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Abstract : In this paper, the commercial feasibility of trigeneration, producing heat, power, and hydrogen (CHHP) and using
biogas derived from macroalgae (i.e., seaweed biomass feedstock), are investigated. For this purpose, a commercial scale
trigeneration process, consisting of three MW solid oxide fuel cells (SOFCs), gas turbine, and organic Rankine cycle, is designed
conceptually and simulated using Aspen plus, a commercial process simulator. To produce hydrogen, a solid oxide fuel cell
system is re-designed by the removal of after-burner and the addition of a water-gas shift reactor. The cost of each unit operation
equipment in the process is estimated through the calculated heat and mass balances from simulation, with the techno-economic
analysis following through. The designed CHHP process produces 2.3 MW of net power and 50 kg hr'' of hydrogen with an
efficiency of 37% using 2 ton hr' of biogas from 3.47 ton hr' (dry basis) of brown algae as feedstock. Based on these results, a
realistic scenario is evaluated economically and the breakeven electricity selling price (BESP) is calculated. The calculated BESP
is ¢10.45 kWh'', which is comparable to or better than the conventional power generation. This means that the CHHP process
based on SOFC can be a viable alternative when the technical targets on SOFC are reached.
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2.1.1. HIO|RIIA FZ2|

o] Aol A<= Fasahati et al. [3]°] AW 4 29 o
Aot @718 Ask3AS o]-&sto] Hpo|QItAE AYAkgithal
7Hgotatt. Al7tg HiolotA 28-S Aol W AXTH
71 ARES 34729 thAurh AQ T ohAEke] ¥4
43t2 PAHE "o @7t AE ATFO] FBhEA(HS)Y W
GO oJASFEA(CO)E ZFTIT AAE SOFC §=& T
A7)0, FA = AREAY] Hio|UtA EAE W& HE
o] Q7tA9] FAE MAsti A= 1&5& WA A=
SOFCOl 4] 5]&E= H,S9] | 5|8 =<l 1 ppm O &
A7 SAZE BASHTH5]. Hio|7tAS] FAS A7
H,SE AAsH] sl 1% 5= Al 7|(water scrubber) H AF
slotd(Zn0) S5 A9 stholth Al A9 Hio]7kA
£/ Table 10 YeRHRITE AIAE Hpo]@7tAE 1129
SOFC uj7] 7129} dmghss 7FAHTE.

Table 1. Biogas composition before and after cleanup [15]

molar composition (%)

Component before cleanup after cleanup
CH,4 27.50 49.54
CO, 38.20 1.12
H, 26.30 44.89
HO 5.30 0.31
N, 0.15 0.28

0, 2.08 3.86
NH; 0.10 1 ppm
H,S 0.46 1 ppm
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Table 2. Gas composition at anode exhaust

Components Mole (%)
(6[0) 8.9
H, 213
CO, 18.0
HO 52.6
N, 0.1
H,S 0.7 ppm

2.1.2. SOFC A|AH

H =Fo]A= Zhang et al.[14]°] TS Siemens-Westinghouse
o ¥Y SOFC Hedg 7|uto s & ko] 3A +4stglrt.
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Table 3. Economic parameters for discounted cash flow analysis

T2 WolHir}. olojx $4714 M W8Il He 58
= 73 C= YZAAI7IAL 97%2] &5 AASH $471 50%=
A H ) o] & A HF 5 Z(pressure swing adsorption, PSA)
2 ABstol 24T 27T AAlstel 090 BT i
50 kg hr's AJARSITE olwf, PSA FAo] ¥ 7heiteE
PSA &7 5529 YRS PSA 42 SFO= ARESto] PSA
2] 524 7} W4 75% o4l S Fof g,

fol e
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T dgst=t ARE &= HlE AR ole olHs]
I3 0] At Shk(bottom) At ERE 7] 1 A
2= AMESHA o] HEE 35T o QUnk 2 Aol ARSE
7] AlolE HEl2 3|EBA] F|AHA| 0] E(recuperated cascade)
U H= A o|A] AGt4o] RElS wETH 18] 7]
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sto] A BHAZIAL ANUAE DA =L, o= Qs &
5 FAY ST A7 £3ET 29 fAl= F45] S5
I A o] o5 ZIpE . o] Afe]E2 RHEE=H], o
Hi £ 502 Qg A7t 2%9] AF A7 7] o=
EAEE o2 7Pt BYl HiEFolA ves AL &
|9F H vjEFolA Y= AR HAIE 3lsto] A|AH S

5848 ¥ & Uk
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22 ZHY 17} BEY

o] AtoA AAE AL 54 BAE 45171 Hsi
AMEEE AAE B7F B YT 7IeE AMSShe 71E SHE
o At BAdS Brtsks “niA SHE” oz, E5
o= AR o | A Aart et Hdlg 7|Hte & Jht{19].
A8 B7oll AHEE 8 wi7iRSg== Table 30 YERAICH

SOFC ©]9l9] 4=7], $F71, WXL, dugyy| 59 FA| 7ML
g2] 427 Bare module & ARSI O H[20], R7] 1 Ato]
9] 7}A& Ghirardo et al. [21]0] 3} A& UK Equation (1)).

