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&RUUHVSRQGLQJ DXWKRU

/X ;LQJ OX [LQIJ#QRUWKXPEULD DF XN



$SEVWUDFW

7KLY SDSHU SURSRVHV DQ DROMYDWHURE LFD &/W G N VP IDRXX WHH
ZLWK ELRJDV XSIUDR EGHWHAMHHQIRORHGVLQWR D &&+3 V\VW
VXEVWDQWLDWH ZKHWKHU VXFK D VI\VWHP ZLOO SUHVHQW
UHODWHG EHQHILWY RYHU FRQYHQWLRQDO &&+3 V\VWHPV

PRGHOHG DQG RSWLPLYHSE VIKWHRWMWBEMHGS&O0OLHG WR DQ RI|
TXDQWLI\LQJ DQG DQDO\V][LQJ WKH VI\VWHP SHUIRUPDQFH IR
(XURSHDQ EXLOGLQJ GRRPLRODWIKPGDFRHPWWWRJ 7KH &&+3 V\\
LQWHJUDWHG $'5 ZLVEK SOR\R QDWHEKRILBEHFWULF ORDG RSHL
WKH EHVW UHVXOWYV 7KLV VA\VWHP SUHVHQWY DQ RYHUD¢
DFKLHYLQJ WKH EHVW FDUERQ HPLVVLRQV UHGXFWLRQ UDV

VDYLQJ UDWLR RI

H\ZRUGRPELQHG FRROLQJ K$Q@WHQREDG GG SRBWANV IR UHDF\

RSWLPLY@WRD\VR QLRPHWKDQH



IRPHQFODWXUH

ADR

Anaerobic Digestion Reactor

ADRCCHP (FEl

Combined cooling, heating and power with anaerobic digestion
reactorfollowing the electric load

ADRCCHP (FTL

Combined cooling, heating and power with anaerobic digestion
reactor following the thermal load

AEC Annual Energy Costs
AEQC Annual Equipment Capital Costs
Al Artificial Intelligence
ATC Annual TotalCosts
ATCS Annual Total Cost Savings
ATCSR Annual Total Cost Savings Ratio
BGB Biogas Compatible Gas
CCHP Combined cooling, heating, and power
CE Carbon Emissions
CER Carbon Emissions Reduction
CERR Carbon Emissions Reduction Ratio
CHP Combined Heat and Power
CCHP (FEL) Combined cooling, heating and power following the electric loac
CCHP (FTL) Combined cooling, heating and power following the thermal loa
COP Coefficient of Performance
CSS Conventionally Separated System
FEL Following the Electric Load
FITS/FIPs Feed in Tariffs/Premiums
FTL Following the Thermal Load
GA Genetic Algorithm
HST Heat Storage Tank
ICE Internal Combustion Engine
LEED Leadership in Energy and Environmental Design
NGB Natural Gas Boiler
OMC Annual Operation and Maintenance Costs
OPI Overall Performance Index
PEC Primary Energy Consumption
Primary Energy Savings Ratio
PGU Power Generation Unit
PSA Pressure Swing Absorption

PSACCHP (FEL

Combined cooling, heating and power with anaerobic digestion
reactor and pressure swing absorption following the electric loa

PSACCHP (FTL

Combined cooling, heating and power with anaerobic digestion
reactor and pressure swing absorptitollowing the electric load

PSOA

particle swarm optimization algorithm

PWS

pressurized water scrubbing




Combined cooling, heating and power with anaerobic digestion

PWSCCHP (FE reactor and pressurized water scrubbing following the electric Ig

PWSCCHP (FT Combined cooling, heating and power with ana_erobic digestion
reactor and pressurized water scrubbing following the thermal I

R Capital Recovery Factor

UF Utilization Factor

VOCs Volatile Organic Compounds

WHR Waste Heat Recovery Unit




,QWURGXFWLRQ
%XLOGLQJ HQHUJ\ XVH WKDW LV UHTXLUHG IRU VSDFH KHD
DQG HOHFWULFLW\ DFFRXQWYV IRU RYHU RI WRWDO SULF
BWDWHV DQG@XURPHHEBW WKLV G H PIHDG UDRWHAG FKY/H QJI\ LLQ/H I |
FRQYHQWLRQDO SRZHU SODQW\M FZK LLRK V.\DX DXCHID VX VTHK LAD B E
LQFUHDVH RI JUHHQKRXVH JDV HPLVVLRQV LPSDFWLQJ Wk
ZDUPLQJ 7KH ,QWHUQDWLRQDO (QMKH\ $FHQIEFQ FAHTOMHIRG J
DYHUDJH DQQXDO VXUIDFH WHPSHUDWXUHV FRDO FRPEX
LQFUHDVH > @

&RPELQHG FRROLQJ KHDWLQJ DQG SRZHU &&+3 V\VWHPV
RQ FDVFDGH HQHUJ\ XWHOHDWLRHDW, W HFKQRORQ\ ZKLFK
DOWHUQDWLYH HQHUJ\ VROXWLRQV ,QVWHDG Rl UHOHDVLQ

3*8 Rl WKH VIVWHP LQWR WKH DWPRVSKHUH WKH KHDW L
DQG FRROLQJ 7KHHEBHBIV\WIWHRHQF\ FDYQAUHDFK XS WR
%XLOGLQJV UHTXLUH GLIIHUHQW HQHUJ\ ORDGV GXH WR
DUFKLWHFWXUDO GHVLJQ ORFDO FOLPDWH DQG HQHUJ\ Sl
RSHUDWLRQDO VWUWLREBJR | DDIGH VEKH O/ALQD ORDGY DOO VHYV
WKH EXLOGLQJ HQHUJ\ VIVWHP GHVLJQ ZKLFK LV FULWLF
HIILFLHQF\

(IWHQVLYH UHVHDUFK KDV EHHQ FRQGXFWHG RQ WKH RSW
FRQVLGWHWRDWDRQDEOHY VXFK DV HTXLSPHQW VH@HFWLRQ
DQG RSHUDWLRQ®O 5\HVHDWFHKL\HVRZHG WKDW ELRPDVV XWL

WKH &&+3 VI\VWHP WR RIITHU DGYDQWDJHYV LQ IOHJDELOLW\



SRVVLELG@WIKH IRUHPHQWLRQHG UHVHDUFK ZRUNV VKDUH
OHDVW RQH Rl WKH IROORZLQJ SDUDPHWHUV DQQXDO WRW
UHGXFWLRQ &(5 DQG SULPDU\ HQHUJ\ FRQVWREWHRQ 3
SDUDPHWHUV KDV EHHQ FRQGXFWHG LQ D YDULHW\ RI ZD\V
OLQHDU SURJUD®@PLODHZWRQLDQ PHWWKREBVXHQWLDO TXDG
SURJUDPPL@J YHW WKH PRVW HOHFWHG PHWKRBR®RJILHV X\
SURJUDPPLQJ DOJRULWKPV VXFK DV WKH JHQHWLF DOJRUL
RSWLPLIDWLRQ DOJRULWKP 362% :DQJ HW DO FRQGXFW
IORZVERQYHQWLRQDOO\ &SR U W HDGUMHGE WHEPQRW @&+3 V\V\
7KH VIVWHP ZDV RSWLPL]JHG XVLQJ 362% DQG IRXU GHFLVL]
VWRUDJH WDQN +67+RAD §BRHLM FLH® VR QWW RRRIH 6 WD G FUPR\R.C
8VLQJ WKH FDVH VWXG\ RI D &&+3 V\VWHP ZWWR DNKG67 DC
LPSURYHPHQW RI $7& 3(& DQG &(5 ZDV SUHVHQWHG WR DVF
RI WKH RSWLPL]DWLRQ PHWKRG 7KH DQQXDO VDYLQJV L
FRPSDULVRQ WR WKH &66 ZHUH DQG UHJDUG
UHVSHFWLYHO\ 7LFKL HW DO > @ DOVR XVHG 362%$ WR S
FRPELQHG KHDW DQG SRZHU &+3 DQG &&+3 VIVWHPV 7KH
PLQLPL]H WKH FRVW IXQFWLRQ IRU RZQLQJ DQG RSHUDWLC
DQQGXVWULDO GDLU\ XQLW ,W ZDV HIIHFWLYHO\ FRQFOXG
KLQGHU WKH LQVWDOODWLRQ RI &+3 DQG &&+3 VIVWHPV DQ
LQIUDVWUXFWXUH IRU VHOOLQJ HOHFWMENIL\GL MAR WHH BD M
SUHUHTXLVLWHYV IRU WKH VXFFHVVIXO ZLGHVSUHDG XWLOI

