinate mode estimates differed
by only 1.29% from the Laser Rangefinder and 4.20% from the REM mode.
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1. Introduction

Tree height is fundamental in forest management for assessing growth, timber
volume, biomass, and carbon sequestration. Accurate data are crucial for effective
forest resource planning, sustainable management, and mitigating greenhouse gas
emissions (Brown, 2002). Despite its importance, achieving accurate and precise field
measurements remains challenging, often due to varied instrument designs and
operational principles. For instance, Laser Rangefinders are designed for forestry, while
Total Stations are for broader surveying. Although foundational mensuration is established
(Husch et al., 2003), ongoing investigation and validation are needed for modern instrument’s
comparative field performance, accuracy, and efficiency, especially Total Station's Remote
Elevation Measurement (REM) and Coordinate modes.

Recent technological advancements offer new tools for forest structure assessment,
including UAV-based LiDAR, digital aerial photogrammetry, Terrestrial Laser Scanning
(TLS), and satellite sensors (e.g., Abegg et al., 2023; Zhou et al., 2023; Coops et al., 2025).
While these technologies show potential, a deeper understanding is required before
their regular application in national forest inventories. Meanwhile, traditional ground-
based Total Stations, particularly their REM and Coordinate modes, are increasingly
being applied in forestry to enhance measurement accuracy. Selecting appropriate
instruments and measurement protocols is critical for robust biomass and carbon stock
assessments, influencing forest conservation and ecosystem restoration (Pretzsch,
2009; Chave et al., 2014). However, relying solely on manufacturer specifications can
be misleading, as field conditions (terrain variability, canopy density, tree morphology,
operator skill) significantly influence measurement outcomes. Thus, field-based evaluations
are crucial for determining practical accuracy, precision, and efficiency under real-world
conditions.

A discernible lack of comprehensive comparative studies specifically validating
the performance of Total Station's REM versus Coordinate modes for tree height
surveys across diverse tree forms remains. This gap is particularly critical for economically
significant species like teak (Tectona grandis) in tropical forestry, which this study
addresses through empirical field validation. Teak was selected due to its considerable
economic importance in Thailand and Southeast Asia, widespread use in plantation
forestry, straight bole morphology facilitating height measurement, and substantial
contribution to carbon stock via high aboveground biomass and long-term storage
capacity.
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This research systematically evaluates and compares the accuracy, precision,
and operational efficiency of a Laser Rangefinder, a Total Station (REM mode), and a
Total Station (Coordinate mode), using teak trees as a case study. The study also
demonstrates the practical application of these height measurements in estimating
teak's carbon sequestration potential. By providing a rigorous comparative assessment,
this research offers valuable insights for instrument selection in various forestry
contexts, ultimately contributing to more accurate and efficient methods for forest

inventory, biomass assessment, and carbon accounting.

2. Objectives

2.1 To comparatively evaluate the accuracy and precision of a Laser Rangefinder,
Total Station (REM mode), and Total Station (Coordinate mode) for tree height measurement
under controlled and field conditions.

2.2 To assess and compare the operational efficiency of these methods in
measuring teak (Tectona grandis) tree height.

2.3 To demonstrate the practical application of height measurements from these
methods in estimating carbon sequestration, providing a relevant case study for tropical

forestry and environmental monitoring.

3. Methodology

This study systematically investigated and compared the performance of three
widely used instruments and operational modes for tree height measurement: a Laser
Rangefinder and a Total Station operating in both Remote Elevation Measurement
(REM) and Coordinate modes.

Instrument Specifications:

1) Laser Rangefinder: Nikon Forestry Pro Il brand. Supports a 2-point height
mode with +0.3 m precision for distances < 1,000 m. Measures up to 1,600 m; display
results with 0.1 m resolution for distances < 1,000 m and 1.0 m for longer distances
(Nikon, 2019).

2) Total Station: TOPCON GPT-3005N brand. Features 5 arcseconds angular
accuracy and Non-Prism measurements up to 1,200 m. Offers 1 mm display resolution
in fine mode. Supports REM and Coordinate modes for flexible, precise measurements
(TOPCON, 2005).

3.1 Accuracy and Precision Assessment under Simulated Offset Conditions
Accuracy and precision were assessed using a precisely determined 4.247 m reference
height. This reference was meticulously measured indoors at Lampang Rajabhat
University's Civil Technology Building. Offset distances of -0.50, -0.25, 0.00, +0.25,
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and +0.50 m from the true vertical were established (Figure 1). The experimental setup
ensured horizontal distances exceeded the Nikon Forestry Pro II's minimum of 7.5 m
and observation angles (<45 degrees) were within optimal operating range to minimize
errors (Bragg, 2007; Bragg et al., 2011).

upper reference point

% .; vertical axis } vertical height = 4.247 m

050me ® "% e 84050 m——
0.00 m
observer position -0.25m +0.25 m

Figure 1 illustrates the height measurement testing method by simulating offset scenarios
at -0.50, -0.25, 0.00, +0.25, and +0.50 meters.

3.2 Study Site and Teak Tree Samples, the study was conducted at Lampang
Rajabhat University on 93 teak trees (girth > 15 cm). The girth was measured at breast
height (1.3 m above ground), following standard forestry practice. Both upright and
leaning teak trees with varying heights were included to reflect natural field variability
and ensure realistic assessment conditions.

3.3 Field Measurement of Teak Tree Heights Teak tree heights were measured
using three instruments:

1) Laser Rangefinder: Employed the 2-point method, standing at least 7.5 m
from the tree (Figure 2, left).

2) Total Station REM mode: Positioned at the same location as the Laser
Rangefinder, ensuring an unobstructed vertical line of sight from tree base to top
(Figure 2, right).

3) Total Station Coordinate mode: Measured 3D coordinates at the tree
base and top (Figure 3). Height data from all instruments were used to estimate carbon

sequestration in teak biomass.
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Figure 2 illustrates the field setups: Laser Rangefinder (left), and Total Station (right).

3D coordinates at tree top (N2, E2, Z2)

zenith

: }'} 5 vertical height

3D coordinates at tree base (N1, E1, Z1)

Figure 3 illustrates height measurement using a Total Station in Coordinate mode.

3.4 Statistical Data Analysis Statistical analysis was conducted in two parts:
1) Measuring the reference height of a building to analyze accuracy and
precision, considering Bias, E %, SD, precision, and EE values as following:
(1) Bias, or the difference between the measured value and the actual

height value, obtained from all three types of instruments, as shown in Equation 1:
Bias = Measured value - Actual value (1)

(2) Mean Absolute Percentage Error (E%), as shown in Equation 2:

Eo%

1 Measured value—Actual value
=23 ¢ ) % 100% 2)

Actual value

where n is the number of data points, and the lowest E% value indicates the
most accurate measurement.
(3) The statistics used to indicate the precision of the measurement can
be analyzed from the Standard Deviation (SD) and the measurement precision,
according to Husch et al. (2003), as shown in Equation 3:

Precision? = Accuracy? - Bias2 (3)
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The statistics used to analyze the efficiency and time consumption of all three
types of instruments are considered from the Efficient and Error-Tolerant (EE), which
can be obtained from Equation 4 (Bonyad and Mirzaei, 2016):

EE = E%? X T (4)

where T is the total time used for the measurement. A calculation result that yields

a low EE value is considered cost-effective in terms of time spent and measurement error.
2) Teak Tree Height Measurement: Statistical differences were analyzed
using One-way ANOVA.

