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ABSTRACT: In this article, a new power, cooling and heating trigeneration system consisting  Review History:

of solid oxide fuel cell - gas turbine, a heat recovery steam generator, generator-absorber-  Received: 26/02/2018

heat exchange absorption refrigeration cycle and a heat exchanger for heat recovery has Revised: 05/07/2018

been studied from a parametric and optimization perspective. In the present research, in ~Accepted: 17072018
order to control the wasted heat, HRSG is located upstream of GAX, and then, the wasted Available Online: 20/07/2018
heat at the system output is used at HR. Due to the important role of the fuel cell in the
introduced system, the electrochemical analysis is complete for the fuel cell. Then, the
influences of current density, fuel utilization factor, compressor pressure ratio and air Tubularsolid oxide fuel cell
utilization factor on the performance of the system are investigated. The optimization of Trigeneration

the system is performed in the method of the genetic algorithm to determine the optimal Heat recovery steam generator
functional points. After optimization and exergoeconomic analysis, the the minimum sum  Exergoeconomic

of the unit costs of products, the exergy destruction cost rate and exergoeconomic factor Optimization

for the overall system is equal to 277.2$/GJ, 40.8$/h and 27.8%, respectively. Therefore,

increase in the components’ capital costs can improve the exergoeconomic performance of
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the system.
1. INTRODUCTION 2. METHODOLOGY

Nowadays, the use of hybrid systems for trigeneration The proposed trigeneration system is shown in Fig. 1.
is considered one of the essential ways to reduce energy Fuel used in the systems contains 89% H, and 11% H,0

consumption and environmental pollution. In the trigeneration
plant, supplementary power, heating, and cooling are
recovered from the waste heat as the subsidiary product of
power generation. In this regard, trigeneration systems based
on Solid Oxide Fuel Cell (SOFC) have the highest efficiency,
due to the high operating temperature and the combination of
the gas turbine. The waste heat of these systems can be used
to generate heating in the heat recovery steam generator and
cooling in absorption refrigeration cycles. In recent years,
many researchers have investigated trigeneration cycles and
the use of solid oxide fuel cell as the prime mover of these
systems [1-3].

According to previous studies and the essentials of using
trigeneration systems in the power plant, a novel trigeneration
system based on tubular SOFC is proposed and the wasted
heat in the Heat Recovery Steam Generator (HRSG) and
a Generator-Absorber-Heat Exchange (GAX) absorption
refrigeration cycle and a heat exchanger for Heat Recovery
(HR) is used. Our purpose in this paper is parametric study
and exergoeconomic analysis and optimization of the
proposed trigeneration system.
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*Corresponding author’s email: a.chitsaz @urmia.ac.ir Fig. 1: Schematic diagram of the trigeneration system
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and air contains 21 % oxygen gas and 79 % nitrogen gas.
The main part of this system is the solid oxide fuel cell in
which the electrochemical reaction H,+0.50,—H,O takes
place. Following assumptions are considered for the system
modeling [2, 4]:

The system operates under steady state condition.

Kinetic and potential energy changes are neglected.

SOFC-gas turbine cycle components are adiabatic.

Gases in the SOFC-gas turbine cycle are ideal gases.
Anode and cathode outlet temperatures are the same.

Pressure drops due to friction are neglected only in the
GAX cycle.

The electrochemical equations for the fuel cell and exergy
balance equations and the governing equations applied at
each component of the proposed trigeneration system can be
found in Ref.[5]. To calculate the exergy unit cost of each
stream, the cost balance equation along with the required
auxiliary equations are applied to each system component.
For a system component receiving heat and producing power,
the cost balance is written as [6]:

N(Co)+C =Cu + X (C )+ 2,

e

(1)

C =cE )

The total irreversibility rate, the net electrical output
power, exergy efficiency and Sum of the Unit Costs of the
Products (SUCP) are used to assess the trigeneration system
performance:

El),mt = EI),k +Eg

) 3)

W;m = (WS()FC )UW _WAC _WFC _WP _WVVPI _Wwpz (4)

W:an+(E36_E35)+(.E.f_E4s)+(E59_E58) (5)
nye

SUCP =C, +C,y +C +Cyy +C, (6)

3. RESULTS

In this section, the parametric study of the trigeneration
system, the effect of current density, fuel utilization factor,
compressor pressure ratio and air utilization factor on the
performance of the system are investigated. The variations in
the exergy efficiency with the pressure ratio are shown in Fig.
2 for two values of air utilization factor. It is observed that
the exergy efficiency decreases as pressure ratio increases.
Also, higher exergy efficiency is obtained with a higher
air utilization factor. The effect of current density and fuel
utilization factor on the total irreversibility rate and SUCP is
presented in Fig. 3. The total irreversibility rate is observed
to increase and the SUCP decreases with increasing current
density. In addition, the total irreversibility rate is lower and
SUCEP is higher for a higher fuel utilization factor.