Parameter Value
Cost basis year 2016 dollars
Plant life 20 years
Depreciation method (recovery period) MACRS (5 years)
Tax rate 35% per year
Working Capital 5% of fixed capital investment
Land 6% of installed cost

Salvage Value
Construction Period
Start-up period
Revenues during start-up
Variable costs incurred during start-up
Fixed costs incurred during start-up
Operating hours per year

08
One year
3 months
50%
75%
100%
8000 h year
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Figure 1. Process flow diagram of the proposed CHHP system.

P 0.867
Cost e = 2,345x10° (113”165) (1)

s

1714 Porc (kW)= 7] B3] /‘}015‘01 AArgE o]t

@A) SOFCE= o} ghulst Akg Tl WshAle Qoo
Bg g% 7140] Yol 4 o). SOFCS] 47 Et A7)
25,000A1 7+ 235t 482 20250 40,0004]7F oA}, =
Ao g= oF 109 Ex= 80,00047t0] H AO R o 4HTH89].
oepA 2 Ao ofe] APAFA 1HstA™ SOFC
o 7] A AsAE Tt THF 2L AP AU
AUz 71 QM= QI AA 2] SOFC A8l oF 539] 47
= 7HA AL Q7] 2o, o] AFollA = ZEHEQ] AIZ; A7)
o o] £FE 1RO SR AT S F T WA A2
& AE0R WA Al dAZ 07 vl of1f A H(Department of
Energy, DOE)9] 1,000A|7F & SOFC 44 A3}& AFEHE
118519(2020 0.5 — 1.0%, 20253 0.2%), T WA A=) 4=
o 653, A B AElo] 2He 350 sFYstAT)

FZ£A 07 o] HFLo]A+= BESP (breakeven electricity selling
price)5 AAtsto] FAdS Hlusts A2 ARESHAET,
BESP+= 100% A2 1135to] 27| FAeF 10%2] +o&2
3 ESI= VAo 2 AASIYTE =, BESPE A7|ohdf] 4=9]o]
YA H 8T A3 olFE S A7) 7HEo R ALtEoH
olu} A8 BH] ZHe 20dolc,

3. ZAH FHE 24 21t

& Aol At 5789 3HSF == Figure 10] Ueb
Atk o] AL WS FEYEE TRE SHA] 7] 2ol 3

TURBINE

74 N2ge BFHA kor] heel 3A oA YArs
T Aoz ARG

3.1. BAHZAL

Aspen Plus V102 ARMSSE AFEUbA 349 BA 24 9 F
8 A¥= Table 40 QoFE o] Ut} ofuf, ZF S22 ZFA]of
A 550 dHehE 242 Al ] f18 SRK (Soave-Redlich-
Kwong) AJEH7g40] AMSE ]It o] 3782 ARt 2&9] BF
0| Q7tAE o]&3}o] 37%9 & S-8(LHV 7|&E 2.3 MW
9 & AR AP 50 kgl AF AR oA AF
Fxo] o] AsEHd F742 olZE HYZ} gl SOFCY 2+
oA ST} FARI ot ol E W7t Qlof 571 ¢ vf
O|R7IAE JEst7] H't 7HE Dol AL, ol AHlw
SOFC % AA| 3749] A& 3= 1A SOFC 7|9t F=et
7 F7gol vls) a&o] Wobx|H, Mt gk EIF HolHlth. &

g W ARA Aol AT AR Table 501 2= Ut

Table 4. Simulation conditions and main results of the CHHP

process
Biogas flow 2,000 kg hr'!
Pre-reformer methane conversion 37%
Tsorc 850 C
U, 25%
Uy 75%
Net Power 2.3 MW
Voltage 0.7V
SOFC Efficiency (LHV) 47%
Overall Efficiency (LHV) 37%

H, production 50 kg hr!
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Table 5. Plant electricity breakdown

Segments Unit Power / kW
Fuel compressor -122
Feed pre-treatment .