3.5 Carbon Sequestration Estimation Tree height (from three instruments) and
circumference at breast height (approx. 1.3 m above ground, by a measuring tape)
were collected. These data were applied to estimate aboveground biomass and carbon
sequestration using allometric equations (Ogawa et al., 1965; Thailand Greenhouse Gas

Management Organization, 2023).

4. Results

This study evaluated the accuracy, precision, and efficiency of tree height surveying
instruments. Results are presented in two main sections: 1) instrument assessment under
controlled conditions, and 2) comparative analysis of teak tree height measurement in the
field, including operational efficiency and an illustrative example for carbon sequestration.

4.1 Instrument Accuracy and Precision

1) Accuracy
Table 1 presents the direction of systematic error, and the Absolute Mean

Bias (AMB), reflecting the overall magnitude of measurement deviations regardless of
direction. The Total Station in Coordinate mode consistently provided average height
values closest to the reference value of 4.247 m. When accuracy was evaluated using
Percent Error (E%), the Total Station in Coordinate mode demonstrated the lowest average
E% (0.020%). In contrast, the Total Station in REM mode and the Laser Rangefinder
exhibited higher average E% values (2.235% and 4.717%, respectively).

WeansysanmManalulaggnarnssukaImnssuyssend
Un 18 atdul 1 uns1Au - Jquey 2568



Wittayasara: Integration Apply Engineering and Industrial Technology 33

Table 1 Comparison of height measurement instrument accuracy against the 4.247 m

reference value under simulated offset scenarios.

Offset Total Station Total Station
Laser Rangefinder
from Mode REM Mode Coordinate
reference

soint h+om | AMB | E% | h+om | AMB | E% | h+om) | AMB | E%
|

-0.50 4.000+£0.058 | 0.247 | 5.816 | 4.093+0.000 | 0.154 | 3.634 | 4.248+0.000 | 0.001 | 0.016
-0.25 3.967+£0.033 | 0.280 | 6.601 | 4.169+0.001 | 0.078 | 1.829 | 4.248+0.001 | 0.001 | 0.024
0.00 4.100+£0.058 | 0.147 | 3.461 | 4.249+0.001 | 0.002 | 0.047 | 4.247+0.000 | 0.000 | 0.008
+0.25 4.167+0.067 | 0.116 | 1.892 | 4.328+0.000 | 0.081 | 1.907 | 4.247+0.001 | 0.001 | 0.008
+0.50 4.000+0.058 | 0.247 | 5.816 | 4.407+0.000 | 0.160 | 3.760 4.245+0.000 | 0.002 | 0.047
Average | 4.047+0.055 | 0.207 | 4.717 | 4.249+0.000 | 0.095 | 2.235 | 4.247+0.000 | 0.001 | 0.020

2) Precision evaluated as Standard Deviation (SD) of height measurements
under each offset condition was shown in Table 2. Both Total Station modes showed
high precision (low SD values). The Laser Rangefinder, however, exhibited greater
measurement variability, indicating lower precision (higher SD values). For instance, the
average deviation from the 4.247 m true height of 4.247 m was minimal for Coordinate
mode (0.000 m) and REM mode (-0.001 m), while whereas the Laser Rangefinder's

average was 0.006 m lower.

Table 2 Standard deviation (SD) and deviation from true value of mean height

measurements from the reference point at various distances.

Total Station Total station
Laser Rangefinder
Reference Point ™) REM Mode Coordinate Mode
m
Offset (m) (m) (m)
SD Precision SD Precision SD Precision
-0.50 0.100 4.239 0.001 4.244 0.001 4.247
-0.25 0.058 4.237 0.001 4.246 0.001 4.247
0.00 0.100 4.244 0.001 4.247 0.001 4.247
+0.25 0.115 4.245 0.000 4.246 0.002 4.247
+0.50 0.100 4.239 0.001 4.244 0.000 4.247
Average 0.055 4.241 0.000 4.246 0.001 4.247
Deviation from True

-0.006 -0.001 0.000

Value

3) Efficiency and Error-tolerance (EE) The Laser Rangefinder was the quickest
instrument, averaging 3.22 minutes per series under controlled conditions (Table 3).
It exhibited the lowest overall efficiency and highest error susceptibility (EE = 71.647).
Both Total Station modes demonstrated significantly higher efficiency. The Coordinate
mode achieved the lowest EE (0.00325), highlighting its superior balance of accuracy
and time, followed by REM mode (EE = 41.222) (Table 3).
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Table 3 Comparison of Efficiency and Error-tolerance (EE) of height measurement

instruments.
Instrument Average E % Time (min) EE
Laser Rangefinder a4.717 3.22 71.647
Total station in REM mode 2.235 8.25 41.222
Total station in Coordinate mode 0.020 7.80 0.00325

4.2 Teak Tree Height Measurement Comparison
1) Statistical Analysis of Field Height Measurements.
Table 4 presents the statistical results of height measurements from
93 teak trees using three instruments. The Total Station in REM mode yielded the
highest average height (14.036 m), followed by the Coordinate mode (13.485 m) and
the Laser Rangefinder (13.275 m). REM mode also recorded the lowest standard error
(0.010 m) and standard deviation (0.029 m), suggesting high precision in this context.
However, it exhibited the widest data range (17.118 m), indicating greater susceptibility

to field conditions or tree form variability affecting individual measurements.

Table 4 Statistical analysis results of teak tree heights measured by the three instruments.

Statistical Values / Height Height (m)
Measurement Total station Total station
Laser Rangefinder
Instruments Mode REM Mode Coordinate

Mean 13.275 14.036 13.485
Standard Error 0.085 0.010 0.035
Standard Deviation 0.254 0.029 0.104
Range 16.056 17.118 15.863
Minimum 7.378 7.625 7.794
Maximum 23.433 24.744 23.657

2) Comparison of Statistical Differences in Teak Tree Heights

One-way ANOVA analysis revealed a P-value of 0.33, which is greater
than the significance level of 0.05. This leads to the acceptance of the null hypothesis
that the mean teak tree heights measured by the three instruments do not differ
significantly at a 95% confidence level (Table 5). Furthermore, tests for differences in
repeated measurements by each individual measurer and between different measurers
using the same instrument also yielded P-values greater than 0.05. These results
suggest that, under the conditions of this study, neither repeated measurements
by the same operator nor operator variability (among trained individuals following
the same protocol) significantly affected the obtained height values at the 95% confidence
level.
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Table 5 Statistical test results considering variance caused by the instruments.

