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Abstract

The technologies of biomass gasification, ground source heat pump, fuel cell and
gas turbine combined cycle have received much attention in recent years from
scholars and research institutions for their clean, energy efficient and environmentally
friendly features. There have been a few studies on these technologies, however the
research on the combined system with these technologies integrated together are in its
infancy, a lot of problems and challenges still remain. The design of system structure,
as well as the integration and coupling of different units and components need further
in-depth analysis and investigation.

Therefore the combined cycle of biomass gasification fuel cell - gas turbine and
ground source heat pump (BGFC - GT - GSHP) has been proposed as an integrated
system in this thesis. The key components and processes of the system, including the
biomass gasification unit, fuel cell, gas turbine, heat pump, buried pipe unit, interface
unit, etc., have been modeled in gPROMS. The system feedstock, products and
material interfaces of various units have been defined and modeled, based on which
different unit components have been connected and integrated to simulate the
processes on a system level. Furthermore, the combination strategies of the BGFC-GT
and ground source heat pump system as well as the schematic design of this combined
cycle have been investigated. And the operation modeling and dynamic simulation of
the integrated system model has been finished.

In the present thesis, the combined cycle, especially the key components of the
ground source heat pump, which include compressor, evaporator, expansion valve and
condenser, as well as its processes and interfaces such as the interface between the
buried pipes and heat pump, the interface between the heat pump and loads, have been
modeled specifically. In the buried pipe unit of the ground source heat pump, the heat
transfer mechanism of the horizontal buried pipe has been studied by using advanced
three-dimensional heat transfer model. The temperature field with three dimensions,
i.e., the length, radius and phase angle of buried pipes, has been established. The
dynamic heat transfer model of the buried pipes have been developed, taking into
account the effect of seasonal changes. Moreover, the discrete method of the system

against variables has been examined. Considering the different applicable conditions



of the forward-difference, backward-difference and central-difference schemes, the
forward difference and backward difference have been used in the calculation of the
buried pipes respectively to improve the accuracy of calculation. On the basis of the
above work, the unit models have been connected through electrical/thermal coupling,
which enables us to achieve the integrated whole-system process modeling and

systematic performance simulation of the combined cycle.

Keywords: biomass gasification; fuel cell; gas turbine; ground source heat pump;

combined cycle; system modeling and simulation; gPROMS



T v - |
B I
= -3 vV
BB B . 1
I T G OO 1
1L L T BT B ettt 1
112 HIFFTTE S oottt 2

1.2 ERIIMIBRHEERR ..ottt 3
1.2.1 BT TEIERE oottt 3
1.2.2 EAMIFTEIERE oot 5
1.2.3 ARSI EAET BT oot 6
(R NV 12 3 OO 7
B RS T, . 9
2.1 HEMIBRSIEIE oo 9
2.2 HEMIBRSAER e 10
2.3 HMIBRSWIRBIIENE oo 16
BT M RARR T ... i 18
3.1 MBTEFRTRIBEIE ..o 18
3.2 MUBERERY e 19
321 ASTCHETL Lo 19

3.3 FATRHVZEARE .o 23
331 FATR o s 23
3.3.2 JEAFHUBEZL ..ottt 25
3.3.3 JEAKIARTIL .o 27
3.3.4 ZRRBE BRI e 28

3.4 BIRHVEBARBIBIE ..o 28
FEIE BRI ..., 31
A1 BRBEEI ..ooooovocceee s 31
4.2 BRRIEE-BRSEBHUAERY s 33



O == o 1 OSSO RRSRRSRRN 34

4.2.2 FALZERIEIR oo 36
8,23 BEIABL oot e 38
828 TRIEZE oot 38
825 BETE T oottt 39
4.2.6 BRSIEHUBETY oo 40

4.3 BRI BRS IR BRGIRIE ... 41
FRE SRR ERRESRE. .. 43
B.LGPROMS F1B ...ttt 43
5.2 GPROMS IR ..ot 45
ERE RGNS ... 46
6.1 BRAZRLEGEMD oot 46
6.2 M RAIR BRI RE AT ..o 47
6.2.1 JEHLH FE ST B EUIIREM i 47
6.2.2 JEAHLI IR ERT B B EUIIREM (oo 50

6.3 BRI BRGMEBE T .o 52
RIS & I B I e o 2 52
6.3.2 R IEFEEEAFIRIE BB oo 53

R TR = 56
6.4.1 BEA RBLIZEIIHT oot 56
6.4.2 BB RBERIIHT oot 60
BB SR ... 64
7L ZEELEID oo 64
A it 7 L0 = OO 64
T3 FBER. oottt 65
B S A e 66
=~ = T 68
B R C o 70
BB S BR ... 71
B B .. 73