VA\VWHPV



'"HVSLWH WKH ULJRURXV RQJRLQJ VWXGLHYVY FDUULHG RXW R
FRXOG EH DGGUHVVHG WRGKFWRRI) WRIG XQHOIL\|DWLRQ LQ .
VSHFLILF DUHD LV WKH FRQVLGHUDWLRQ DQG DQDO\VLV R
DOQODHURELF GLIJHVWLRQ UHDFWRU $'5 LQ WDQGHP ZLWK E
RSWLPDOO\ LQWHJUBWMGI L QVWRR SIJ RHQW HFRQRPLFDO H
HQHUHODWHG EHQHILWY RYHU W\SLFDO HQHUJ\ VA\VWHPV D
IHG &&+3 V\VWHPV > @

7KH DSSOLFDWLRQ DQG LQWHJUDWLRQ RI $'5 LOX¥&+3 V\VWHI
RI PDQXUH DQG QHXWUDOL]H WKH HQYLURQPHQWDO LPSDF
DV SURGXFHG KLJK OHYHO Rl &+* HPLVVLRQV RGRU DQG FF
JRU HI[DPSOH ODFN RI PDQXUH WUHDWPHQN D@ ML IBR QW V
> @ ODQXUH DQG VOXUU\ FRQWULEXWH DERXW Rl DQW
> @ LWK PHWKDQH KDYLQJ WLPHV WKH JOREDO ZDUPLC
LV FULWLFDOO\ GHWULPHQWDO WR SMBRHFMQRK L DRPHHIQRW L F Q
GLIHVWHG FDWWOH PDQXUH GLJHVWDWH RIIHUV LWVHOI
IULHQGO\ DQG DOPRVW RGRUOHVYV IHUWLOL]JHU ZKLFK FDQ
VROSURYLGLQJ DQ DGGLWLRWKHVRRUHHBERIRUQONRPHR GXBHG
PDQXUH QRW RQO\ GLUHFWO\ UHGXFHVY FDUERQ HPLVVLRQ)\
LW LV DOFDXWEWRI)YO |IXHO VRXUFH VLQFH LW DGGV QR DGGLW
7KH RQO\ FDUERQ HFRPEQANW IRQUEZQY DDWHDG\ LQ WKH (DU\
FRPHVY IURP WKH SODQW PDWWHU HDWHQ E\ WKH FDWWC(
WHFKQRORJLHV VXFK DV>ZBMHRHBP P UQ R HANURSBEHDWDRIUPY X O

DQRG WR[LF FRPSRXQDWLO®H 200UDIR.F &RPSRXQGV 92&V VL



1+ DQG WKH ELRJDV RI FDUERQ GLR[LGFHURGQX M RIHRR YHR
ELRPHWKDQH &+ %LRPHWKDQH LV VXIILFLHQWO\ FOHI
3*8V FDQ XWLOLVRXW B VORUXRHU LW FDQ EH LQMHFWHG
JDV JULG ZKHUH LW FDQ FUHDWH DQ DGGLWLRQDO UHYF
7DULIIV BUHPLXPV ),7V ),3V
7KLY SDSHU DLPV WR PRGHO SRWHQWLDO FRQKLDXUDWLRQ
$'5 KDUQHVVLQJ D FDWWOH PDQXUH IHHGVWRFN DQG ELRJ
FRQILIXUDWLRQV RI WKH PRGHO DUH LGHQWLILHG DIWHU
2SWLPL]DWLRQ $OJRULWKP 362% ZLWKLQ WKIQRPBQWL[ /DEF
WKH\ KDYH EHHQ DSSOLHG WR WKH FDVH VWXG\ RI D FRPF
VHOHFWHG ORFDWLRQ .UDNRZ 3RODQG 7TKH RSWLPXP Gl
$QQXDO 7TRWDO &RVW 6DYLQJV $7&6 &DUERQ (PLVVLRQ '
(QHUJ\ &8RQVXPSWLRQ 3(& KDYH EHHQ GHULYHG &RPSDU]I
FRQILIXUDWLRQV DQG W\SLFDO HQHUJ\ VI\VWHPV DV ZHOO
EHHQ PDGH DQG DV D UHVXOW ILUPO\ VXEVWDQWLDWHG =
DQG EHQHILFLDO WHFKQRORJ\ XVHG WR VDWLVI\ HQHUJ\ OR
7KLV VWXG\ KDV GHYHORSHG D QXPHULFDO DSSURDFK ZKH
ZKLFK ZLOO KDYH WKH FDSDELOLWLHV RI RSVBHFIWLY R VXFk
DQ\ JLYHQ EXLOGLQJYVY KHDWLQJ FRROLQJ DQG HOHFWUL
3(&& 3DUDPHWHUV VXFK DV XQLW FRVWYV HTXLSPHQW FRVYV
XVHG IRU DQ\ DSSURSULDWXVBGMNX \GA K RCHANY U RV IR 57 KU G
RSWLPL]JHG &&+3 V\VWHPYV SHUIRUPDQFH KDV EHHQ FF

&RQYHQWLRQDOO\ 6HSDUDWHG 6\VWHP &66 ZKLFK PLJKW



HQHUJ\ SURGXFWLRQ IRU WKH EXLOGLQJ V XQGHU HYDOXD
OHWKRGRORJ\

,Q WKRWNZ HLIKW 3 FRQILYXDOYWLRYHQG PROHOBGH 7KH

SHUIRUPDQFH RI WKHVH V\VWHPV ZDV FRPSDUHG DJDLQVW

VHSDUDWHG V\VWHP &66

7TDECGH\VWHP GHVFULSWLRQ RI WKH FRQILIXUDWLRQV PRGH

Number System Description Abbreviation

Reference Conventional Separated System CSss

Combined cooling, heating and power
following the electric load

Combined cooling, heating and power
following the thermal load

Combined cooling, heating and power
Configuration 3 with anaerobic digestion reactor followin ADR-CCHP (FEL)
the electric load

Combined cooling, heating and power
Configuration 4 with anaerobic digestion reactor followin ADR-CCHP (FTL)
the thermal load

Combined cooling, heating and power
with anaerobic digestion reactor and
pressurized water scrubbing following tr
electric load
Combined cooling, heating and power
with anaerobic digestion reactor and
pressurized water sdobing following the
thermal load
Combined cooling, heating and power
with anaerobic digestion reactor and
pressure swing absorption following the
electric load
Combined cooling, heating and power
with anaerobic digestion reactor and
pressure swing absorpii following the
electric load

Configuration 1 CCHP (FEL)

Configuration 2 CCHP (FTL)

Configuration 5 PWSCCHP (FEL)

Configuration 6 PWSCCHP (FTL)
Configuration 7

PSACCHP (FEL)

Configuration 8 PSACCHP (FTL)

&RQYHQWLRQDOO\ 6HSDUDWHG 6\VWHP

7KH UHIHUHQFH V\VWHP XVHG DV D EHQFKPDUN IRU FRPS



PRGHOOHG DQWFKFRWYMHIJWERQDOO\ VHYKRZWH® V\VWHP &¢
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Fb »  Boiler > Coil *
» Electricity @ T~ > Fuel e Thermal
Flow Flow Flow

Y)LJ (QHUJ\ )ORZ 'LDJUDP RI D &66 V\VWHP

,Q D &66 WKH HQWLUHW\ RI WKH EXLOGLQJYVY HOHFWULFLW
IURP WKH JULG (JULG 7KH FRB @ML@ HOMRPWU 4F FK\L GPOINWUI Z |
E\ HOHFWULFLW\ DOVR ERXJKW IURP WKH JULG (HF JLQD
QDWXUDO JDV ERLOHU 4E ZKLFK LV GLVWULEXWHG WKURX
7KH PDWKHPDWLUF NWNOWWRNRNAEBIVFULEHG E\ (TXDWLRQV

TKHRROLQJ RXWSXW WR WKH H®HFWDODOFWK LVMIOHHBRRIDE QN & F

3gd- 3¢

TKHOHFWULFDO FRQVXPSWLRQ RI WLKH DH OXHOFPWULIRFQ FKIL W ®& H UF
RXWBQBKHRHIILFLHQW RI SHUIRUPDQFH ®%235 RI WKH HOHFW!
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TKHOHFWULFDO EDODQWMN PP HGBKAHL Wae WKH EXLOGLQJYV HOHF



HTXDO WR WKH HOHFWULFLW\ ERXJKW IURP WKH JULG (JUL
"goE " L "vaux
7TKHUPDO HQHUJ\ RXWSXW RI WKHVQBWOXOULD® R MWK EHRKLIDHW L @ &
3L 3g
TKHKHO FRQVXPSWLRQ RI WKH QDWRURQFWVRERRO WKH)EKHD
WKH ERLOHUsHDIQBELW®R®H\EXLOGLQJ KH®W H[FKDQJHU HIILFLI
0 g
7KEKHO FRQVXPSWLRQ RI WKH QD WkRQ\DRLYUG B WF R LERZGH B\ W
Va0 x
(vavk B o0 5% 8 Ui
ZKH W 0 &V WRHFW UL F DD & kIibIEV. FA@®G WUDQVPLVVLRQ HIILFL