Source of Variation SS df MS F P-value
Between Groups 28.708 2 14.3542 | 1.1143 | 0.3296
Within Groups 3,555,518 | 276 | 12.8823

Total 3,584.227 | 278

3) Illustrative Application for Carbon Sequestration Estimation, a moderate
linear relationship (R?=0.5145) was observed between tree height (Coordinate mode
data) and diameter at breast height (DBH) (Figure 4). When estimating carbon sequestration,
results from the three instruments were similar: Laser Rangefinder (75,564.77 keCO,eq),
Total Station REM mode (79,771.64 kgCO,eq), and Coordinate mode (76,554.19 kgCOeq).
Compared to the Coordinate mode reference, REM mode was 4.20% higher, while the
Laser Rangefinder was 1.29% lower. These differences are considered acceptable, reflecting
that all three instruments can reliably measure height for carbon sequestration
estimation.

The Relationship between Height and Diameter of Teak Trees
Total Station Mode Coordinate
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Figure 4 Relationship between height and diameter at breast height of teak trees.

5. Discussion and Conclusions
5.1 Discussion
1) Comparison of Instrument Accuracy and Precision under Controlled
Conditions
The Total Station provided the highest height measurement accuracy
and precision against the 4.247 m reference (Table 1, Table 2). Its superior performance
(lowest E% of 0.020%, minimal deviation) aligns with the total stations' capabilities for

precise positional determination (Simonjan and Shendyapina, 2020). Coordinate mode's
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reliance on 3D coordinate calculations, similar to the sine method, offers greater
robustness against errors for inclined targets (Bragg et al., 2011). The Laser Rangefinder
(Nikon Forestry Pro 1), using its 2- point mode, also relies on trigonometric principles
for vertical height differences.

Conversely, Total Station (REM mode) (avg. E% = 2.235%) and Laser
Rangefinder (avg. E% = 4.717%) exhibited lower accuracy in these tests. REM mode’s
tangent function dependence makes it susceptible to errors with leaning targets,
causing over/underestimation (as shown previously in Section 2)). The Laser Rangefinder,
though convenient and fast (Pretzsch, 2014), showed the lowest accuracy. Total
Station's significantly higher resolution (0.001 m distance, 0. 001 degrees angle)
and stable tripod mounting versus the handheld Laser Rangefinder contribute
substantially to these accuracy and precision differences.

2) Field Performance and Factors Influencing Measurements

Field measurements of teak height revealed the REM mode yielded the
highest average height (14.036 m), exceeding coordinate mode (13.485 m) and Laser
Rangefinder (13.275 m), despite coordinate mode's superior controlled accuracy.
Tree inclination, explored through simulated offset conditions, strongly explains this
discrepancy. While teak generally has straight boles, subtle leans are common. If the
crown apex leans towards the instrument, REM mode's trigonometric calculations will
overestimate true height. Coordinate mode, by determining precise 3D coordinates,
is less susceptible to such lean-induced errors.

Interestingly, the Laser Rangefinder (lower controlled accuracy, E% of
4.717%) produced mean field heights (13.275 m) closer to Coordinate mode (13.485
m) than REM mode (14.036 m). This may stem from its 2-point method, which, while
prone to random sighting errors, might be less affected by systematic overestimation
from forward tree lean. Its simpler operation could also contribute to more consistent
apex sighting compared to REM mode.

Despite instrument- specific tendencies, one-way ANOVA showed no
statistically significant difference (P=0.33) among mean tree heights measured by the
three instruments in the field at a 95% confidence level (Table 5). This suggests comparable
average height estimations for practical field applications, indicating operational
robustness. Consistency in repeated and inter-user measurements further supports this
interchangeability for average height estimation.

3) Implications for Carbon Sequestration Estimation
The relationship between tree height and DBH yielded a moderate

R?=0.5145 (Coordinate mode data). This implies that biomass and carbon estimates
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relying heavily on DBH, or on heights predicted from DBH, will inherently carry uncertainty.
Direct incorporation of accurately measured tree height (e.g., from Coordinate mode)
into allometric equations (Chave et al., 2014; Ogawa et al., 1965) can reduce this
uncertainty and improve carbon stock assessment precision.

Carbon sequestration estimates ( CO, equivalent) from the three
instruments were relatively similar: Coordinate mode differed by only 1.29% from
Laser Rangefinder and 4.20% from REM mode indicating consistency in carbon
sequestration estimates. While these overall differences appear minor at this study's
scale, instrument and method choice become critical for large-scale inventories or
high- precision carbon accounting. Systematic biases, like REM mode's potential
overestimation, could accumulate to significant discrepancies in total carbon stock
over extensive forest areas.

4) Practical Implications, Efficiency, and Instrument Selection

It is interesting to note that the measurement time using the Laser
Rangefinder was the fastest, averaging 3.22 min/tree, making it attractive for rapid field
assessments. However, it exhibited a higher error efficiency (EE = 71.647) compared to
the Total Station (REM and coordinate modes). Total Station (Coordinate mode),
though slower (avg. 7.80 min/tree), demonstrated superior accuracy (avg. E% = 0.020%)
and the lowest EE (0.00325). This positions the Coordinate mode as preferred for
research or inventories demanding high-fidelity data (Hummel et al., 2011). In contrast,
REM mode offered intermediate performance (avg. 8.25 min/tree and EE = 41.222).

A pragmatic cost-benefit perspective is essential for instrument
selection in diverse forestry contexts. For large-scale inventories, community forestry
initiatives, or situations with limited budgets and personnel, the significantly lower
cost and rapid deployment of Laser Rangefinders may outweigh their lower intrinsic
accuracy, particularly if average estimates over many trees can mitigate some
individual measurement errors. However, it is crucial to acknowledge the potential
for higher variability and bias. Conversely, when the objective is to develop precise
allometric models, monitor subtle changes in forest structure, or for carbon projects
demanding high accountability and verification, the higher initial investment and
operational time associated with the Total Station in Coordinate mode are justified
by its superior data quality. The Total Station in REM mode might serve as a practical
compromise where a Total Station is available, and a balance between speed and
accuracy-better than that of a Laser Rangefinder but less time-consuming than full
Coordinate measurements is sought, provided users are cognizant of and can