Table of Contents

ADSTFraCt iN ChINESE.......coviiieie e I
ADStract iIN ENGHISN ..o I
Charpter 1 INtrodUCLION ........cooviiieiie e 1
1.1 Research background and SignifiCanCe..........c.covriiieieiene e, 1
1.1.1 Research background.............ccooiviiiieii e 1
1.1.2 Research SIGNITICANCE .........cccoiiiiiiiieeee et 2

1.2 REASEACKH STATUS......ouviieiiiieiiesiie et e bbbt 3
1.2.1 DOMESLIC rESEAICN SLALUS.......eiveeirerieirieieeiesieesiieeesiiesiiees e see e sreeneeaneenneas 3
1.2.2 FOreign reSEarch StAtUS...........cuevueeeeieeiieeeiiiiine et este e sreesreenaesre e e snaesnes 5
1.2.3 The fOCUS OF thiS theSIS .....ccviiiei s 6
1.2.4 The structure of thisS thesiS............coiieiii e 7
Charpter 2 Biomass Gasification.............cccoccveviveriinnieiie e 9
2.1 Principle of biomass gasification ............cccocvevviiiniinie e 9
2.2 Biomass gasification model ... 10
2.3 Model validation of biomass gasification...........cccccovvverviieiiiere s 16
Charpter 3 Ground source heat PUMP......ccceieiie e 18
3.1 Principle of ground source heat pumpP ..........ccoeevviiieiicieccc e 18
3.2 Baried pipe MOUEI ......cooiiieee s 19
3.2.1 Model in the present theSIS .........ccviveii i 19

3.3 Heat pumIP MOAEL.......c.oiiiieee s 23
3.3 L HEAE PUMIP it 23
3.3.2.Compressor MOEN .........ocoiiiiiiiiiiee s 25
3.3.3ValVE MOUEL ... 27
3.3.4 Models of evaporator and CONUENSOT .........c.covreririeieiese e 28

3.4 Model validation of heat PUMIP ........ccoviiiiiiic e 28
Charpter 4 Fuel cell-gas turbine.............cccooiiiiiiieineees 31
Ot U T o | SRS 31
4.2 Model of fuel cell-gas turbiNe...........cccveiiiiiic i 33
4.2.1 MaSS DAIANCE.........ecvieiiieie et 34
4.2.2 Electrochemical deSCriptions ..........ccccveiiiiiiieiie e 36



A.2.3 AN DIOWE ... 38

4.2.4 ATEEE DUIMET ...t 38
4.2.5 ENErgy DAIANCE ........oooviiiiiiii s 39
4.2.6 Gas turbing MOEl ..........cccoiiiiiiiiiie s 40

4.3 System validation of fuel cell-gas turbine combined cycle..............ccccoeeee. 41
Charpter 5 Process dynamic simulation software .............c.cccceeevvenen, 43
5.1 Introduction of gPROMS ..o 43
5.2 Program debUugQiNg.........ccooiiiiiiiiieieee e 45
Charpter 6 Performance analysis..........cccccovueiieiieeieenie e 46
6.1 Schematic configuration of the combined system...........ccccciivviiviiiiiiennn, 46
6.2 Performance analysis Of GSHP..........ccccoooiiiiiiiiei e, 47
6.2.1 Effect of cOmpressor OUtIEt PreSSUNE.........cccviviviiieieiir i 47
6.2.2 Effect of compressor SUCtION teMPrature ...........ccvvvevivieereeresieseere e 50

6.3 Performance analysis of fuel Cell .............ccciiiiiiiini e, 52
6.3.1 Effect of current density on the efficiency and power ...........cccoovvvenennen. 52
6.3.2 Effect of operation temprature on the efficiency and power ...................... 53

6.4 Analysis of COMDINEd SYSTEM .......cciiiiiiiie e 56
6.4.1 SYSTEIM POWET ...ttt ettt ettt e e e e nne e 56
6.4.2 SYStEM EFFICIENCY .. iieveiiiiei e 60
Chapter 7 CoNCIUSION ......oooiieiieiie e 64
7.1 MaIN CONCIUSIONS ....ueeiieieieiie ettt 64
7.2 FUITNEE FESEAICH . ...ecvii et nne s 64
AR T o (0] 011 SRR 65
APPEAGICES A .ttt nnae e 66
APPENICES B ...ttt 68
APPENAICES C ..t 70
RETEIEINCE. .. et nre s 71
ACKNOWIEAGEMENT ... 73

