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Abstract
In the agricultural sector where the fossil fuels are primary energy resources, the current global energy crisis together with
the dissemination of smart farming has led to the new phase of energy pattern in which the electricity demand is growing
faster particularly. Therefore, the fuel cell combined heat and power system, coupling the environmentally friendly fuel cell
to biomass treatment and feeding, can be regarded as the most effective energy system in agriculture. In this mini-review,
we discuss the R&D trend of the fuel cell combined heat and power system aimed at utilizing agricultural by-products as

fuels and highlight the issues in terms of the process configuration and interconnection of individual processes.
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Figure 1. CO, emission source (a) and power generation by energy
source (b) in Korea|[2,3].
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Figure 2. Schematic diagram of fuel cell combined-heat-and-power system integrated with torrefaction and gasification.
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Table 1. Description of the Typical Characteristics of Fuel Cells[12-18]
Type of Fuel Cell LT-PEMFC HT-PEMFC SOFC
Temperature 60~80 °C 140~180 °C 300~1000 °C
Net electrical efficiency 35~45% 35~45% 35~60%
System efficiency 75~90% 75~90% 75~90%
Applicability Commercial Near-term commercial Commercial

High electrical efficiency, simple
water management, compact and
practical design, lower quality syngas
can be used

High electrical efficiency, rapid
Advantages start-up, high power density, proven
technology, low emissions

High electrical efficiency, simple
water management, enhanced Kkinetics,
simple fuel processing

Problematic water management,

very high purity needed in Slow start-up and shut-down

Disadvantages syngas (less than 10 ppm), Short lifetime procedures, complicated heat recovery
expensive catalyst (platinum)
7 s T AR Skl WTtElA] kot $d k2] Hy/CO HI7F Table 2. Typical Lignocellulose Content of Biomass[19,20]
Stobs A28 £9o] Fseheks go] itk
Hlo) 9 us sy AAE AIIAL AArElErA 9] slko] @l Biomass Lignocellulose Content (%)
Hl 22 Z0So] H]E| o HE o]2 2yle] HalnA 9lo] F4dt Hemicellulose Cellulose Lignin
7] Q@M= 99.995% o]AFo] i)t HQE PEMEC B K U= Orchard grass 40.0 32.0 4.7
SOFC WAl Ag AR E ALgsl= Zlo] vlkalsi) Rice straw 27.2 34.0 142
ok AR AR 7be] g A AELE g AR e k) Birchwood 25.7 40.0 157
7] WEoll 7kas)t & S FA o) dEgo] FgH o)y HEl Ay
o) GRS sl fleils 7 & R Rl v 53 o 717} wZEE thA] Age] R Fedo] ol EAlz} Ay
TE 22 59 duE Adestolof itk sc} wkaE wkeksle] A9 akav) sulel 2 7oA 200~300 °CO) F
Ao e Ards A-dsHA A7ste] FA & oluAE:
2.2. Hlo| 202 =3} S 25, A3, e B TS BRAR 5 Qo] e B
Hpo] @ A= AR Hl B ok SeiAel FHEAL AR 2 A2 AAg 5 vzl
2 gk, sHAE FARR M HAA W 28] blo] euj A7) E3] wpo] u e ksl & 3] B(volatile matters)> AT
Q] sl Bl S FA BARROAE 714 HOleMATt 3 ek Afixed carbon)s 27130 2H wHORA] o oleke] 27}
st f717d nloleuis o] Wolba] el H Qs o Z oAU Es} ST ofge] uhgksl Fof = AbavEka B)(0/C)
7F o Fleo] vighlg 5 AAEsieh ouxxge] At 9 = 2/E A HY(H/C)7E FAE o] 74ASE Al EATAe] dke Z)
B4 9 2B dlel orliE WA ol Ho Ak kB A7)= &3S /HIKTable 3)
59 A3t ofyAAgo] Thssitt tEA] HHA 8 2E) B9} 287 vlo] QuiAe] ek} & B4 wat xjo|7f wAls)
Hfol e 20 54 S Table 20 WFASSiT =0, Table 404 LFdst upg} o] B npo] uj el Yl
wEbA A7 RS QEiM e HEA U 2E2A] vlo] QmiAE (beech) 2} AUH(pine)2] -9~ XA nlo] Al MAS(leucaena)
ggafo} S}, Q% 9 S AR ASSPINE B FREF o) Frond canary grass)o] Hl3l WS} F mRRA0) 2 % )
3ok ek QA FHA MaA e WE 5o WHoR 91 ahy, FugRate] Zashe o net 99 A @ deto] n]wA
o vlolon| g AL B AW N $HS Bl ARE SR 0 2 22 903 5 A0k ok8e 0/ D HIC ¥ E8 Hop 7
ago] yirh wEbA 7)o vpol euiis 3 dujelld M| 52t ARR AMRH7] Hedelt(Table 4).
Z§8te] AHgdhs 5 W7RIR FEE AREITH21. 44719 btel Hlo] @l 0] A3}8H4] Wl o] QM AS ARG 7tAsEto]
ovles ARSt WHE uAS] A WEE Hol/]l 3 B wbE ke o B4 1300 °C o1k 1RO B el
ulo] e HAE] W Ee] ALEHNT, I F 1¥ARIE 99 714, vlo| QuiAE F43] 71A-Basle] 712 dEHo AE E
T2 ¥hesltorrefaction) 5= 28K pelletization) 7 7FA *3Fo = IABAEAES dE= 71& 5ol Q) d3fstd W3l FA4L esles
A77F A= oighet. spAwt As}e] - vlo] erl g AZXA] E2o] 743 Qi Ao PrrS ssheux R e oz
@Y FL Tl oy AEeE =ol= WA OE vud YA T AA 2R &E a7t Ae AHE A2 Qi) B3], Axd ¢
LEWHHE HWE g 9L ARARD FEA0] AAEA Lot i) T 3 A= 7haE S8Rt B AFdEkE Jo7)E CoE A
Table 3. Property Variation of Raw and Torrefied Biomass[4]
Moisture Energy Density O/C & H/C ratio Hydrophility Grindability Uniformity
Raw Higher Lower Higher Hygroscopic Poor Poor
Torrefied Lower Higher Lower Hydrophobic Good Good
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Table 4. A List of Fixed Carbon (Fc), Volatile Matters (Vm), Atomic O/C and H/C Ratios and Higher Heating Values of Various Types of Raw