potentially account for its bias related to tree inclination. For instance, conventional
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Total Stations requiring a prism for distance measurement would necessitate using
REM mode to avoid climbing trees to place a prism at the top, thereby enhancing
safety and convenience in such scenarios.
5) Limitations of the Study and Future Research
This study has several limitations that should be considered when
interpreting the results. First, the instrument evaluation was limited to specific models
(Nikon Forestry Pro Il and TOPCON GPT 3005N), so findings may not generalize to
devices with different specifications or technologies. Second, the field site at Lampang
Rajabhat University, while representative of local teak plantations, did not reflect
broader conditions such as steep terrain, dense understorey, complex canopies, or
leaf-on periods in deciduous forests - factors that may further affect measurement
accuracy. Third, despite the use of standardized protocols (Section 3.3), variability in
operator skill and judgment -particularly when identifying tree bases and tops in
complex field settings - may still contribute to measurement uncertainty. Future
research should address these limitations by developing calibration or correction
models to reduce errors from tree inclination and sighting challenges. Broader
comparisons across more device models, forest types, and species are also needed
to improve generalizability. Furthermore, integrating height data from efficient ground-
based methods with emerging remote sensing technologies - such as UAV-LIDAR,
terrestrial laser scanning, or satellite sensors (e.g., Zhou et al., 2022; Abegg et al.,
2023; Coops et al., 2025) - could support the development of more robust and
scalable systems for forest inventory and carbon monitoring. Such hybrid approaches
are essential for improving local forest management and strengthening contributions
to global climate change mitigation.
5.2 Conclusion
This comparative study evaluated the accuracy, precision, and operational
efficiency of tree height measurement tools in the context of teak plantation forestry,
focusing on a laser rangefinder (Nikon Forestry Pro II) and a total station (TOPCON
GPT-3005N) operated in both Remote Elevation Measurement (REM) and Coordinate
modes. Under controlled conditions, the Coordinate mode consistently yielded the
most accurate and precise results, with the highest efficiency index. The Laser
rangefinder was the fastest method but showed lower accuracy, while the REM mode
exhibited sensitivity to tree inclination. Field measurements of 93 teak trees revealed
no statistically significant differences in mean tree height among the three methods
(P = 0.33), suggesting practical interchangeability for average height estimation.

Estimates of carbon sequestration were similarly consistent, with only slight variations
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observed among the different measurement methods. This study provides practical
value as a field validation of existing height measurement tools. The results highlight
real- world trade- offs between measurement accuracy, operational speed, and
equipment cost-critical considerations for forestry practitioners and carbon monitoring
initiatives operating under resource and logistical constraints. These insights are
especially relevant to tropical plantation forestry, where rapid yet reliable data
collection is essential. While the Coordinate mode is recommended for applications
requiring high precision or the generation of reference data, the laser rangefinder
offers an efficient alternative for routine surveys. The findings thus offer actionable
guidance for tool selection and contribute useful recommendations for optimizing
measurement strategies in applied forestry. Future work should explore correction
models for faster methods and expand testing across diverse forest types and

species.
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Abstract

Efficient material handling systems are vital for minimizing energy consumption
and enhancing operational efficiency. This study addresses the gap in optimizing Star
Wheel mechanisms for steel pipe conveyance, focusing on energy-efficient
operations. Specifically, it evaluates the effects of hopper angles (30°, 45°, 60°) and
Star Wheel rotational speeds (6 - 18 rpm) on the efficiency of transporting 1-inch
diameter, 0.7-meter-long steel pipes. Results reveal that a 30° hopper angle facilitates
smooth loading, while rotational speeds of 6, 9, and 12 rpm provide optimal
performance, achieving a transport rate of 2,880 pipes per hour and reducing energy
consumption to 0.079 watt-hours per pipe. These insights contribute to improved
industrial conveyance systems with enhanced energy efficiency.

Keywords: Star Wheel, Conveyance, Energy consumption

1. Introduction

In today’s industrial landscape, production efficiency and effective management
are paramount for maintaining competitiveness and sustainability. One critical challenge
is achieving energy-efficient material handling systems that can minimize operational
costs while maximizing throughput. Steel pipe transportation, a vital process in
manufacturing and construction industries, requires innovative solutions to address
energy consumption and handling inefficiencies.

Among various mechanisms, the “Star Wheel” has gained significant attention

due to its capability to precisely control material movement, integrating gears with
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the Geneva mechanism to provide enhanced flexibility and precision (Hughes, 2019).
However, despite its advantages, research on optimizing Star Wheel mechanisms
for steel pipe conveyance remains limited. Specifically, the relationship between
hopper angles, rotational speeds, and their combined impact on energy efficiency
and throughput has not been thoroughly investigated. Prior studies have primarily
focused on general conveyor mechanisms, leaving a gap in understanding the
optimal configurations for specific materials such as steel pipes.

Notably, the Star Wheel is commonly incorporated into conveyor systems,
where it offers distinct advantages over traditional conveyor methods. Specifically,
it enables control over both the angle at which materials enter the system and the
rotational speed of the wheel, allowing fine-tuned management of the conveyance
process. As Chen et al. (2021) demonstrated, adjusting the entry angle of materials
enhances the flow rate within the system. Moreover, modifying the rotational speed
can further improve transportation efficiency, which not only boosts overall process
performance but also reduces potential material damage a critical factor in high-
efficiency operations (Crompton, 2012; Emblem, 2012).

In this study, we applied the Star Wheel to a material handling system
focused on transporting steel pipes with a diameter of 1 inch and a length of 0.7
meters. These pipes were processed within VRP Engineering & Trading Company
Limited, an Original Equipment Manufacturer (OEM) in Thailand. To determine
optimal settings, we examined three different angles 30°, 45° and 60° and evaluated
the effects of varying rotational speeds and distances between the Star Wheel and
the steel pipes. By analyzing these factors, this research aims to identify strategies for
improving material handling efficiency and accuracy. Li et al. (2023) and Chen et al.
(2020) provided foundational insights into similar configurations, while Gatade et al
(2020). and Shi et al (2018) offered valuable frameworks for optimizing material

handling and conveyance performance.

2. Objectives

2.1 To identify the optimal hopper angle and rotational speed for efficient
steel pipe conveyance using the Star Wheel mechanism.

2.2 To evaluate the energy efficiency of different configurations and provide

recommendations for industrial applications.
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3. Research methodology

3.1 Mathematical Formulation for Loading with Star Wheels

The efficiency of conveying a steel pipe with a diameter of 1 inch and

a wall thickness of 1.20 mm is derived by calculating the conveying area for each

arm rotation. Specifically, the conveyed mass per single arm is calculated and then

multiplied by both the rotational speed and the number of arms on the Star Wheel

to determine the total conveying area and the amount of steel pipe transported per

revolution, as shown in Equations (1) — (3) (Li et al., 2023).

2
A:ﬂ(E—ﬂj -Za (1)
2 2

Where
A is the conveying area for one revolution of rotation.
D is outer diameter of the Star Wheel (m)
d is inner diameter of the Star Wheel (m)
Z is the amount of arms

a is the surface area of arm (m?)
Q =Axpxhxe (2)

Where
Q, is mass of steel pipe conveyed per revolution (kg)
h is height of Star Wheel (m)
¢ is loading factor, 0.68, p is density of steel pipe (kg/m?)

The conveying efficiency of Star Wheel per second is shown as

Qze—jbelxzxn (3)

Where
Q, is mass of steel pipe that can be conveyed per second
Z is the amount of arms

n is the rotational speed of Star Wheel (rpm)
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Calculating the energy consumption of the Star Wheel relies on understanding
the torque involved in sweeping and conveying the steel pipes. This analysis
considers energy losses during the rotation of the Star Wheel, particularly frictional
losses. The torque acting on the arm of the Star Wheel can be calculated using
the torque value on the shaft, accounting for the moment of inertia. This is

expressed by Equation 4, as outlined by Chen et al. (2020).