7KHURPDU\ (QHUJ\ &RQVXPSWLRQ 3(& LRI FMDKOH 266 WH &FYV
2' %L/ (vavE/ (6
&&+3 ZLWK LQWHJUDWHG ELRIXHO WHFKQRORJLHV

6FKHPDWLFV Rl WKH HLJKW FRQILIXUDWLRQV WHVWHG LQ
FRQYHQWLRQDO VI\VWHP ERWK IRU IROORZLQJ WKH HOHFW
ORDG &&+3 )7/ LV VKRZQ LQ )LIJXUH D ,Q BEHWRH E DQ
WKH VIVWHP WR UHSUHVHQW WKR’ERQN(IXDQ®EIBRBY GHQRW
)71 7KH FRQILIXERWA ROQN RSBR+3 )7/ I&H3 ) (/

DQG ®6&%H+3 )7/ DUH UHSUHVHQWHG LQ )LIJXUH F
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(QHUJ\ )ORZ 'LDJUDP RI D &&+3 VA\VWHP D FRQYHQWI



VI\VWHP ZLWK DQ LOQWHJUDWHG $'5 F &&+3 VI\VWHP ZLWK |

XSJUDGLQJ XQLW 3:6 36%

7TKH &RQYHQWLRQDOL&RFRYGVRW B@RQDWIRDIDOU HIBY §&
ZDVWHIDMWFRYHU\ XQLW :+5 Q RWXEER®PI1LGW DENVRMWIGEWLRQ FF
KHDWLQJ FRLOV DQG LQIUDVWUXFWXUH ZKLFK FRQQHFWYV
7KH 3*8 LV UHVSRQVLEOH IRU JHQHUIDQV & JHID® WA U E FQ R/D GV
, WKH HOHFWULF ORDG LV JUHDWHU WKDQ WKH 3*8TV FDS
SXUFKDVHG IURP WK cQDWWR QOHD WU LIGRIR WKHR®*@HBWHG E
WKH :+5 ZKHUH LW LV WKHQOGLHGE VW K\HIMP D\RINOWR I UEEBKD O
ORDG RI DOO WKH &&+3 V\VWHPV LQ WKLV VWXGd LQFOXGH)
GLVWULEXWHG E\«kKHDOWG QUKHRERNVO GLQR TYURRRGHGJ YARDD
WKHUPDOO\ DFWLYDHWHE DBEVIRH SWKIHRIP FPRLOROD G IDLOV WR E
DORQH WKHQ WKH QDWXUDO JDV DX[LOLDU\ ERLOHU XQLW 2
7KH 3*8 XVHG LQ WKLV VWXG\ LV WKH LQWHU®DA& PFARFAEXVWL
$EVRUSWLRQZZKBKYWHOWKINHN PRVW FRPSDWLEOH ZLWK ,&(V KDG
FRVWYV D KLIJIWR(2EF LQRQDPPDEOH ZRUNLQJ IOXLGVY DQG O
PDNLQJ WKHP WKH IDYRUDEOH FKRLFH RYHU RWKHU WKHUP
LQWR WXWHRKIWLPL]HG LQ WKLV VWXG\

J)LJ E SUHVHQWYV WKH HQHUJ\ IORZ RI &&+3KM\WW HPWVHPVK L
ZRURWKH VDPH SULQFLSOH DV WKH FRQYHQWLRQDO &&+3 V!
IHG ZLWK D FDWWOH PDQXUH IHHGVWRFN SHARPGEOMHMEB QR X.

,&( RSHUDWLQJ DW PKRXKPRXPDO®INWGD ZHHN VR ORQJ DV LW L



ZLWK IHHGVWRFN X®Q\EE ] MEBV30R W VHQVEHW R [ WXV VWMGF N
LQWR WKH DWPRVSKHUH

&&+3 6\WVWHP ZLWK DQ LQWHJUDWHG $'5 DB G7 BABWX\GHRV LV SL
ZRUNV E\ WKH VDPH SULQFLSOH DWH®WK HHUBRRRQ YWWKIWE'BE QD O .
&&+3LQFH DSWKHDVIDWRGBXEELQJ 37K HXEFMMDQV WKH ELRJID
EHIROQMHE@WRQVKH 3*8 WR D FRPSRVLWLRQ RI PHWKDQH
KLJK HQRXJK TXDOLW\ WR EH LQUWLHF VN GD LIQRWRX @MW H DQ DW DF
FDQ DFFHSW WKH ELRPHWKDQH DQG LV WKHUHIRUH XVHG I
JDV QRW XVHG E\ WKH &&+3 FDQ [EW RIRIODGVWRKW KLHD QDWW MR
DYDLODEOH

&&+3 6\WWHP ZLWIC B IDQGHSUBWWXUH VZLQJ DEORR SWLRQ
SUHVHQWHG AWHMMXUH 6ZLQJ $SEVRUSWLRQ 36$% DQG 3UHVV
3:6 DUH ELRJDV XSJUDGLQKDWHF MXRIOBRBRZHY VE KLFIKWLDO LQ
KDYH JUHDW HUW@®@R QRWVUBTWIUH DGGLWLRQDO FRPSUHVVLF
WR EH IHG LQWR W K KWKV P R QW OP DIWDGUIHWI IREK @R ORJ\ R

7KHUHIRUH LW LV WKHVH WZR WHFKQRORJLHV ZKLFK ZLOO
RI WKH &&+3V RSWLPL]JHG LQ WKLV VWXG\

,Q WKH PRGHOV WKDW PDNH XVH RI )(/ WKH &&+3 V\VWH
UHVSHFWLYH EXLOGQQGJNRUHDFWOHFWWRIFEW\ GHPDQG PRL
FDSDFLW\ WKH GHILFLHQF\ LV FRYHUHG E\ WKH QDWLRQDO
FRQVLGHUSIGRGXAW\DQG LV JDWKHUHG E\ WKH :+5 XQLW EH
DV PXFK RI WK HDWKSRMDLE @R DTKH WKHUPDO GHILFLHQF\ L\

JDV ERLOHU XQLW 7KH PRGHOV WKDW XVH )7/ VHHV WKH



GHPDQG RI WKH WKHUPDO ORDG DQG DQ\ WKHUPDO GHPDQ(
FRQVWUDLQHW® W\FDISOLFSPNLHY DQG HIILFLHQFLHYV LV FRYH
XQLW 7KH HOHFWULFLW\ JHQHUDWBGOGRGOXW¥KMHDIFE LY KRQWDL
PHHW DV PXFK RI WKH EXLOGLQJTVY HOHFWULF ORDG DV SR
LV FRYHUHG E\ WKH QDWLR @GR GNE® JH Q/HWHDMAH-G &\U WHKIHO 3
WKDQ UHTXLUHG WKH VXUSOXV HOHFWULFLW\ FDQ EH VRO
LQ SODFH LQ WKH ORFDWLRQ ZKHUH WKH &&+3 V\VWHP LV E
7KH PDWKHPDWLFDO PRGHO IRU WKH V\VWHRW YW GXHN\W¥ WRUE H
WKH WHFKQLFDO SDUDPHWHUV LQ WKHVH HTXDWLRQV KDYF
7TKBDUDVLWLF (OHFWULFLW\ &RQVXPSWLRQRWDWKH %LRJDV

PDNKVH RI WKH VDP H RW K D {V LIR@Q® WRAP V

' iy, . L ray D
seal  a0sTAEFVITF29504 1 ——pG

. ; r& E

52 O a@é:rmEF:vrrF251§oé;lmlpG
,Q WKH HTXDWLRO®M»M»DEWHIdDUH WKH RSHUDWLRQDO FDSDFL
N:KDQG 36% N:K
7TKH WRWBWULFLW\ &RQV XP SWMRRKRLFRI G HM BL\EEBE RU D

3:6DQE36$

IgégOlBl E'ox D
‘Qégf)lﬂl E'6x«E ILSO E
I(;é(;()l-sl E's6x«E 'LO= F

(LV WKH HOHFWULFDO ORDGXRY WKH 5EXIUDGARWIYRRIOW DR L F
RI WKH $'5 N:K DVVXPHG WR EH D ILIHG YDOXH @LQGHSHQ(

(OHFWULFDO ,QGH[LQJ ODWUL[ $3*»8WHOG1 FWRU G HDVOHL &R XMOSX W K



DSSOLFDEQHNVMRHP)V/RQO\

#L ' 'cacoR2) 7106
(OHFWULFDO ,QGH[LQJ ODWUL[ %3 * & \HHOG1 M\WRU G H DM R X MOSHX W K
DSSOLFDEOYHVMRHPY RQO\

$L'cacoR2)7a06

3*8pLV WKH HOHFWULFDO RXWSXW FDSDFLW\ RI WKH 3*8 N

TKHOHFWULFDO RXWISKYY RFWKH '8 WK AHHRURDERRBIMUULFKH R
HOHFWUNH_—(_@N){ N:KLV R@GSODMDEEIOHVWHPV
‘sus L #0 cacon

(;uL8:KLV WKH HOHFW ULFDODRKVWS)BY7RV\WWHRBULG IRU

‘vauk "acok 2) 7106 D

‘vauk "cacolRaue E
7KHOHFWULF D/ORRIE IE MW RVHG FRQFXUUHQWX RLAWK JULG H
LOSSOLWHEOWWHPY RQO\

‘aus L S U cacof "vaok 2)7a0s

TRWDO HOHFWULF(@QU\RK‘N\BXS\H\RqU&*EBHG E\ WKH HTXDWLRQV

"suel 'aus E'avue D

>

suel (GueUK . E
ZKHW®H.LV WKH HOHFWULFDO HIILFLHQF\ RI WKH 3*8
([FHVV HOHFWULFLW\ %RNEKLWRWLWWWWHP)W/

gel "aueF "cacon
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7KH RSWLPL]DWLRQ PHWKRG XVLQJ LQ WKLV VWXG\ LV WKH
362% 362% ZDV ILUVW SURSRVHG E\ (EHUKDUW DQG .HQQHG
EDVHG XSRQ WKH PHWBKERURRIWKNLQRFDROPDOV VXFK DV
DQIGVK 7KH SULQFLSOH RI BHYHUQDMKDWONKHDB TRAD\ GL
SSDUWLEDHWAMUHWH VROXWLRQ SRLQWKNLEKWRUP \NKH/ ZDHML
VLWXDWHG ZLWKLQHDVMBDBKK/SBBPAH.VIWKH VHW RI DOO SR

