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Abstract : Studies on the production of biogas from third generation biomass, such as micro- and macroalgae, have been
conducted through experiments of various scales. In this paper, we investigated the feasibility of commercialization of integrated
combined heat and power (CHP) production using biogas derived from macroalgae, i.e., seaweed biomass. For this purpose, an
integrated CHP plant of industrial scale, consisting of solid oxide fuel cells, gas turbine and organic Rankine cycle, was designed
and simulated using a commercial process simulator. The cost of each equipment in the plant was estimated through the
calculated heat and mass balances from simulation and then the techno-economic analysis was performed. The designed
integrated CHP process produces 68.4 MW of power using 36 ton h” of biogas from 62.5 ton h' (dry basis) of brown algae.
Based on these results, various scenarios were evaluated economically and the levelized electricity cost (LEC) was calculated.
When the lifetime of SOFC is 5 years and its stack price is $225 kW', the LEC was 12.26 ¢ kWh™', which is comparable to the
conventional fixed power generation.
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Table 1. Economic parameters for discounted cash flow analysis

Parameter Value
Cost basis year 2016 dollars
Plant life ~10 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 0$
Construction Period One year
Start-up period 3 months
Revenues during start-up 50%
Variable costs incurred during start-up 75%
Fixed costs incurred during start-up 100%
Operating hours per year 8,000 h year
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Table 2. Biogas composition used in simulation

concentration (mole %)
Component
before cleanup after cleanup

CH,4 27.50 49.54
CO;, 38.20 1.12
H, 26.30 44.89
H0 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 3. Main simulation results

EELPSE

Biomass feed 62,500 kg h!
Biogas flow 36,000 kg h”
Pre-reformer methane conversion 37%
Tsorc 900 C
Net Power 68.4 MW
Voltage 0.7V
Current Density34 400 mA cm™
Area for each SOFC 1,025 m’
SOFC Efficiency (LHV) 53%
Overall Efficiency (LHV) 68%
Table 4. Process electricity distribution
. Power (kW)
Segment Unit
consumed | generated
. . Digester -5,000
Biogas production —
Agitation -3,500
Biogas pre-treatment | Fuel compressor -2,100
20 SOFCs 60,000
GT 16,100
Blower -1,900
ORC Turbine 5,300
Pump -500
Net power 68,400
Ao, A7 BRE 30~45% AFEHolch. T} uRo] o7}
25 A SAE ol&sto] fadol=st 1 mE0] 53%
2 Z7kekedl ol MA7AE ARE ARl SOFCe| 4
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RECYCLE

EJECTOR

3-1

DIGESTATE

PRE-REFORMER

32

33

Anode

Electrode
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36

Wer

— —
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Figure 1. Process flow diagram of the proposed CHP process.
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Table 6. Biogas-powered Turbo-generator vs. SOFCs-GT-ORC
(scenario II)

Parameters Turbo-generator |  SOFCs -
unit [3] GT - ORC
Total installed
equipment cost (1,000 $) 52,400 71,420
Power produced (MW) 35.8 68.4
LEC (¢ kWh™) 18.81 1226
%7} 22 LECE 7hdt}. wfebd] SOFCY] 4% o 7127} 3
@¥l NRELY| %37} @49 494l SOFCs-GT-ORC7} T
Folgol 9l welzel
7182 Aol A Ue] e Mo thal zAS B8 2016 7]

= 2232 Table 70] QoFw o] glom, A2 Bv]§ HA2
Figure 20] U<} it} o] T2 A A= Table 72] TIC Zroll Al
oF &= glEo] A2 W =217} Haslch Figure 204 £
9l=o] 20712] SOFC7} TICS] 3035%2 *}A|3kc}. 1 tf
o0 43tz TWE(20.11%), ORC (18.56%), |25 AA e T
7g(18.41%) H]*Q“J A2 2R GT B|-8(6.6%)& A<
3 7lef Hlg2 A BAIE 5 slek vlole HA@ £7)
7}42 LECE] &5 AFA st (Figure 3), 7L 7H4 & &
68 e = A= U
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Table 7. Plant cost worksheet (in 2016 dollar value)

5 CHP 29le o we deS A3d 4 9a urt ke P
888 712t} vl Table 69 U9} ik R €A 7] & (million $)
2 SOFCs-GT-ORCe]| H|aj B]-§2> AR WFAF @2 o Total installed costs 71.4
Total direct costs 83.5
Total indirect costs 50.1
Table 5. LEC for each scenario Fixed capital investment 133.6
. LEC Tot.al installed T(?tal Land 43
Scenario (¢ kWh‘l) equipment cost| operating cost - -
(Million $) | (Million $ year ) Working Capital 6.7
I: current (3+3+3) | 33.45 240.81 87.03 Total capital investment 144.5
II: realistic (3+5) 28.92 240.81 54.70 Total variable operating cost (per year) 443
III: future (5+5) 12.26 71.42 44.35 Total fixed operating cost (per year) 4.1

18.33%

6.25%

Il scaweed pre-treatment
I pigester
Biogas pre-treatment
20 SOFCs
GT
[ orc

- Cooling Water System

Figure 2. Total installed cost breakdown for the SOFC-GT-ORC system.
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Utilities: 0.28¢
SOFC-GT-ORC: 5.95¢
Anaerobic Digestion: 1.05¢
Feedstock + Handling: 4.97¢

-2

Fixed Costs Digestate

0 2 3
Cost Contribution (¢/kWh)

Waste Water T Raw Materials [ Capital Recovery Charge

Figure 3. Cost contribution details from each process area to the levelized electricity cost for scenario I11.
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