G, =ZxQxg (@)

The frictional force encountered when the Star Wheel and the steel pipe
slide over the feeder’s surface is represented by Equation 5. This frictional force
must be overcome to maintain smooth operation of the conveyance system.
According to studies conducted by Shi et al (2018), the torque generated by the

friction between the steel pipe and the feeder is given in Equation 6.

f=G,xu (5)
P (6)
2

Where
f is the friction force between the Star Wheel and the sliding steel pipe. (N)
G, is the gravitational force acting on the steel pipe loaded per revolution
of the Star Wheel (N)
g is the acceleration of free fall, Gravity (N)

u is the coefficient of friction between the steel pipe and the Star Wheel.

In the design phase, the inclined angle of the fed pipe during conveyance is
generally not considered. To thoroughly analyze the forces acting on the Star Wheel
and to calculate the torsional force experienced during steel pipe conveyance,

Equation 7 is applied, as

_ mn?7z%r 7
o 900

Where

F,, is the torsional force acting during the conveyance (N)

m is the mass of steel pipe at the end of Star Wheel (kg)
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n is speed of revolution (rpm)
r is radius of Star Wheel (m)

Figure 1 Free body diagram of Star Wheel

As shown in Figure 1, the torque moment relative to the center of gravity,
which is inclined to the surface of the Star Wheel, is calculated using Equations (8)
and (9).

2_2
= mI;O;(z) r cos(ax) 8)
2,2

The frictional force acting between the steel pipe and the Star Wheel can be
determined by Equation (10). The normal force exerted between the surface areas
can be represented by Equation (11). This normal force ensures that the steel pipe
can fully enter the conveyor system. The centrifugal force acting between the Star
Wheel, the pipe, and the frictional force from the steel pipe aligns with the rotational
speed calculations used for the conveyor system. The rotational speed, which allows
for a balance between applied forces and rotational motion, can be determined

using Equation (12).

F, =mgu (10)

2_2
M Z T gin(a) (11)
900

Fo=F-F, =mgu-
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Where
r is radius of Star Wheel (m.)

a is the angle between the centrifugal force tangent to the steel pipe (°)

30u g (12)
7\ pursin(a)

n>

Equation (12) specifically calculates the rotational speed of the Star Wheel
when it is in equilibrium. At the maximum balanced rotational speed, the speed
remains constant, and the centrifugal force on the steel pipe, as well as the force
exerted by the arm of the Star Wheel, corresponds directly to the radius of the Star
Wheel. The relationship between the angle of inclination and the rotational speed
forms part of the model used in the quality conveyance of steel pipes, as calculated

in Equation (13).

a > arcsin 900xg (13)

z°n°r

3.2 Design of the Star Wheel and preparation of experiment with conveyer

In this study, we examine a conveyor system designed for transporting
steel pipes with a diameter of 1 inch and a length of 0.7 meters. The system utilizes
a Star Wheel constructed from superlene (nylon), a material commonly used in
industrial conveyor systems due to its durability and versatility. Details of the Star
Wheel are shown in Figure 2, illustrating that each rotation can transfer up to four
pipes at a time. The hopper angles were selected to simulate common industrial
configurations, balancing gravitational feeding efficiency and material handling
reliability. Angles below 30° were avoided due to insufficient gravitational force, while
angles above 60° were excluded to prevent clogging caused by increased friction.
Similarly, the range of rotational speeds (6-18 rpm) was chosen to reflect practical
operational limits in industrial Star Wheel systems.

In this experiment, the Star Wheel is fed pipes from a hopper, utilizing
gravitational acceleration. The hopper’s angle can be adjusted to 30° 45° or 60°,
enabling flexible feeding angles for optimal loading conditions. It can hold up to 80
pipes with a 1-inch diameter, which are then arranged independently, as depicted in
Figure 3.
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Figure 2 Details of the Star Wheel in experiment

The Star Wheel is continuously rotated, with its speed controlled by an
inverter to evaluate the effect of various speeds on the system’s performance. The
rotational speed settings tested include 6, 9, 12, 15 and 18 rotations per minute,

allowing us to identify the most effective speed for the conveyor system.

Figure 3 Characteristics of the experimental for transporting 1-inch steel pipes with

adjustable angle of steel pipe feeder

The setup includes two Star Wheels mounted on a central axis, with their
positions adjusted to three different lengths along the axis. The first position is set at
half the axis length, centered between the two Star Wheels; the second is two-thirds
of the axis length; and the final position spans the entire length, with a Star Wheel at
each end, as shown in Figure 4. The coefficient of friction between the steel pipe

and the Star Wheel is 0.4, illustrating the frictional relationship within the system.
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Figure 4 Placement of Star Wheel
(A) Star Wheel spacing arrangement with 1/2L
(B) Star Wheel spacing arrangement with 2/3L
(C) Star Wheel spacing arrangement with L

Therefore, this experiment investigates the effects of three main factors on
the conveyor system: (1) the hopper angle, (2) the rotational speed of the Star

Wheels, and (3) the distance between each Star Wheel along the axis.

4. Results and Discussion

Results of conveyor system with steel pipe of 1-inch diameter with the length
0.7 meters, with “Superlene” as the Star Wheel’s material has shown that one
rotation can convey 4 steel pipes. This experiment was separated into three parts:
The first study was to find the effects of adjusting the angle of the conveyer feeder
at 30, 45 and 60 degrees. The second study was to find effects of comparing the Star
Wheel’s rotational speed. The third study to observe the effects of the Star Wheel’s
spacing arrangement. The experiment’s results of testing the conveyor system are as
followed:

The experiment started by first adjusting with one of the angles (30, 45 and
60 degrees), which is followed by the steel pipes being loaded onto the feeder until
full and the Star Wheel spins at 6 rounds-per-minutes. With this setting, each of the
three angles would be trial for 3 times to see which angle would be compatible.
Observations were shown that the angle which was perfectly suitable for conveying
was 30 degrees. This was further evident with the fact that the steel pipes would
slide in the Star Wheel’s conveyor without disturbance. The higher angles (45 and 60
degrees) would cause the steel pipes to rub against each other and would not flow
into the conveyor system, due to the angle 8 having a higher value. This causes the

steel pipes to have higher forces acting on each other, as shown in Figure 5 (A and B).
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When the angle ¢ increases, the N,value increase. the N, value of each angle is

equal to tan@ = Ny
mg

The study of the impact from adjusting the rotational speed of the Star
Wheel and the study of the impact from adjusting the spacing of the Star Wheel was
conducted by adjusting the angle as specified, which was 30 degrees, before adding
the steel pipes into the feeder. (45 & 60 degrees would cause the steel pipes to be
stuck and thus unable to perform the experiments) The experiment was carried out
by adjusting the Star Wheel spacing the ratio lengths of 1/2L, 2/3L and L respectively,
while being coupled along with continuously rotating Star Wheels at speeds of 6, 9,
12, 15 and 18 rpm. respectively. Observations has found that the Star Wheel speeds
of 6,9, 12 and 15 rpm. were able to transport steel pipes continuously in all length
ratios. However, the Star Wheel speed of 18 rpm was unable to convey due to its

speed being too fast for the system. All results are shown in Table 1.