UHVSHESWLYPMLIDWRERGQP (DFK SDUWLFOH ZLWKLQ WKH VZDU

VROXWLRRGWIRP VR ERB@P DQG FDQ EH GHQRWHDBQ®E D SRVL

YHORFLWF@YH[F\)WIRLLQ WKH VHDUFK VSDFH 'XULQJ WKH FRGLC

VSHFLILHVY D ORZHU DQG XSSHU OLPLW RI WKH VHDUFK VSEC
WR EH H[HFXWHG $!W HRIS MWD PKHDAMR BROMWK B Q IRV IVFIOHH V. W KD W
VZDUP PRYH DURXQG LQ WKH VHDUFK VSDFH KRZHYHU WKL
QDWXUH DQG LV LQ IDFW D FDOFXODWHG GHFLVLRQ GHWH!L
WKH SDUWLFOHV ZLWKLQ WKH VZDUP

(DFK SDUWLPOIRRADVRI LWV RZQ EHVW SRVLW+ARD ZLWKLQ )
%HWZHHQ HDFK LWHUDWLRQ WKH SDUWLFOHVY FRPPXQLFD!
VZDUP RQ ZKDW WKH EHVW SRVLWLRQ WKH\ KDYH FXUUHQMW
FRODERUDWLQJ WR VKDUH WKLV NQRZOHGJH WKH VZDUP FC
C>M0 LQ WKH VHDUFK VSDFH 8VLQ@>MNDRZO HGKH RZ DAUKRH VL

C>A0 WKH SDUWLFOHV WKHQ H[HFXWGJDWKHLRXOPW.MA RAY H



WKH VHDUFK VSDFH LQ D GLUHFWLRQ VRPHZKHUH EHWZHH
SDUWLEPARIYQG WKH C2ZEODNPOXHV FRQVWDQWO\ EHLQJ X
FRPPXQLFDWHG ZLWKLQ WKH VZPWHRQ B\ DION @ GIO FD UWWH B O
PRYHG WR WKH VDPH SRLQW LQ WKH VHDUFK VSDFH ZKLFl}
UHVSHFW WR WKH VSHFLILHG REMHFWLYH IXQFWLRQ
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6LQFH WKH &&+3 VXEV\VWHPV LQVWDOOHG EFDSDFLW\ PDL
LQVWDOOHG FDSDFLW\ LQ WKLV VWXG\ LW LV DVVXPHG
3*8PD[ LV WKH RQO\ GHFLVLRQ YDULDEOH DDFKH DWKHGR SV
WKH &&+3 VXEV\WWHP V RSWLPXP FDSDFLWLHV DUH FDOEXO
7KH FULWHULRQ HTXDWLRQV DUH SDUW IRU WKH REMHFWL
(TXDWLRQYKH YDOXHV RI WKH WHFKQLFDO SDEBPRBWHUV L
SUHVHQWHG LQ 7DEOH
7KH 2YHUDOO 3HUIRUPDQFH ,QGH[ 2%, GRIVWWKIHE M&+B\V\VWH
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'HLIKW FRHIILFLHQWY DUH DWGLIKPDHANCGH WARK WIKWH FHQ WHDIQ R QL |
RSWLPLVDWLRQ VROXWLRQ 6LQFH WKHUH LV QR DJHQGD

DOQRWKHU HDFK ZLOO EH ZHLJKWHG HTXDOO\ 7KHUHIRUH
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5HVXOWV DQG GLVFXVVLRQV

3RWHQWLDO FRQILIXUDWLRQV RI D &&+3 VI\VWHP LQWHJUD
PDQXUH IHHGVWRFN DQG ELRJDV XSJUDGLQJ SODQW KDYH |
PHWKRGRORJ\ KDYH EHHQ H[SODLQHG 7KHVH&&tB SRWHQW
)(/  $'5&&+3 )7/ K&+3 )(/ 3&&+3 )7/ B&H3 )(/

DQG 36&+3 )7/ 7KHVH VL[ SRWHQWLDO FRQILIJXUDWLRQV |
FRQILIXUD&HBR QY &&+3 )7/ KDYH EHHQ DSP@LRBLWR D FD
EXLOGLQJ IQRPKODWHGQ FOLPDWH LQ WKH PLGGOH RI (XURS
$W ILUVW WKH RSWLPXP GHVLJQ FRQILIJXUDWLRQ IRU HDFK
WR $QQXDO 7RWDO &RVW 6DYLQJV $7&6 &DUERQ (PLVVLR
(QHUJ\ &R@RDXPYWLKDY EHHQ GHULYHG 5HVXOWVY RI D FRQ)
WV\SLFDO HQHUJ\ VIVWHP DSSOLHG WR WKH FDVH VWXG\ D!l
IXQFWLRQ FULWHULRQ IRU WKH RSWLPL]DWLRQ &RPSDUL
RSWLPLHGI¥XWDWLRQV VL[ SRWHQWLDO FRQILIXUDWLRQV
VIVWHPV $V D UHVXOW WR VXEVWDQWLDWH ZKHWKHU VXF|

WHFKQRORJ\ XVHG WR VDWLVI\ HQHUJ\ ORDGV ZLWKLQ WKH



&DVH\AWX®DNRZ 3RODQG

7KH W\SURRW\ RIILFH EXLOGLQJIGRWP LEXD\W WG L Q RF DKHIDRVL Q &
(XURSHDQ .UDNRZ 3RODQG ZLWK D>X@DEOH EGRA G LMUHDD
DZDUGHG D JROG PDUN LQ WKH QMDOGRIQRKOS'DQ (WHLIX D
FHUWLILEDWH G HPFOQ\L\Y U DMAGGRHDFADO\ W VDYHV DV PXF]
HQHUJ\ FRPSDUHG WR ORFDO VWDQGDUGV RYHU RI WKH
GD\OLJKW 7KH EXLOGLQJ GHPPOHQMHGH DR YOI ORDEN EXLO
DQG FRROLQJ ORDGV UHTXLUHG IRU WKHWDLU FRQGLWLRQL

Average Monthly Energy Loads (Case Study)
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yLJ ORQWKO\ HQHUJ\ GHPDQGV RI DQ RIILFH EXLOGL
&RQYHQWSRQDWHG V\VWHP

7DEOGILVSOD\V RIKMH SDHUIRKRHWHUV XVHG IRU WKH &66 V\VWH
IURP 7DEBDDQMG DSSO\LQJ WKHP WR (TXDWLRQV LQ 6HFWLRQ

LV FDOFXODWHG IRU HDFK RI WKH REMHFWLYH IXQFWLRQT\



DUH WR EHER SVWKHP B]G2& LQ VHFWLRQ IRU WKH HLJKW FRQ

7TDEOBDUDPHWHUYVY RI WKH FRQYHQWLRQDO VHSDUDWHG V\\

Parameter Value Unit  Reference
Heat Exchanger (Heating Coil) Efficienc 75 % [5],[6],
ger (Heating ol Elicencye " 3y

Natural Gas Boiler System Efficiency 90 % -
Coefficient of Performance of Electric Chiller

3 - -
COPR:c
Electrical Efficiency of Conventional Separated 44 %
System (CSS)e css [6]
Power Grid Electrical Transmission Efficiencyiq 83 % [6]
Carbon Emissions per Unit of Electricity from the
Power Grid Che 0.256  kg/kWh [33]
Carbon Emissions per Unit of Natural Gas from t

Gas Grid Chy 0.184 kg/kWh -

Unit Price ofElectricity from the Power Grid g 0.122 % N:@k [34]

Unit Price of Natural Gas from the Gas GriddJP 0.039 %1 N:k -

Service Life of Equipment (Assumed to be the [51,[6],[11]
Same for all Equipment in Each Design 15 Years PG