According to the results of the optimization and
exergoeconomic analysis, minimum SUCP, the exergy
destruction cost rate and exergoeconomic factor for the
overall system is equal to 277.2 $/GJ, 40.8 $/h and 27.8%,
respectively. Therefore, the increase in the components’
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Fig. 3: Effect of current density and fuel utilization factor on
the total irreversibility and SUCP

capital costs can improve the exergoeconomic performance
of the system.

4. CONCLUSIONS
In this paper, a novel trigeneration system based on a

solid oxide fuel cell and gas turbine with hydrogen fuel
is proposed and analyzed parametrically. Then, it was
optimized from the perspective of exergoeconomic and
ultimately the exergoeconomic analysis was performed on
the optimized system. The main conclusions that can be
drawn from the principal findings of the present work are
as follows:

— The afterburner and the fuel heat exchanger have the lowest
exergoeconomic factors, based on the exergoeconomic
analysis, suggesting that their exergy efficiencies should
be increased.

— Minimum SUCP calculated the optimization from the
exergoeconomic perspective to be 277.2 $/GlJ.
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Fig. 1: Schematic diagram of the trigeneration system
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Table 1: Input data for SOFC modeling [7,10,12]
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Table 3: Relations of cost balance and auxiliary equations for each component of system [7,11,16,18-20]
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Fig. 3: Validation of fuel cell electrochemical model with experimental data
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Table 5: Input data for system modeling [7,8]
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Fig. 5 : Effect of current density and fuel utilization factor on A) voltage B)Net electrical out put power and Heating ca-
pacity C)Exergy efficiency and D)Total irreversibility and SUCP ( rp=6.5, ua=0.15)

o s g Oyl il oleS (Sdole > sl
&g Glgs glnl sl o Jlaseiul BB ale e o)l 2305k
ol JB o bl b IR 58 ey 9 (SEow S
GolS it S o @ S g Bran cupd SRIHI L b
Sl Sdbil )b Wse le S 5 452 (295 A Ol
2Lk oleS pSdole Gl S g 550kl Gralo s GlEN Rl

b oo a8l o ly DY game slodl 1o fgase )l >

l98 (6519 20 5 oty 3 L8 e 3l -0-1-Y
SlS el g a8 LS s gl S S Gyl

feq

Soley wbioe Rl ole)S slagSaole g jgwim 55,55
Ol Gzl @ribcds , Gl dely (oS5 a2 oo Ll
63,551 @09l Gl el bz (JB Gl nlpls 0sd oo
Sz 5 eahbaalSih g oad (oS5 S x Glizl aes o
Jo @ B g Bpae oo Gl L Guizman b ge GRSl
GRRLEaTil i lapl,r dee Jso o0 ke alS
Sz Bl b od ISs Bllae b el 4z xS
@ onl abge Ghals Tasly CYsame slaas e gseze by
OieleyS Ol bz JBz GRIBIL &5 cul coadly Gl o

1 Sum of the Unit Costs of Products (SUCP)



! T T T —
,,o,,,4},,,0,,,&,,,o,,,,o,,,,D,,
V‘/“&'//&///O// ,OJ@,/O/O‘MJO—J
o
0.8 |
/"::/V:U,:o.z)
& =0
[ Vioss (Ua=0.2) //D(,,,D//“D l
-
2= Ve (U=02) -0
S 06 T |
~ =3
v s
=
S 04b

0.2

—o-= V, (U,=0.12) R
0 Vg (Uy=0.12) 4
——am- Vo (U,=0.12)
0 L | L | L | | | |
3 4 5 6 7 8 9 10
Pressure ratio, ry,;
]
70 ‘
65 -
- L |
S e0p -
Q
g —o—g (U=0.2)
S 55+ -
% 5\,11\\1\ -—o--0 (U,=0.12)
. |
? 501 e
= Tosl
X [ Too 7
45 RN -
40 | | | | | |
3 4 5 6 7 8 9 10
Pressure ratio, r,,
c

Net electrical output power, W,,,,, [kW]

Total irreversibility, E, D,tot [KW]

700 ———————— 11— 500

#1450

600

oWyt (U,=0.2)
L . P 400
—*Qprsc (U5=0-2) <

S0 & 1350

400 300

250

Heating capacity, Qursc kW]

300 —-0m- Wy (U,=0.12) o
L ) 4200
2 --2-- Qgrs g (U,=0.12) |
200 ! | ! | ! | ! | ! | ! | ! 150
3 4 5 6 7 8 9 10

Pressure ratio, ry;

<
650 ———————— 1 420
600 = Ep o (U,=0.12) //Q,/"' 400
| --- SUCP (U,=0.12) o
550| o R
o7 T 1380
o7 /,A’ _—
500}---<" e 1 §
Pt e ey 190 2
450 - /A//,/A’///A ED,lol( a o ) g
T —=— SUCP (V,;=0.2) &
340
400
/@/4/0/ 4
\_0‘7’0‘/9//0
350 M320
300 L | L | L | L | L | L | L 300
3 4 5 6 7 8 9 10