(A) Falling position of the steel pipe  (B) Analysis of forces applied to steel pipes
when waiting to be conveyed

Figure 5 Analysis of forces applied to steel pipes

However, the Star Wheel’s speed of 15 rpm for the steel conveying was
found to have a relatively fast rotation characteristics and is not suitable for
conveying. Due to the high rotational speed resulting in angular velocity (@ ) and
the linear speed of the object is higher, operators and machines may be in risk of
danger. As for the length ratio of 1/2L, 2/3L and L, observations has found that the
steel pipe and the Star Wheel’s length ratio did not affect the conveying. The
designer may choose any ratio found to be appropriate. However, key way should be
specified for use with the machine Keys for the Star Wheel and drive shaft to reduce
the tolerances between each Star Wheel.

Therefore, from the experiment’s results, the angle of the container waiting
be conveyed will be obtained at 30 degrees. The rotational speed of the Star Wheel
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suitable for conveying steel pipes were at speeds of 6, 9 and 12 rpm, with the ratio
of the Star Wheel’s length to steel pipe lengths 1/2L, 2/3L and L for 1-inch steel
pipes with the length of 0.7 meters.

In addition to studying the conveying process, this research also measured
the energy consumption of a 1-inch steel pipe conveyor system with a length of 0.7
meters. To achieve accurate measurements, a digital power meter was connected to
the inverter controlling the Star Wheel. The device recorded the total energy
consumed during each trial, and the values were normalized to calculate the energy
usage per pipe. Furthermore, the relationship between the rotational speed of the
Star Wheel and the energy used to transport the steel pipe was examined. It was
discovered that as the rotational speed increased, the energy consumption increased
consistently. For rotational speeds of 6, 9, 12 and 15 rpm, the energy consumption

values were 248, 260, 273 and 285 watts-hours respectively, as depicted in Figure 6.

Table 1 Experimental results

Feeder angled at 30° Feeder angled at 45° Feeder angled at 60°
RPM Length ratio Length ratio Length ratio

1/2L 2/3L L 1/2L 2/3L L 1/2L 2/3L L
6 v v v % X X % X X
9 v v v % X X % % %
12 v v v % X X % % %
15 v v v % X X % % %
18 x x x x x x x x x

y:—O.0833x2+5.9833x+214.55

R%=0.9926
280

270 A

Watt-hour

260

250 A

240

T T T T T
4 6 8 10 12 14 16
Revolutions per minute

Figure 6 Relationship between the rotational speed of the Star Wheel and the

energy used to transport the steel pipe.
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From Figure 6, the analysis of energy consumption (y) as a function of
rotational speed (x) reveals the following quadratic regression model This model
y?=-0.0833x°+5933x+214.55 demonstrates high accuracy (R?=0.9926). The graph
indicates that as rotational speed increases, energy consumption follows a curved
pattern. Within the tested range of 6-15 RPM, energy consumption increases
consistently, highlighting a strong positive relationship between rotational speed and
energy usage within this interval. While higher rotational speeds lead to increased
energy consumption, they also allow the conveying system to transport more
efficiently. At rotational speeds of 6, 9, 12 and 15 rpm, steel pipes can be
transported at rates of 1,440, 2,160, 2,800 and 3,600 steel pipes per hour
respectively. When considering the energy consumption index of "Watts-hour per
piece," it was observed that as the rotational speed increased, the energy
consumption index decreased significantly. For rotational speeds of 6, 9, 12 and 15
rom, the energy consumption index values per piece were 0.172, 0.120, 0.095 and
0.079 watts-hour per piece respectively, as shown in Figure 7.

From Figure 7, The relationship between energy consumption per piece (y)
and rotational speed (x) is described by the quadratic regression model
y=0.001x*-0.0311x+0.3219 With a high level of accuracy (R* = 0.9967), the model
indicates that energy consumption per piece decreases substantially as rotational
speed increases, reaching its minimum value at approximately 15.55 RPM. Beyond
this point, the rate of decrease slows, and energy consumption stabilizes. Within the
tested range of 6-15 RPM, the findings highlight that adjusting rotational speed can

significantly improve energy efficiency per piece.

0.18

y=04001x2-0.311x+0.3219

0.16 R?=0.9967

0.14 4

0.12 4

Watt-hour / part

0.10 4

0.08

0.06

T T T T T
4 6 8 10 12 14 16
Revolutions per minute

Figure 7 Relationship between the rotational speed of the Star Wheel and the

energy consumption index for conveying steel pipes.
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5. Conclusions

This study developed and tested a conveying system prototype for steel
pipes with a diameter of 1 inch and a length of 0.7 meters. The prototype, measuring
0.425 x 0.775 x 0.704 meters with a capacity for 80 pipes, features a Star Wheel
constructed from Superlene, capable of transporting steel pipes in four segments per
revolution. Key parameters tested included loading angles (30°, 45°, 60°), rotational
speeds (6, 9, 12, 15, and 18 rpm), and Star Wheel arm spacing ratios (1/2L, 2/3L, L).

The results showed that a 30° loading angle and rotational speeds of 6, 9,
and 12 rpm provided optimal performance, ensuring smooth pipe conveyance and
minimizing risks of damage. Rotational speeds above 12 rpm were not recommended
due to potential safety and mechanical concerns. The spacing ratio of the Star Wheel
arms had no significant impact on performance, offering flexibility in design.

Energy consumption remained a critical consideration, with transport rates of
1,440, 2,160, 2,880, and 3,600 pipes per hour achieved at 6, 9, 12, and 15 rpm,
respectively. The energy efficiency improved with increased speeds, achieving energy
indices of 0.172, 0.120, 0.095, and 0.079 watt-hours per pipe at these speeds. This
study highlights the importance of balancing operational speed and energy efficiency
for optimal system performance.

Future studies could expand the scope of research by experimenting with
hopper angles outside the tested range, such as below 45°, to evaluate their impact

on material flow and efficiency.
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Abstract

This study focuses on optimizing the Striko Aluminium Melting Furnace by
leveraging Al- driven predictive analytics to enhance operational efficiency and
sustainability. Two machine learning models, Linear Regression (LR) and Radial Basis
Function Network (RBFN), were developed to predict critical furnace parameters,
including temperature, gas flow, and CO, emissions. These models were integrated
into a real-time monitoring framework featuring a dashboard for live data visualization
and automated alerts to notify deviations from optimal conditions. Comparative
analysis revealed the superior performance of the RBFN model, achieving higher
prediction accuracy and contributing significantly to operational improvements.
The results demonstrated a 21% reduction in energy consumption, an 18% decrease
in CO, emissions, and a 4.35% increase in product yield. This study underscores the
transformative potential of Al in driving energy-efficient, sustainable, and cost-effective
industrial furnace operations.