Configuration) SL [20-22]
Interest Rate Applicable to Capital Costs IR 5 % -
Capital Cost of Heating Coil GE& 25 Ya N:K-
Capital Cost of Natural Gas Boiler Unit C 45 Ya N:K -
Capital Cost of Electric Chiller C€ 110 Ya N:K -
Operation and Maintenance to Capital Cost R&tic 4 % -
Annual Operation & Maintenance Cost of Heatin 1 v, N K-

Coil OMCr¢

Annual Operation & Maintenance Cost of Natura
Gas Boiler Unit OMG

Annual Operation & Maintenance CostHiectric
Chiller OMCec

1.8 Ya N:K-

4.4 Ya N:K -




7TDEORRQYHQWLRQDO VHSDUDWHG V\VWHP %HQFKPDUNYV IR

Month 7& Y CE (kg) PEC (kwh)
January 71,737 81,191 883,932
February 60,179 156,514 696,924
March 98,890 238,185 1,016,964
April 110,072 248,297 1,018,835
May 116,679 261,193 1,066,861
June 132,034 292,833 1,189,304
July 128,231 283,331 1,148,407
August 133,616 293,953 1 188,372
September 115,057 257,279 1,050,346
October 107,933 242,670 994,159
November 86,012 213,353 926,221
December 76,406 204,692 924,753

7TKH &661V EHQFKPDUN YDOXHV,WUWKRERZWKHQSTLPOM\ H

FRQVXPSWLRQ DLW WRRMHRAX WL RIQDY W HZ KWHKBEHV W FRQVXPSWLR!

UHTXLUBRYYBRBRPEHHUIKEBVH YDOXHV KDYH EHHQ XVHG WR W

RXRXOREIMHRWWYRLIDWLRQ DSEMRB WK YDH) GX Q/FRHH. R @ W IRULW H U

RSWLPDO FRPSURPHMNMENVRD X®HR QNHIEW GY H\ D@QGHFRPSOHWH

SURFHVERRUBWEOH WR FDBFODVRXWAMCHVERSRWHQWLDO FRQILJ

$'5 &&+3 ) (ADR-CCHP (FTL); PWSCCHP (FEL);: PWSCCHP (FTL); PSA

CCHP (FEL) and PSACHP (FTL)DQG WZR FRQYHQWLRQOQWCHR+3 FRQILJ

(FEL), CCHP (FTL)QHHG WR RSWLPL]J]HG XVLQJ WKH EHQFKPDUN Y

7KH RSWLPL]IDWLRQ LV SHUIRUPHG ZLWK WKH 362% ZLWKLQ

RSWLPL]DWLRQ RI

HDFK FRQILIXUDWLRQ UHWX®OWW FRQY

VLPXODWLRQ WLPH LV DERXW PLQXWHYV

&RPELQHG FRROLQJ KHDWLQJ DQG SRZHU V\VWHP



7DEOHWQGGLVSOD\ WKH WHFKQLFDO SDUDPHWHUV IRU HLJ
7DEOMKHVH WHFKQLFDO $DORMMMWRIUYV HDGWX @RS HFRQRPLF
PRGHRUFRPELQHG FRROL@G SKRZMHWERSOWHB ZLWK (TXDWLRC
BHFWLRQ WKH\ FDQ EH XVHG IRU FDOFXODWLQJ WKH |
LPSDFW DQG HFRQRPLF FRVW RIQFIOK GV 3WKK VBB P P HEHU
FDOFXODWLRIQWVRI SH&DPHWHUV XONOMR®HSRR WURDHQ HUDON L
DOWKRVHDORWH KHDW UHFRYHU\ KHDW H[FKDQJHU DQG
WUDQVPLVVLRMQBQHBUN FRQVRESWRRYDLQV WKH HQYLURC
YDULDEOHV XVHG IRU HVYWLPDWLRQV BHE& (X QVMFRERWH® U E
HPLVVLRQV SHU XQLW Rl HOHFWULFLW\7DEFOBIUHKH GW X H U
HFRQRPLF YDULDEOHV XWLOL]JHG IRU FDOFXODWLRQV RI $7
RSHUDWLRQ DQG PRQQW QIO BHRF EEWIW D ULHHGDWH VHUY
OLIH RI HTXLSPHQW RSHUDWLRQ DQG PDLQWHQDQFH WR FI
PDLQWHQDQFH FRVW

7TDEOKRDUDPHWHUYVY RI WKH FRPELQHG FRRIOQRUIKHDWLQJ D«

Parameter Value Units Reference
Power generation unit electrical efficiengyu 38 % [33
Waste heat recovery unit efficiencynr 80 % [21]
. [51,[6],
0,
Heat exchanger efficiencye 75 % [13],[21]

Coefficient of performance of lithium bromide

absorption chiller COR 0.72 i [13]

. : - 0 [S],[6],
Natural gas auxiliary boiler efficiency 90 Yo [13],[21]
Power grid electrical transmission efficiengyid 83 % [6]
Hourly electricity consumption of ADRE 1.51 kwh  [30]

Hourly thermal energy consumption factor of ADRs+ 0.0678 kWh/m® -
Electrical potential of ADR ER 9.79 kWh/m® [36-38]



Electrical potential of ADR in tandem with PWS/PS;

EPuay 16.32 kwh/m® -

Energy content of anaerobic digestion sourced biog
with 60% CH4 EGab 58  kwhimr [39]
Energycontent of upgraded biogas (biomethane) wi 967 KWhme -

97% CH4 EGp

TDEOBDUDPHWHUV RI WKH FRPELQHG FRARIQLYQU RKHCHQMW)J D

Parameter Value Units Reference

Carbon Emissions per Unit of Electricity from tt
Power Grid Chke

Carbon Emissions per Unit of Natural Gas fron
the Gas Grid Ckg

Carbon Emissions per Unit of Anaerobic
Digestion Sourced Biogas with 60% CH4 GE

Carbon Emissions per Unit of Upgraded Biogat
(Biomethane) with 97% CH4 GE

0.256 kg/kWh  [34]
0.184 kg/kWh .
0  kg/kWh  [40

0  kg/kWh -

TDEOBDUDPHWHUV RI WKH FRPELQHG FRHAERIGR@QRPKHDWLQJ D

Parameter Value  Unit Reference
Unit Price of Electricity from the Power Grid P 0.122 Ya N: [35]
Unit Price of Natural Gagom the Gas Grid Uf3 0039 ¥ N: -

Unit Price of Anaerobic Digestion Sourced Biogas wit

1 .
60% CH4 URdpb 0.057 Y N: [4]]

Unit Price of Upgraded Biogas (Biomethane) with 97¢

1 S
CH4 URyp 0.035 7 N:
Feedin-7DULII 5DWH LQ 3RODQG IF v N: [42]
Capacity of O 500kW) FIT 0127
Feedin-SUHPLXP 5DWH LQ 3RODQG voON: -
Capacity 500 1000kW) FIP 0.146 +
Service Life of Equipment (Assumed to be the Same 15 Years [5],[6],[11],
all Equipment in Each Design Configuration) SL [20-22]

Interest Rate Applicable to Capital Costs IR 5 % -



Operation and Maintenance to Capital Cost R&tio 4 % -

Operation & Maintenance Cost of Internal Combustio

1 -

Engine (PGU) OMGy, a4 7 N
Operation & Maintenance Cost Bfogas Compatible 64 v N -
Internal Combustion Engine (PGU) OMigu “
Annual Operation & Maintenance Cost of Heating Co _

1 Ya N: -
OMChc
Annual Operation & Maintenance Cost of Natural Ga: 18 v N -
Boiler OMG, ' o
Annual Operation &8aintenance Cost of Biogas Boile 262 v, N: -
OMChpgp
Annual Operation & Maintenance Cost of Waste Hea 39 v N -
Recovery Unit OMGnr ' L
Annual Operation & Maintenance Cost of Lithium 54 v N -
Bromide Absorption Chiller OMg& ' ©
Annual Operation & Maintenance Cost of Anaerobic 1203 i

Digestion Plant OMgg

Annual Operation & Maintenance Cost of Pressurisec
Water Scrubber OMgas

Annual Operation & Maintenance Cost of Pressure
Swing Absorption Unit OMGsa

Capital Cost of Internal Combustion Engine (PGU)

P
1453 Yy 3P -
P

1,360 Ya

CCou 1100 Y4 N: -
(égg;:}ag ggogb ngBQli)ias Compatible Internal Combusti 1600 Y N: -
Capital Cost of Heating Coil GE& 25 Ya N: -
Capital Cost of Natural Gas Boiler €C 45 Ya N: -
Capital Cost of Biogas Boiler Gy 65 Ya N: -
Capital Cost of Waste Heat Recovery UnitC 80 Ya N: -
g?}p::tal Cost of Lithium Bromide Absorption Chiller 135 N -
Capital Cost of Anaerobic Digestion Plant EC 11,533 v P [4]]
CapitalCost of Pressurised Water Scrubber&sC 11773 Y 3P -