and Torrefied Biomass[4]

Biomass (‘I}) (mtin) (vftEA;) (th]:Z)) o/C H/C (I\I;}%) Ref.
Raw 16.1 833 0.649 1.532 -
270 40 22.7 76.3 0.474 1.340 -
Beech [23]
Torrefied 290 40 324 66.7 0.382 1.131 -
300 40 41.9 56.6 0.316 1.030 -
Raw 13.8 86.0 0.727 1.688 18.5
. 225 30 15.0 84.8 0.668 1.472 19.5
Pine [24]
Torrefied 275 30 233 76.4 0.521 1.355 21.8
300 30 40.9 58.7 0.353 1.052 25.4
Raw 13.1 86.1 0.626 1.772 20.3
200 30 14.0 85.3 0.588 1.648 21.0
Leucaena [25]
Torrefied 250 30 16.9 82.2 0.565 1.449 21.2
275 30 24.9 73.8 0.479 1.154 22.8
Raw 12.1 824 0.576 1.679 19.5
Reed canary 250 30 133 80.3 0.552 1.503 20.0 26]
grass Torrefied 270 30 16.1 76.6 0.536 1.379 20.8
290 30 213 70.4 0.501 1.348 21.8
Table 5. Characteristics of Biomass Gasifier
Type Fixed bed Fluidized Bed Entrained bed
Maker 1ISc (IND) Lurg i(GER) Koren (GER)
Fuel type Wood chip Wood Pellets Wood Turneries
Heat input (kWt) 200-2,000 2,000-20,000 20,000~
Gasification agent Air Air Oxygen Air Oxygen
H, 16 10 13 22 40
Syngas Cco 19 20 46 22 40
properties CO, 12 14 23 11 20
(%) CH, 2 5 10 - -
N 51 51 8 45
Syngas heating value (kcal/m3) 1,300 1,500 2,800 1,500 2,500
Tar (mg/m’) 100 small -
Gasification rate (%) 75 70 66
A7 wAe] vh] wel] o] Aol Gl Huk x glow] 1Rkl Aiel T3S el 7k ul oA el sl
o e vl oulgl B, Ak B 28 B ARSI olgale] & FElY FMYRS NS 2wl s AYE B L uyR
Awal, A5 % B AANE Fal QUARACO), FA) R o BEkh AR /R3S B Pk Aol 1%HA)
W WAgY WEashi E(Hydocabons) 7 2] Ay #H HTh vlolouae] A9 shas Al ARl AR Ah B
(Char), 31%(Ash) W FAROIS EFHE PR Adsh= 3 Ao Y HlEe And 97 W AL dEsw Lt ¥
HomA 24 A SeelAst 2o fAHEE GHAY S 855 sk el Wb B, 27k ol v, o] o3

6‘1-_9_]8 Ag}\]. o:}e;q;q Ag =0 7}%;3—].13:], 7]'./iE1‘ﬂ W =5 B3
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84 A TRl 2 e

1
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G2 FEE FolFA AL 53, vlel vl 4 7has WA H
T A AR Ak T $3F F2 olgn Lol
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Figure 3. Schematic diagram of biomass fixed bed gasifier: (a) Updraft
type (b) Downdraft type.