Keywords: Al, Aluminium Furnace, Energy Efficiency, Real-Time Monitoring, Optimization

1. Introduction

Aluminium is an essential material widely utilized in the automotive,
construction, and aerospace industries due to its lightweight nature, corrosion
resistance, and recyclability. A key process in aluminium production and recycling is
the melting stage, where aluminium scrap is transformed into reusable, high- quality
material. The Striko Aluminium Melting Furnace plays a critical role in this transformation;
however, its operation demands high energy consumption and significantly contributes

to CO, emissions, raising concerns about sustainability and operational efficiency.
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Traditionally, furnace operation and maintenance have relied on manual
monitoring and reactive control systems. While these approaches help address
immediate issues, they fail to comprehensively optimize performance. Challenges such
as excessive energy consumption, inconsistent temperature control, and delayed
response times lead to increased operational costs, lower product quality, and
environmental burdens.

Artificial Intelligence (Al) presents a transformative solution to these inefficiencies.
By leveraging predictive analytics, Al enables real-time forecasting of critical furnace
parameters, allowing proactive adjustments and operational optimization. In this study,
we integrate Al-driven techniques, specifically Machine Learning (ML) models—Linear
Regression (LR) and Radial Basis Function Network (RBFN)—to enhance the performance
of the Striko Aluminium Melting Furnace. The research evaluates the effectiveness of
these models in improving energy efficiency, reducing CO, emissions, and enhancing
product yield.

This study also highligshts the integration of Python and Scikit-learn for ML
model development, along with TensorFlow and Pandas for data processing.
Additionally, a real- time monitoring system is developed using Flask and Dash,
incorporating MQTT Protocol for seamless data communication between loT-enabled
sensors and the analytical dashboard. The results demonstrate the potential of Al-driven
optimization in minimizing resource wastage, enhancing industrial efficiency, and promoting

sustainable manufacturing practices

2. Objectives
2.1 Development of Al-Based Predictive Analytics System
2.2 Real-Time Monitoring Dashboard Design
2.3 Model Comparison for Furnace Optimization
2.4 Automated Alerts for Operational Efficiency
2.5 Sustainability and Cost Efficiency

3. Relevant principles

The optimization principles of the Striko Aluminium Melting Furnace through
Al-driven analytics emphasize data integrity, robust feature engineering, and dynamic
real-time monitoring to enhance operational performance. These principles integrate
high-fidelity data preprocessing, advanced machine learning techniques, and real-time

analytics to minimize inefficiencies and promote sustainability.
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3.1 Data collection and preprocessing

Data collection was crucial in training Al models with accurate and
representative data. Sensors captured parameters such as temperature, gas flow, CO,
emissions, and pressure over six months. Preprocessing steps included outlier detection
using Z-score analysis to prevent skewed predictions, spline interpolation to address
missing values from sensor failures (Pan et al., 2022), and normalization to ensure
uniform scaling for machine learning efficiency (Fan et al., 2021). Figure 1 illustrates
the data preparation workflow, while Table 1 summarizes key operational parameter
statistics, including averages and variability.

The diagram above illustrates the steps from raw data acquisition to
preprocessing, ensuring the dataset was clean and robust for machine learning

applications.

Data Collection and Preprocessing Workflow

Sensor data Collection >  Outlier Detection

Normalization Interpolation

Clean data
Readyfor Al

Figure 1 Data collection and preprocessing workflow.

Table 1 Summary of furnace operational data.

Parameter Unit Mean Value SD Maximum | Minimum
Temperature °C 720 15 750 690
Gas Flow Rate m3/hr 200 20 250 180
CO; Emissions ke/hr 50 8 65 40
Internal Pressure | kPa 100 10 120 80

Integrating these preprocessing techniques ensured the dataset was robust,
reliable, and optimized for machine learning model training. Specifically, this methodology

reduced noise and variability, enhancing the Al models' predictive performance.
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3.2 Machine learning models

Two machine learning models— Linear Regression (LR) and Radial Basis
Function Network (RBFN)—were utilized to predict critical furnace parameters. While
LR was selected for its simplicity and efficiency in modeling linear relationships,
its inability to handle non-linear dynamics limited its effectiveness (Hastie et al., 2005).
In contrast, RBFN, leveraging Gaussian kernel functions, effectively captured non-linear
relationships, achieving a prediction accuracy of 92% , compared to LR's 78%
(Chalapathy & Chawla, 2019).

Table 2 Model comparison based on predictive performance.

Metric Linear Regression Radial Basis Function Network
Mean Absolute Error 12.5 8.2
Root Mean Square Error 15.7 9.4
Prediction Accuracy (%) 78 92

The RBFN architecture (Figure 2) comprises an input layer (capturing parameters
like temperature and gas flow), a hidden layer (processing inputs using Gaussian

kernels), and an output layer (predicting key furnace parameters).

RBFN Model Architecture

Gaussian T Predicted

Kernel 1 Temp

Gaussian Gas Flow Predicted
Kernel 2 Gas

Gaussian input Predict
N N

Hidden Layer Input Layer Output Layer

Figure 2 RBFN model architecture.

3.3 Real-time monitoring system
A real-time monitoring system was developed to integrate Al predictions
into furnace operations. It features dynamic visualizations, predictive alerts, and actionable

recommendations.
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4. Research methodology

The research methodology encompassed data- driven analysis, machine
learning model development, and the integration of a monitoring framework. Each
step was meticulously designed to ensure the reliability and effectiveness of the
proposed solution.

4.1 Data collection and feature engineering

Feature engineering was conducted using data collected from loT-enabled

sensors installed in the furnace. The sensors recorded hourly measurements of
temperature, gas flow, CO, emissions, and pressure. To derive meaningful insights,
preprocessing techniques were applied. Outlier detection was performed using Z-score
analysis to prevent skewed predictions (Chandola et al., 2009) and spline interpolation
was used to address missing values caused by occasional sensor failures (Yang & Zhang,
2014). Normalization ensured uniform scaling for efficient training of machine learning
models (Williams & Rasmussen, 2006).

Clean data - Feature Extraction
(From Preprocessing)

Feature Selection
(Correlation Analysis)

Engineered Features
Ready for Model

Figure 3 Feature engineering workflow.

4.2 Model development and training

The training dataset (80% of the data) was used to develop and train both
Linear Regression (LR) and Radial Basis Function Network (RBFN) models, with the
remaining 20% for validation. While the LR model, trained using ordinary least squares
(OLS), was computationally efficient, it struggled to handle non-linear relationships.
In contrast, the RBFN model excelled at capturing non-linear dynamics with a Gaussian
kernel as its radial basis function. Hyperparameter tuning for the RBFN, including the
number of hidden nodes and kernel width, was conducted using grid search, as
detailed in Table 3.
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Figure 4 shows the RBFN model's convergence during training, with decreasing

training and validation losses, demonstrating its strong generalizability.