Capital Cost of Pressure Swing Absorption Unit,GC 11,993 % P -

JRU HDFK RI WKH HLJKW &&+3 FRQILIXUDWLRQV XVLQJ WK



XVLQJ SDUDPHWHUVWKRPREDHEHPXY LQVWDOOWEWBB DLW\ |
HDFK &&+3 FRQILIXUDWLRQ LV FDOFXODWHG DQG SUHVHQW

TDECH2SWLPXPIQHWRQILIXUDWLRQ IRU WKH HLJKW &&+3 V\VYV

ACnma AD.  Bum BGB HCm HEm PGU PSA PWS .o
System X (KW max ax ax max max max
Configuration (kwh = (kwh (kW (kW (kWh (m%¥h (m%h e

(m%)  h) (kwh)
) ) h) h) ) ) )

Conventional
Separated System / / 727 / 545 / / / / /
(Reference)
Conventional CCHP
(FEL) 244 / 338 / 545 |/ 438 / / 572
Conventional CCHP
(FTL) 244 / 291 / 545 |/ 343 / / 436
ADR-CCHP (FEL) 244 111 75 336 545 8 413 / / 539
ADR-CCHP (FTL) 244 86 315 / 545 6 321 / / 419
PWSCCHP (FEL) 244 62 299 / 545 4 383 / 104 500
PWSCCHP (FTL) 244 47 350 / 545 3 292 / 79 381
PSACCHP (FEL) 244 62 297 / 545 4 387 105 / 505
PSA-CCHP (FTL) 244 A7 348 / 545 3 293 80 / 382

%LRJDV ELRPHWKDQH XWLOL]DWLRQ IDFWRU

7KH SURSRVHG &&+3 FRQILIXUDWLRQV LQWHJUDWHG ZLWK
IHHGVWRFN DQG ELRJDV XSJUDGLQJ SODQW SURGXFHV HJ[F
XWLOL]DWLRQ IDFWRU 8) IRU RSWLPL]DWLRQ WKKH VA\VWHP
LQ 3RODQG IRU LQMHFWLQJ DQ\ H[FHVV ELRPHWKDQH LQWF
&&+37V FRQILIXUDWLRQ LW LV VXJJHVWHG WR LQFOXGH D
WKH VIVWHP IRU XWLOL]JLQJ &3 ID[F GRAGE L\RWDI J HR/W B G
WR LQFOXGH D QDWXUDO SM\H\EHRQ®WN UW K H%U HVXBA R1 ELR
8) ZLWK RU ZLWKRXWWREVEWKOWUI RAWD PQN R1 WKH V\VWHPV
RSHUDWLRQDO &&W3DBNVHW\H'57& & +3:6\VWHP DRG 36$%

&&+3 6\VWHP )7/ LQVWDOODWLRQ RI ERLOHU ZLOO QRW LI



7TDEOH$GGLQJ ELRIJDV FRPSDWLEOH RU QDWXUDO JDV ERLOH

Annual Excess Excess Utilisation
System Configuration Biogas Yield Biogas Biomethane Factor
(m3) (m®) (m®) (%)
(AFDEFE')CCHP System 972,496 204,335 / 79.0
@?gé%c(';;s)yﬂem 972,496 157,009 / 9
(AF[%FSCCHP System 755,863 156,192 / 79.3
@?gé%c('gﬁsyﬂem 755,863 156,192 / 79.3-
'(DFVI\E’SCCHP System 541,002 / 70,178 87.0
EVWNSGCBCEELS)VStem 541,002 / 52,635 9
'(DFV¥LS)CCHP System 412,461 / 69,757 83.1
\',DvyVNSGCBC(iFT’LS)VStem 412,461 / 69,757 83.1-
'(DFSEAC)CCHP System 546,652 / 72,541 86.7
\',Dwsﬁgg'afE%’ stem 546,652 / 54,816 9
(PFSTAL‘)CCHP System 413,874 / 70,605 82.9
PSACCHP System 413,874 / 70,605 82.9-

w/ NGB (FTL)

JRU DQ\ RI WKH VA\VWHPV XW L\OW LW Ha K HB)%\ REHBDWLRQD O
3:6 &&+3 6\VWHP )(/ &XQ@3 86MWHP )(/ ZLWK IROORZLQJ REV
X $'5 &&+38) LQFUHDVHV E\ ULVLQJ IURP W R
UHGXFWLRQ LQ H[KDXVWHG ZHMUWW DELRJIOLW RIV HTXRYD
*:K Rl HQHUJ\ EHLQJ VDYHG 7KLV ZRXOG DOVR HTXD
HPLVVLRQV RI NJ SHU \HDU
X 3:6 &&+38) LQFUHDVHV E\ ULVLQJ IURP W R

UHGXFWLRQ LQ H[KDMHWKHXH RDSHNMWHMEBUR P/ KLY VDYHYV *



HQHUJ\ LW HTXDWHV WR UHGXFLQJ FDUERQ HPLVVLRQV I
X 36$&&+38) LQFUHDVHV E\ ULVLQJ IURP W R :

UHGXFWLRQ LQ H[KDXVWHG ZDSWW \HEDEP AKULKDIQH HRTXLY D

*:K RI HQHUJ\ EHLQJ VDYHG ,W HTXDWHVY WR D UHG>
NJ IRU WKH \HDU
6\WWHP SHUIRUPDQFH HYDOXDWLRQYV

7KLV VWXG\ SURSRVHV VL[ &&+3 VI\VWHP FRQILJOWDWLRQV
XSJUDGLQJ XQLWV VXFK DV 3:6 RU 36$% 7KH VL[ &&+3 V\VWH
RIILFH EXLOGLQJ WR VHH ZKHWKHU WKH\ FRXOG WHFKQLF
RSWLPL]JHG FRQYHQWLRQDO &&+3 VI\VWHP 7KH REMHFWLYH
LV FDOFXODWHG XVLQJ HTXDOO\ ZHLJKWHG UHVXOWV RI $7
WKH $7&65 IRU HDFK &&+3 FRQILJXUDWLRQ )LJ SUHVHQ
FRQILJIXUDWLRQ DQG )LJ VKRZV WKH 3(65 UHWOWYV )LJ
H[SODLQHG LQ 6HFWLRQ 23, LV D VXP Rl WKH FULWH
UHIOHFW WKH RYHUDOO SHUIRUPDQFH RI HDFK V\VWHP
,Q )LJ WKH $7&65 RI HDFK &&+3 FRQILIJXUDWLRQ DUH FDC
WKH &66 VIVWHP \& KHD & K HKHKIRZZ\& &V KH VA\VWHP VDYHV PRUH
$OPRVW DOO WKH HLJKW FRQILIXUDWLRQV KDYH SRVLWLY
&&+3 VIVWHPVY FDQ EH D FKHDSHU DOWHUQDWLYH IRU HQHU,
HQRXJK WR RKMIKHLL K MSKMW DO FRVWYV LQFXUUHG 7KH $7&6¢
HQHUJ\ GHPDQGY LQFUHDVHV
$PRQJ WKH HLJKW &&+3 FRQILIXUDWLRQV WKH FRQYHQWL

KLJKHU VvVDYLQJY DFURVV WKH FRXUVH RI WKH HD&® ZLWK



ZKHQ GHSOR\LQJ )(/ 7TKHVH HTXDO WR KXJH DQQXDO VD
UHVSHFWLYHO\ &RPSDUHG WR WKH &66 V\VWHP DOPRVW D(
RI DURXQG ZKLFK HTXDOV DQ DYHUDJH VDNLE@®DWRI DSS
2YHUDOO WKH $7&65 RI WKH FRQYHQWLRQDO &&+3 LV DSES
ELRJDV &&+3V&&MBHVEBWYW HP WKDW UHTXLUHV D ELRJDV XSJU

ORZHVW $7&65 YDOXH

ATCSR for each CCHP Design Configuration

—0—CCHP (FEL) ——CCHP (FTL) ——ADR-CCHP (FE'$ADR-CCHP (FTL)
—0—PWS-CCHP (FEX¢—PWS-CCHP (FH4—PSA-CCHP (FEL$—PSA-CCHP (FTL)

70
65
60
55
50
45
40

35
30 $

20 ¢ 2
15
10
5
0

Annual Total Costs Savings Ratio (ATCSR)
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CERR for each CCHP Design Configuration
——CCHP (FEL) ——CCHP (FTL) ——ADR-CCHP (FEl® - ADR-CCHP (FTL)
——PWS-CCHP (FEi$—PWS-CCHP (FH4—PSA-CCHP (FEL9—PSA-CCHP (FTL)
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)LJ &DUERQ HPLVVLRQV UHGXFWLRQ UDWLR RI WKH |