Pressure ratio, rp,;

o

033L (7 « @yl €3l 5l Wgo slo)F 1Bl 5 (2955 (AL Bl (0 «sods SLg(l 595 2 192 (53110 pt o b 3 St o 3T 15 IS

(U [N gi=Bere) GY parmo 55,351 aolg 4 3 g oo g 45 2 S5 MLk ol (5 455,55
Fig. 6: Effect of pressure ratio and air utilization factor on A) voltage B)Net electrical out put power and Heating capacity
C)Exergy efficiency and D)Total irreversibility and SUCP(i=5000, uf=0.85(

GelS s a) (Ese J oy Olg Rl cEse g Ise
a5 b onb oo SRl Gmys s Ol 5 el (s sy
Olie 5| ey Byge et (Brae ol (al¥l Soal a5l &
Gl e A Gl el Gupg gods Ol GlF
79 sLolyr sles lad Cos JRIEIL (rizen ik o0
tbioe SIS S Goyg oz sles g Gl La g eeS
g gl (S sladoe ;5 0ud sl slo)F e il b
Loy 3138 S5 allae ), <l L e sl S 5 talS
oo bzl oadosls flas o-F IS jo 4 jsbles i8S
sleS 2l g (295 LAl Oly Rl el Tgn sl po e

3o 6500 0 po Gl B L 0 oo &)l C8L3L 1B Wae

AR

o lad S GlBI L 15 090 00 (S5 9w U o5 5L
@3 Sbes sl 1ol b abioe Ao (S s 60 Ses
a8l ol 8l e 5 5y eS Cand b g sl il pS s
APl izmen digh oo (g S s 5y elS el
Pedse S Ja sles Gl sl s gl po e a o
5y 2ol Lol el oo (RalS Loty Sl g o i 5Ly amei o
OB L azms o culizl s 5y cél b anslie o cud
S50 alioe GRIP (S e 35 98 5)lo 0 0 < po
5 o A Ol5 e et La Cons i 3 -f
Sl cupd ade 95 slp o)l Z3LL Sl Wse sl S

Sy yeaS 5 yme g L Cered Lial3l Ly el a5l g



FIA L YA doxiuo YA JLo oY oylad DY 093 «pusS pual SlSlo (nties & it

Jedo b SR a3z 65,551 035k s (10000 i po
OF 2 St 56 9n ooy cmrd 45 Sl nl yal
bSOyl S8k JBu s oS 4 S (295 A
S8 50 o)l elnll gles g ol c8bil le)S Ssle
SV gaze sladijo ggorme 5 (65,51 w05 (lime Dlpnss oF
Glae Cowl oaiddl)l lea (6,10 10 o0 o o Lid Cud Sl b
900 YU 21 (65,551 58 Gl JLad Connd alBIL 5B
Sl g eS 50 s ndbeatS il argi BB Gl 5l A6 Gl
oSS 4 5135 g Bl alaiss (3 s (S g oo
Jo 4 S g 5 19a (51> laore (65,51 o 58 4z STl
SelS ol (295 5 6095 claplz sles B! ak oS
b eizmen il oo Gl 43 2 s pigbeaSh S o Ll b o
s 53 (5057 (925 (R Jdo 4 dga (510 o e 1o A1
Egorme lid Cund Sl b b oo 205 JS s pigbies
100 st 0 Gl L (g el o Gal8l SV pae gladis o

b oo il g

&by —0-Y

S 00 3929 lslisl IBle 5 4o (Ao (gsluaing slaghy,
099y § S8 p 8] g, eadivame (g9 by, 5l Wil L
S S a8 ALl s 4 ogate (pl gl S e usie
ey o3d) ] oabonlail ol el o ywos BB g Il b,
Wy S o ykiie (B3 ) 9 riomme (S92 (g, mSE 2 S
Oliizme 5| pan LYY cas Jiiis o it ady) (oo &
Gilwainge Glaghy) ;00 4 Cand S5 el &5 Badine
ol adlae )5 Canl J)5e eullies Gonzr (hs) 9 Jslie
ool onoslil agy polie e (sl S5 ey s
9 Sy iyl (iledige 058 4 bgyye glayl)ly polie
o Ay 0,515 cenliay 2hb sla e Dl s c0guse
JOMPRUICEE 5 VAN

9 95den 00 e &y )5 bawgs Joaz sl el )l an
Silotiy &by by (2R Ojpen S layull
olslel SRl 5o -l S emsS aly ool

1 PIKAIA

1)

=1 L pitio Ol pniti 039050 9 S § okt 931 (gl yol )y i g
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Table 7: Optimization variables and objective function
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Table 8: Thermodynamic properties and cost of the streams for the optimal point from exergoeconomic view.
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