Air compressor =277

SOFC 3000

Blower -52

ORC Turbine 266

Pump -17

. Compressor 1 -210

Hydrogen production

Compressor 2 -247
Net Power 2,342

Fixed Costs Hydrogen e Biogas ] Capital Recovery Charge

Utilities : 1.28c
SOFC-ORC : 18.06¢ [

Hydrogen Handling: -8.89c

-15 20

10 5 0 5 10 15
Cost Contribution / Cents kwh™

Figure 2. Cost contribution of process areas towards BESP.

3.2. 3Nd 24 21t

SHEAE Bl d2 EHFAE ol&ste] AmHAY
ORCE AQlgt YA &) 22429 37|15 245, ol&
Erjz 7} 919] /1AL 299t ARAXY A NETLY
EHGE ARSI A[9], ORCE Equation (1)& Arste] zHzh
o] AAMAE F5HA 2.20014 AFRE HI} o] FA
B2 20808 7HRS W, AAS] SOFC AE19] =12 A
o= 7] gzo] 2819 A8 wWA|7F ashy o] Bjg-2 W
SHlo] 1#stgict. E2H o=, ALtE BESPE ¢10.45 kWh'
Z YElTE Table 60 & A5 (total capital investment,
TCI), ¥ H-5H|(total variable operating cost) & & 117 H](total
fixed operating cost) 5-°] FZ]H 3}t

Hho] @ 7k 0] 7FA-L 10%9] o] 71g5te] $0.125 kg' o
& 7Hgstad=d, ot 9 Figure 20 UERd vRe} o] BESPY
M 2 FFS T AR UEYHh old w2 Hol Tt
20 7HAEZ o] A F49] F8 FARES £40] HE
A B2 A=), o] AFol|lA 40 7HAL $5 kg' o2
7Hg = it

CHHP 3739) A4 B4o] A8 22 dAuzel 4
soll W2 BESPE] a2 moka}y] e WE 2ol ey
3L, A= Figure 3] Heob et ofuf ARGE di7fRs
= SOFC A" 714, $=4 o 714, 1174 EXH|(fixed capital
investment, FCI), 12|37 W& o]2]E(internal rate of return, IRR)
o|t}. 44 muj 7}Ao] $4.2 kg' — $6.5 kg' = W3 uf, BESP
L Z2; ¢7.25 kWh', ¢12.16 kWh'2 WAtk FCIZF +25%
— -25%= W5hH BESPE ZHzF ¢11.91 kWh'', ¢8.98 kWh'&
HAHEY oo 2 [RR7F 15% — 20%= H5H BESPE=

Table 4. Total capital investment, total variable and fixed
operating cost of the CHHP (in 2016 $)

Present Value / million $

Total Installed Costs (TIC) 3.8

Total Direct Costs (TDC) 44

Total Indirect Costs 2.7

Fixed Capital Investment (FCI) 2.7
Land 0.2

Working Capital 0.4

Total Capital Investment (TCI) 7.7
Total variable operating cost (per year) 3.0
Total fixed operating cost (per year) 3.0

SOFC Stack - +50%
(Base: $225/kW) +100%
Hydrogen Price - $4.2/kg

(Base: $5/kg) |  $6.5/kg

FCl 2% [

(Base: $7.1 mill.) +25%
IRR 15%
(Base: 10%) 20%
5 9 13 17

BESP / Cents kWh™
Figure 3. Sensitivity analysis of BESP.

Z¥7t ¢12.69 kWh'! 2 ¢15.25 kWh'2 W3t} 2 moj|A 4
4 wj 7}A3} [RRO] #3517} BESPO] 714 2 Q43S mA =
7l

& o % ek
4.2 2

o] AFofA = SHE2F HO|7IAE ARE AME-SHe= SOFC
£ o83 45EA, & CHHP 34| A=A 1 FAA
E470] =it SOFC= ORC ¥ WGSeF A3 A=
2.3 MW9] & A3} 50 kg hr'9] £45 AR} SOFCE
°]&3t CHP 343} Bl S W, SOFC A9 8 2ol
ofjEl W& Aot BE&T MU JFS nXth= o]
ok I3y o] FAoNA Ak BAtET] gz, o] 549
BESP: ¢10.45 kWh'2 £=24o] g]t}. o] BESP g2 20174
o= Hat A7) 7HE 3} GARSHY, AQHE CHHP ZEA|A7L
AR A 7hssite AS S8Rt

o] =R BAYSE A&l 20194d)] 25t
o A7HL.
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