Table 3 Hyperparameter optimization for RBFN.

Parameter Value Range Optimal Value
Number of Hidden Nodes 5-50 30
Kernel Width (O) 0.1-20 1.0

Figure 5: Training and Validation Loss Curves for RBFN
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Figure 4 Training and validation loss curves for RBFN.

4.3 System integration
The Al models were deployed in a real-time monitoring system that
streamed sensor data to a cloud-based server. Predictions were visualized on a
dashboard, enabling operators to take corrective actions. This approach aligns with
recent advances in predictive analytics and loT- driven systems for industrial

automation (Fan et al., 2021).

ToT S EE— Cloud-base Camm—— Real-time
O Sensors Data Server Dashboard
Visualized Results

Al Models
(Linear Regression. RBFIN)

Sensor Data Stream

Figure 5 Al-powered monitoring system architecture.
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4.4 Performance evaluation
To assess the system's effectiveness, post-deployment data demonstrated
notable improvements in energy efficiency, emissions reduction, and product quality.
Table 4 highlights a 21% decrease in energy consumption, an 18% reduction in CO,
emissions, and significant enhancements in product yield and scrap rate.
Figure 6 below visually illustrates the reductions in energy consumption
and CO, emissions before and after system optimization, further emphasizing the

improvements achieved.

Table 4 Operational improvements post-deployment.

Metric Pre Post Improvement (%)
Energy Consumption (kWh) 2100 1700 21
CO, Emissions (kg) 2000 1600 18
Product Yield (%) 92 96 4.35
Scrap Rate (%) 8 4 50

Figure 7: Comparison of Energy Efficiency Before and After Optimizat
2100

Pre-Deployment

2000
Post-Deployment

2000

1750 1700
1600

1500

1250

Values

1000

750

500

250

0

Energy Consumption (kWh) CO:z Emissions (kg)
Metrics

Figure 6 Comparison of Energy Efficiency Before and After Optimization.

5. Results and discussion

This section outlines the outcomes of Al-driven predictive analytics implemented
in the Striko Aluminium Melting Furnace. The findings align with the study’s objectives,
highlighting significant improvements in energy efficiency, emissions reduction, product
quality, and operational efficiency.

5.1 Energy efficiency and emissions reduction

The Al-driven system achieved a 21% reduction in energy consumption

(from 2,100 kWh to 1,700 kWh) and an 18% decrease in CO, emissions (from 2,000 kg
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to 1,600 kg) as depicted in Figure 7. These improvements were achieved through
predictive adjustments that stabilized furnace operations and optimized fuel usage.
These findings align with Objective 2.5: Sustainability and Cost Efficiency, showcasing

reduced environmental impact and operational costs.

Figure 8: Comparison of Energy and COz Emissions Pre- and Post-Optimization
2100

= Pre-Deployment
W Post-Deployment

2000

2000

1750

1500

1250

Values

1000

750

500

250

8 4

0
Energy Consumption (kWh)  CO: Emissions (kg) Product Yield (%) Scrap Rate (%)
Metrics

Figure 7 Comparison of energy and CO, emissions pre- and post-optimization.

5.2 Real-time monitoring and alerts
The real-time monitoring system provided live data visualization (e.g.,
temperature, gas flow, CO, emissions) and predictive insights, enabling operators
to quickly address deviations. Automated alerts ensured timely intervention for issues
like gas flow spikes, reducing defects and energy wastage. This supports Objective 2.2:
Real-Time Monitoring Dashboard Design and highlights the system's role in improving

decision-making efficiency. (Figure 8)
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Figure 8 Real-time monitoring dashboard.
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5.3 Product quality improvements

The implementation of predictive analytics led to a 4.35% increase in
product yield (from 92% to 96%) and a 50% reduction in scrap rates (from 8% to 4%).
These results reflect the ability of the Al system to stabilize furnace parameters,
reducing temperature fluctuations and maintaining consistent quality. This aligns with

Objective 2.4: Automated Alerts for Operational Efficiency, as shown in Table 5 and

Figure 9.

Table 5 Improvements in product quality metrics.

Post-Optimization

Improvement (%)

Metric Pre-Optimization
Product Yield (%) 92
Scrap Rate (%) 8

96
a

+4.35
-50

Figure 10: Changes in Product Yield and Scrap Rates

100 96.0

92.0

80

60

Values (%)

40

20

o

Product Yield (%)

Metrics

Figure 9 Changes in product yield and scrap rates.

5.4 Predictive model performance

The RBFN model significantly outperformed LR in predicting furnace
parameters, achieving 92% prediction accuracy compared to LR's 78%. This precision
enabled accurate adjustments to operational parameters, reducing inefficiencies and
defects, directly supporting Objective 2.3: Model Comparison for Furnace Optimization.

Key performance metrics are summarized in Table 2, while Figure 10 highlights the

comparison.
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Figure 11: Predictive Accuracy Comparison

mmm Mean Absolute Error (MAE)
Root Mean Square Error (RMSE)
mmm Prediction Accuracy (%)
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Metrics

40

20

Linear Regression (LR) Radial Basis Function Network (RBFN)
Models

Figure 10 Predictive accuracy comparison.

5.5 Operational efficiency
Real- time analytics reduced downtime by 15%, streamlined decision-
making, and improved resource utilization, meeting Objective 2.1: Al-Based Predictive
Analytics System Development. The integration of actionable alerts and visual insights

eliminated manual checks, enabling efficient operation adjustments, as depicted in

Figure 11.
Streamline Workflow Post-Optimization
Sensor data Collection » Data Preprocessing » LB TEEE LR L
Ready for Model
Al Model Training » Real-time Prediction » Dashboard Visualization

Figure 11 Streamlined workflow post-optimization.

6. Conclusion

The study highlights the transformative potential of Al- driven predictive
analytics in revolutionizing the operations of the Striko Aluminium Melting Furnace.
Through the integration of advanced machine learning models and real- time
monitoring systems, the research successfully met its objectives. The development of

an Al-based predictive system enabled precise forecasting of furnace parameters, while
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the implementation of a real-time dashboard provided operators with actionable
insights, enhancing decision-making processes.

The Radial Basis Function Network (RBFN) demonstrated its superiority over
Linear Regression (LR), offering higher accuracy and effectively handling non-linear
dynamics. Automated alerts further strengthened operational responsiveness, minimizing
risks and inefficiencies. These advancements resulted in notable improvements: a 21%
reduction in energy consumption, an 18% decrease in CO, emissions, and a 4.35%
increase in product yield, aligning with global goals for sustainability and efficiency.

By addressing critical challenges, this study not only underscores the
importance of Al in enhancing energy efficiency and product quality but also paves
the way for sustainable industrial practices. Future endeavors should focus on scaling
these methodologies to other industrial applications and integrating loT technologies
for enhanced analytics and connectivity, driving further innovation and sustainability

in industrial processes.
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