VII



BHoE e

1.1 IRERREX
1.1.1 fixE=

AT, AEURRE SRS A B A O 4 BRI I ) e K TR R, JRR] e DA R RS RT3
B 77 AL REI RN 2 55 2 e BURFEURAR L 112R B e 3L 2007 R4k
TR, A RE RN AT RS E KRR E KT A A5 v, “60-80%fH)
PCHIE B A S 2 E BRI (10 fA R FH DA B T e R 5 4tel i, T 4 2880 e A
FYF AT HA R 7. A, RS L P EIN 5] k1 RO
RGNS I E RIS 7. iR ERER DA, B[E $.4A7 GDP fig
MEZ i T ISP KT, Dyt S IME 1 4.7 45, BEVRER &R R A T 32%,
TR REKF 104N F 70 5 T REYR AR 48 030N 9.3%, RA K IK B 5K 1) 50%
FA

TR B AR ACE3E FR BE IR I AL, IO RS K TR B8 0 5, IR T A R R
WERBAELAT . LR, — RIFRMBEIREOR, WReb it A U ftRe . 2EY)
AL IR IR S, DI BAT PR RE IR A A A T IR . 3 K REVEG

X RFAH T H e LB IR R G A S UM AR AE o X BT W ORI AT
e, TEREEN S P i AEEARBEIIE AR TR RERTAR, X
PR HOAR i v RV R AR (1 R AR A

DU RS EER DUREL IR & R BRI A% 0 DUHIERIR RGN
1 B TR AR o AR R R TR SRR - YR AR (Biomass Gasification Fuel
Cell-Gas Turbine-Ground Source Heat Pump, BGFC-GT-GSHP) — &4k B 3 Rk
NI R R ARV B RE R B . AW RedE oy —Phn] FEAE BRI, DR
BEEE L oA 2 RHEBUR S TGN A% 52 R R o Gl A AL B A ) o e e
NRIIRAAA, FRENPOR I 3R T A, BEREM TR FLAE TR L 23 At 3 U ik
m SCRTLAFR - RAEIRRL I B 5« V5 4w/ NEAR . I R Gi it — 0 S AR
e, BT A P IR s . BGFC-GT-GSHP i Al ot A= 4 5 <Ak



BHoE e

PR R RRE L - MR LR B R F B AR DA R YR AR R R AE e A L AR
MRS, PRI EAT . PG BB, B A o A AL R R T [ 5 v
SRR, TEIE BT 5 SR 7 T B A s i R GEE . BB 5 b X AR IR 2R 40 10 B i
Wi #%, BGFC-GT-GSHP —AfbAeE AR m . HEBUR. KW R IE 54y
m FEARR AR B G BB, PP EENE G RIS REVEAIR
BA NG G RLE R R .

BGFC-GT-GSHP — &AL 2 AW BEUR TR 5 R iR & L YRR
PRI IR RS, BRRRERHER ARG 7 W, WARE G L R
FIRTIE 7710 HATHIZ1ZHEAR R RN FEHF R A T REA G L EU K RS
ATV VPN HE S5 AH SR FE (1% J5 « BGFC-GT-GSHP & A2 Wit B &1
SAaeE AR RS, HEANBEAFEBARREENT RO GRS BETR,
RGEER S AR S 1 AR ELRR B DSBS R G0 — A Ak s 5 1
TR AT VR AR

R SCLAIE T S5, 5 H AR T AU OB L - R AR L S R R
(BGFC-GT-GSHP) BX& BN R %0, HX 1% RGE#AT — AL RGBT, BiF
Fe I OB TARRR R IR HOA S s g 4T 7 &%

1.1.2 {IREX

ARSCHE T IR A gPROMS #2572 T AW A BRI AITR <
ARG R, ZRGUE YR IIRIGR . PR b, RS EeNL S
HWIEAGE NS T RGEATA G . B RGBT 5 AR IR IL RS, SE
Pl PZIBRS A RS A4 57 Be . B SR R GRS, BeE T 2 A
AR P ) REYR 5 K

IREE R GuE S Y S S REHIB RIRS &, BRAE O 17 IREE R I A S
PENL R, SCR AL T T R 8 W AR R JRRL F it S A A B A
B0, — 5 e R T T ) P e (IR )74, 5 — 7, 2 RE T
P4y P Zom K e B, JFIEDERR M, KRR H ) B TR
iR e i T A & R SR IR R R RE R, 55— U7t m] PSR it ok
IR



Degree papers are in the “Xiamen University Electronic Theses and
Dissertations Database”.

Fulltexts are available in the following ways:

1. If your library is a CALIS member libraries, please log on
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary
loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn

for delivery details.