)LJ SUHVHQWY WKH &(55 Rl HDFK &&+3 FRQILIJXUDWLRQ

PRUH FDUERQ HPLVVLRQ UHGXFWLRQV Rl WKH &&+3 V\VWHP
FRQILJIXUDWLRQV KDYH SRVLWLYH &(55 YDOXHV WKLV VKF
HQYLURQPHQWDOO\ IULHQGO\ WKDQ WKH &66 V\VWHP 7KH
HQHUJ\ GHPDQG LQFUHDVHV IURP $SULO WR 2FVRRIEHHU 7KL\
GHSHQGHQW RQ VRXUFLQJ HOHFWULFLW\ DQG JDV IURP W
EXUGHQ RQ WKH HQYLURQPHQW WK DHI IWKLIHH B DH & &YW B XRGE WF
DQG HVSHFLDOO\ WKRVH KDUQHVVLQJ ELRJDV ELRPHWKDQF
8QOZNWK WKH FRVW VDYLQJV WKH FRQYHQWLRQDO &&+3 V

&&+3V DYHUDJLQJ EHWZHHQ WKH WZR RI WKHP D &(55 RI



DURXQG NW OHVV FDUERQ GLR[LGH HPLVVLRQV LQWR \
\LHO@HERFQ HPLVVLRQ VDYLQJV LQ WKH UDQJH RI LG
LPSUHVVLYH FRPLQ&&MBRP (WKH W' WKH LQWHJUDWHG E
DQ RYHUDOO WRWDO FDUERQ HPLVVLRQ ¥RY¥XQDGRI6S NW
&&+3 GMSTIR)(/ \LHOGHG D &(55 R WKXV PHDQLQJ WKDW
JHUR FDUERQ HPLVVLRQV GXW&E33 WKLWPRRWIDGH HHY'B FD
HPLVVLRQV LQ -DQXDU\ DQG 1RYHPEHU DQG \LHOGHG D &(
HTXDWLQJ WRJR®D\IRU WKH HQWLUH PRQWK )RU PLQLPL

HPLVVLRQV &WHIHLYSWKH RSWLPXP VROXWLRQ

PESR for each CCHP Design Configuration
—0—CCHP (FEL) ——CCHP (FTL) ——ADR-CCHP (FE$ADR-CCHP (FTL)
——PWS-CCHP (FEi¢— PWS-CCHP (FF4—PSA-CCHP (FEL—PSA-CCHP (FTL)
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)LJ ULPDU\ HQHUJ\ VDYLQJY UDWLR RI WKH HLJKW

)LJ VKRZV HDFK RI WKH &&+3 VI\VWHPV RS HUDW WXHKXQ G H



ZRUVW 3(65 YDOXHV LQ WKH ZLQWHU PRQWKY DQG EHVW Y|
WKH &&+3 VIVWHPV GHSOR\LQJ )(/ VKRZ WKH FRQWUDU\ 7KL
WKH WKHUPDO ORDG H[FHHGV WKH HOHFWKX¥DOHW/DIEQ EHJ
ZLOO EH ZDVWHG XVLQJ WKLV PHWKRG :KHUHDV WKH HOHF
WKH VXPPHU PRQWKY WKH )7/ RSHUDWLRGDBOQWWRBWHRQLY
3(65 YDOXH IRU HDFK &&+3 V\VWHR DDYDWH D Q WH YRH OR FA\R \
EHWZHHQ WKH ZRU\& 3H (R WDRQHAJ W36 EHV V& &#BU DRUPHU  $'°
ZLWK D %*% 7KH OHDIGAL @JRRDQ HYKUMDU 7KH EHVW VROX

WR SULRULWL]H WKH H&8H3J ¥ MD K LYYW H G Vot FI5GHSOR\LQJ ) (/

OPI for each CCHP Design Configuration

——CCHP (FEL) ——CCHP (FTL) —e—ADR-CCHP (FE$—ADR-CCHP (FTL)

——PWS-CCHP (FEi¢—PWS-CCHP (FH4$—PSA-CCHP (FEL®»—PSA-CCHP (FTL)
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)LJ 2YHUDOO SHUIRUPDQFH LQGH[ RI WKH HLJKW &

)LJ SUHVHQWYVY WKH 23, YDOXH ZKLFK LV D VXP RI WKH &



WKH RYHUDOO SHUIRUPDQFH RI HDFK V\VWKHHP 2F3R PYODOXHG W F
LV KLJKHU LQ VXPPHU ZLWK KLJKHU EXLOGLQJ HQHUJ\ GHPI
WKH HQHUJ\ GHPDQG GHFUHDVHV $00 &&+3 V\VWHPV PDQD
WKD Q PHDQLQJ WKDW LQ FRPELQHG WHBRRW RDERVW
(QHUJ\ &RQVXPSWLRQ WKH HLJKW &&+3 VIVWHPV DOO SHU
WKH UHIHUHQFH &66 VI\VWHP 7KH ZRUVW RYHUDOO SHUIRUF
ZKLFK LQFRUSRUDWHG ELRJDV XSJUDGLQJBWBDWVKEMEOR\
V\VWHERM 3 ) (/ &&+3 )7/&&WS3 )7/ 3&H#3 )7/ VFRUHG DQ
DYHUDJH 23, RI DURXQG 7KH EHVW SHUIRUPLQJ &&+3 V)
EHWWHU WK E® WK N\VMWHPEE V3WHKME DQ LOQWHIUDWHG %*%
)(/ 7KLV &&+3 VIVWHP \LHOGHG DQ 23, RI DQG DV GL
SHUIRUPLQJ VIVWHP LQ RI WKH FULWHULD RSWLPL]HG &
&RQFOXVLRQV

7KLV SDSHU SURSRVHV ELRJDV IHG &&+3 VAIVWHPMQWKDW XW
D FDWWOH PDQXUH IHHGVWRFN ZLWK RU ZLWKRXW ELRJDV
PRGHOHG DQG RSWLPL]JHG WR YHULI\ ZKHWKHU VXFK FRQIL.
&66V DQG RSWLPL]HG FRQYHQWLRQDO &&+3 VWWWRW ZKHQ
362$ PHWKRG VHYHUDO RSWLPL]JHG FRQILIXUDWLRQV RI &
WKH DKM UHVXOWV VKRZQWIGHVULRKHWKH WHFKQLFDO H
HQYLURQPHQWDO IDFWRUV WKH RYHUDOO SHUIRWUPDQFH RI
UHVHDUFK VWRGRAHBQIRYABQWO\ DGYDQWDJHRXV RYHU WKH
6\WWHP FRQILIXUDWLRQV ZKHUH &&+3 LV FRPELQHG ZLWK

$'5 SUHVVXUH VZLQO6$DEVRIUBWIMXQWLIHG ZBWHKBRIAMFUXEELQ



EHQHRYWY WKH RSWLPL]DE EBR®Y VQWLGRA\DOUPY Rl FRVW &:
HPLVVLRQV DQG SULPDUYKIH)BE3IBARQWXPSILIVRIQ DQ LQWHJ
ZLWK D ELRJDV ERLIROD RZH RO RVIKGY (MOREHUDVELERDG VW UD
\LHOGV WKH EHVW UHVXORWHUDOLY YNWWR2BP 88 R M HQRG\H |
DIWHU DFKLHYDLQBRWKHPEMVIMRQSVWWBROKFRMLRQ DQG
WKH EHIVPD U\ HQHUJ\ 3(BBYBRV HU BWLR
BHYHUDO YAREMFHEXN®GWEMYHVWLIDWHG WR&EPSWRVYWHWPKH $'
SHUIRUPEKQ¥HYWXG\ LGHQWLILHVY WKH RSWLPXP GHVLJQ FR
HPLVVLRQV DQG HQHWRKFRQNXRBW IZRIQJKW )XWXUH UHVHL
HPSOR\LQUHMKAEHWKKWLQJ FRHIILFLHQWYV DV REMHFWLYH IX
GLIIHUHQW VFHQDULR LQ ZKLFK D ILQD O&XVHBHIWBIUHKY RQ
IRFXRERSW L PWIKRHBI G H V IDMQ/ X PALIGHV RIE W3 XEV\VIMGH\PWH OO H G
F DCSE L © DWABGN\S HROWS K18 2 W K8HUF & X E V \ VDAUEHA V L EQ NRE@ K H
RS W L PLLHNROMKSH 8 ) X W XZWRHIAR X OGY HV WQ B DWRBA KEHF LV LR Q
YDULDRORSW L P LD WERRDWV L EIIRAKX WK B WNR XIDAE R QHHG LQ
WDULIIV SUHPLXPV WKHUPDO VWRUDJH WHFKQRORJLHV
K\EULGL]DWLRQ ZLWK VR 6 RUOW H EKRRWIRDMGHOEOH G R ZH U
JHQHUDWLR@GE&IQHWH/QW ELRPDVV IHHGVWRFNV 7KH FDVH \
GLIIHUHQW FOLPDWHYV YDULRXV EXLOGLQJ W\SHV IRU IXUW
SURSRVHG V\VWHP ZLWK LEWMHMDWHG ELRIXHO WHFKQRO
)XQGLQJ
7KLV UHVHDUFK GLG QRW UHFHLYH DQ\ VSHFLILF JUDQW |