Syngas
B

v Syngas -
— == Cyclone

L separator
el TF

(b) Circulating fluidized
bed gasifier

(a) Bubbling fluidized
bed gasifier

Figure 4. Schematic diagram of fluidized bed biomass gasifier: (a)
Bubbling fluidized bed type (b) Circulating fluidized bed type.
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(clinker)”} A HTH31]. w2752 (crossdraft) FEje] 7}A317] %
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o} A-gdnlele A AEHA ki Sl

FEZ WA PRSI 7] ERE S (bubbling fluidized bed)¥} <=
375 (circulating fluidized bed) B2] S 2 ¥ W (Figure 4), 7}~3}
A 27} 553K fluidized) Fo] 3714 449 HES-gjof 3l 2 A7
£ M 3 sk AAE 3A0] st 5% 7kas)E A
7} AM(silica sand) 5] =E/dE(inert material)= =§3to] BES
stEE A3 A58 Ao wdste] 7kAsh] B FdelA FAlel
Hhgo] zlgLr}.
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SHARE 718 75T 7Iasb] 9 Rl =k, s TR
< Zkzsp7)el mlsl] Aol Qlo] et ¥ito] AAA
AR 3 2 ool A8k v weeE 7L Stk
< 7kl AT TRRs R 7S O iR

o EwEd A Faprt Tkl 7Y EwEnt AR &
WA SOFCE 8ok AT Alxdlel 4847] 9
M= gS 7RRst A fteitt

3. HIO|0OA 7|8} SOFC QH{EHIX A|AEI 1A
M 12 29I

3.1, SRS MY

2utED A4S 9% ulo] QuiA A7) SOFC G Ehibd A|AE
= A B Hgo] Zhsdljokstal o]& flEiAE wTtelA A%
Ao AGsH Fwol 7hsst HYFAE S Hlo| e ARE A
Aok sttt 2017d FA 71E sQAHE AR T oS B
(rice straw)Z} 97(husks)o]™ ZRE o242l 64%7}F WAISIAINE 715
O] AlE FEE Fi Aol &E-Eo] ol YojFo] BA] go} vio] 2.
s AR T Ego] o] Hri(Figure 5).

F AR B2 0SS A5k = WA 8] (mushroom me-
dium)9] 79 oF 11% FE=rb AR 3 glom, nigst 837} ¢lof
SHgZQl nlol oA Qeg g = Q1S Ao Fldd, o)

T o=
2] AzHA 7INF QLA ARl Age] A W uFEIs
T Fol7] S8 nlel A AR & AR Tl v, Nis) &

hul

jua=1
ARG&o] Fololdhne HAAR) Bt E UL WA 4G

ah= BAL A7} Bealel Akl

k

3.2, 7N HA|

723t E TE A 7Rl TRas]e] f3 e w
2} olg] R4 Eawol dHrEolleH, FFEHY] A 7k AT
(gas cleaning)S Aot s} 7tA AAFAHLS TH53HY] 24
zZ70] el A A7k~ AT (cold gas cleaning) T} -7k~
A F(hot gas cleaning) &= F57+H THTable 6).

2257t oF 750 °Cell ©]2+= SOFC ~8ls AW FPde] Ak
sb7] SleiMe 23% 7t 120 E wiEse 7EA
o] A& HashloktERE 12 W] TtAFA TS AHgSlof

Mushroom Medium
Fruit branch
10.4% :
Garlic stems
2.4% .
Perilla stem {i§ .
2.6%

Rice straw
’ 54.6%

Sweet potato stem
2.7% /
i Husks
Red pepperstem & 9.4%
7.1%

Figure 5. Domestic agricultural by-products in Korea[32].
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Table 6. Classification of Gas Cleaning Methods|[35]
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Cold gas cleaning

Hot gas cleaning

Gas cleaning Drv cleant
ry cleaning

Wet cleaning

Thermal treatment Catalytic treatment

Cyclone,

Rotating particle separators,
Electrostatic precipitators,
Bag filters,

Baffle filters,
Ceramic filters,
Fabric/tube filters,
Sand bed filters,
Absorbers, etc.

Type of equipments

Spray towers,

Packed column scrubbers,
Impingement scrubbers,
Venture scrubbers,

Wet electrostatic precipitators,
Wet cyclones, etc.

Primary bed in the gasifier
or in the secondary
reformer

Ceramic filter,
Candle filter

Figure 9. Gasification system of torrefied biomass using O, agent: (a) Torrefied biomass hopper (b) Gasifier (c) Gas cleaner (Ceramic filter) (d)

Ash bucket (e) Hot gas blower.
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