FRPPHUFLDI®@BRBIQOWWHFWRUYV



SHIHUHQFHYV

> @ &DR ' ;LOHL - /LX PBFRQOGRLIW LHR@QHVYWDW XV ZRUOGZLG
RWIKOHWQRIORKLHY HRHUPHURXLOGLQJV GXULQJ WKH SDVW ¢
% XLOGLQJV KWWSV GRL RUJ M HQEXLOG

> @$ T7TUDFNLQJ %XLOGLQJV ,($ 3DULV KWWSV Z7
EXLOGLQJV

> @,(% *OREDHQHUJ\ &2 VWDWXV UHSRUW

KWWSV ZZZ LHD RUHDHBEBRWDINSWKY BBD O

>@ ) $6XODLPDQ ) +DPGXOODKSXU , 'LQFHU 7ULJHQHUDV
EDVHG RQ SULPH PRYHUV ,QWHIHMHDULURFEDO -RXUQDO RI (

KWWSV GRL RUJ HU

> @ - - DQJ < ¥ =KORJI& 2SWLPL]DWLRQ RI FDSDFLW\ DQG

VI\VWHP E\' JHQHWLF DOJRULWKP $SSOLHG (QHUJ\

KWWSV GRL RUJ M DSHQHUJ\

> @ ' ( *KHUVL 0 $PRXUD . /RXEDU 8 'REMGHWLYSB 7I

RSWLPL]DWLRQ RI &&+3 V\VWHP ZLWK K\EULG FKLOOHU X

RSHUDWLRQ VWUDWHXWW&HWI\GRL RUJ M HQHUJ\

> @ * <DbQJ ; =KDL 2SWLPL]DWLRQ DQG SHUIRUPDQFH D

VI\VWHPV XQGHU GLIITHUHQW RSHUDWLRQ VWUDWHJLHV $S!
* KWWSV GRL RUJPDOH@I DSSOWKHU

> @ =KDR % =RX 7KH RSWLPDO RSHUDWLRQ VWUDWHJ\ DQ

&RQI 6HU (DUWK (QYLURQ ©6FL KWWSV


https://doi.org/10.1002/er.1687
https://doi.org/10.1016/j.apenergy.2009.08.005

> @-:-DQJ 7 ODR - 6XL + DG SRGHROWAMIFH DQDO\VLV

FRPELQHG FRROLQJ KHDWLQJ DQ@A BIRZHRB| D\VWXED BD YBi\

ELRPDVV JDVLILFDWLRQ JDV (QHUJ\+
KWWSV GRL RUJ M HQHUJ\
> @ : /L ; .DQ ; 6X6OH << ='ODM¥R &P QJ 3HUIRUPDQFH DQDO\V

ELRPDVV JDEDMH®WIERGE V\VWHP LQWHHUBW\MG/PZAWK YDU

DEVRUSWLRQ FRROLQJ DQG GHVLFFDQW GHKXPLGLILFDW

KWWSV GRL RUJ M HQHUJ\

> @ -- :DQJ =/ ;X +* -LQ * 6KL & )X . <DQJ 'HVLJQ R

RI D ELRPDVV JDVLILFDWLRQ EDVHG %&+3 VI\VWHP $ FDVH \

(QHUJ\ + KWWSV GRL RUJ M UHQHQH

> @ + 5HQ : =KRX . 1DNDJDPL : *DR ,QWHJUDWHG GHVL

HQHUJ\ VIVWHP WDNLQJ LQWR FRQVLGHUDWLRQ GHPDQG V
+ KWWSV GRL RUJ M HQHUJ\

> @' ODUDYHUSRAR6LDQ6HEDVWLIQ $VVHVVPHQW RI &&+3 \

ELRPDVV FRPEXVWERQHI P S/FPIDRDWLRQV WKURXJK D UHYLH:

DQDO\VLV RI HQHUJ\ HIILFLHQF\ SDUDPHWHYY $SSOLHG

KWWSV GRL RUJJ\ M DSHQHU

> @ + &KR 3 - ODJR 5 /XFN /0 &KDPUD (YDOXDWLRQ RI

EDVHG RQ RSHUDWLRQDO FRVW SULPDU\ HQHUJ\ FRQVXPS

XWLOL]LQJ DQ RSWLPDO RSHUDWLRQ VFKHPH $SSOLHG

KWWSV GRL RUJ M DSHQHUJ\

> @ $ 5RQJ 5 /DKGHOPD $Q HIILFLHQW OLQHDU SURJUL



DOJRULWKP IRU WULJHQHUDWLRQ $SSOBHG  (QHUJ
KWWSV GRL RUJ M DSHQHUJ\

> @ . &KHQ & & +RQJ 2SWLPXP RESHVADIWLR ©RIRHQ B LHDW NR C
XQGHURWVPHUDWHY ,((( TUDQVDFWLRQV RQ B3RZHU 6\VWHTI
KWWSV GRL RUJ

> @ $VKRN 5 %DQHUMHH 2SWLPDGQHRSHUWMWLIRRY IRU LAR
PDQDJHPHQW ,((( 7UDQVDFWLRQV RQ 3RZHU 6\VWWHPV
KWWSV GRL RUJ 73:56

> @ * &KLFFR 3 ODQFDUHOOD \OADVOWL WRR GHHQ@OW QW IRR Q/ F'E
DSSOLFDWLRQ WR RSHRODWLRGDO RSWLPEDWL
KWWSV GRL RUJ M HQHUJ\

> @$$ 5HQWL]HODV , 3 7DWVLRSRXORV $ELRGDVV$Q RS
WOUHQHUDWLRQ HQHUJ\ VXSSO\ %LRPDVV BRQG %LRHQF

KWWSV GRL RWBLRPELRH

> @+ /LQ & <DQJ ; ;X $ QHZ RSWLPLIDWLRQ PRGHO RI &
DOJRULWKP 6 XVWDLQDEOH &LWLHV DQG 6RFLHW\
KWWSV GRL RUJ M VFV

> @ - DQJ = -RKQJ=KDEKBQJ 3DUWLFOH VZDUP RSWLPL

EXLOGLQJ FRROLQJ KHDWLQJ DQG SRZHU V\¥WHP $SSOLI

KWWSV GRL RUJ M DSHQHUJ\

> @* 7LFKL 0 0O $UGHKDOL O ( 1D]DbUL (|[DPLQDWLRQ RI F
IRU RSWLPDO FRQILIXUDWLRQ RI &+3 DQG &&+3 VI\VWHPV ED

DOJRULWKP (QHUJ\ 3ROLF\ +


https://doi.org/10.1016/j.apenergy.2010.06.021

KWWSV GRL RUJ M HQSRO
> ®' &XpOODU 0 ( :HEEHU &RZ SRZHU WKH HQHUJ\ DC
FRQYHUWLQJ PDQXUH WR ELRJDV (QYLURQ 5HV /I
KWWSV GRL RUJ

> @6, ( )DFW 6KHHW _ %LRJDVQHRRWRIQYHUKWMWH 3DBSWHVWR (

KWWSV 7277 HHVL RUVKSEHSRIIDN FRIDE HIWIRKY U J \

> @ : )RVWHU 8 $]LPODWDBGHBPWWIUHRUORODQR 0 &RPEUL
OXQR] - - (VWHYHV WRO®MLQRFROYMH/LRQ WHFKQRORJL

SURFHVVHV D&$GUEHDNUHIFHBWQHZDEOH DQG 6XVWDLQDEOH (

> @ 7UXF 74 9R 'DHLQA VW 5100 .DUWKLN 5DMHQGUDQ -H
THFKIDRRQRPLF DQDO\VLYV RI ELRJDV XSJUDGLQJ YLD DPLQH
VLWX PHWKDQDWLRQ $SSOLHG (QHU )\
KWWSV GRL RUJ M DSHQHUJ\
> @ 9HURQYDDDQWERDUHO &LDKRWQ\ 8SJUDGLQJ %LRJDV
OHPEUDQH 6HSDUDWLRQ (QHUJ\ )XHOV

DFV HQHUJ\IXHOV E
> @ WDXHU & +XOWHEHUJ 7 3HUVVRQ 5HY/IDHPPR RWLRJID
FRPPHUFLDO WHFKQMURBIH PV
> @ $QJIJHOLGDNL / 7UHX 3 7VDSHNRV * /XR 6 &DPSDQI
%LRJIJDV XSJUDGLQJ DQG XWLOL]DWLRQ &XUUHQW VWDW

$GYDQFHVY KWWSV GRL RUJ M ELRWHFKDGY

> @ < =KDQJ $QDHURELF 'LJEMWLRQDODYHR


https://www.eesi.org/papers/view/fact-sheet-biogasconverting-waste-to-energy
https://doi.org/10.1016/j.biotechadv.2018.01.011

KWWS ZZBWEUBRWBD DF XN 3XEBGRFV -\8 66 9%$/25*$6E

B/HEWXUH SGI
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