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Junyeong An

Energy and Biotechnology Laboratory (EBL), School of Environmental
Science and Engineering, Gwangju Institute of Science and Technology
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ﬂn:ual Greenhouse Gas Emissions by Sector

Wastes from human activities
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New & Renewable Energy

New Energy Renewable Energy

Primary energy resources

¢ Geothermal ;
Hydrogen NojiA] A AjgoYLA| * Oceanic
k-0 - HI =NY * Wind

*  Coal gasification & * Hydro
liquefaction » Solar thermal

» Solar photon

» Edible biomass—

* Waste biomass}
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Potential energy - kinetic energy Geothermal energy Photon
energy

thin light
| memerane

Pt electrodes

Reclangular Rotation of coil

Perma nem—l coll anticlokwise
™
111 7

| acidic
solution

magnet

1
The photovoltaic effect was first observed by
French physicist, Alexandre-Edmond Becquerel,
in 1839.

\Curbon brush

+
Galvanometer

Michael Faraday (1791-1867) invented the generator in 1831.
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Chemical process Biological process

Lignocellulose | | Sugar cane |

Lignocellulosic
residues

Eﬂcﬂon ]

e :"!_alfo'rm. Saliddliquid Pretreatment
Ethanol ~\geparaton —
Butanol o " Platfo!
- - atform
_ [Pecantation > Giycero |—o|Chemica|)| \liugjiinmeramn EL) Chemicals
i /
_ : R [Fuels] i ) | Lignin and || Heat
Purification - \%l S Furification I ) solid residues Electricity
Products Ethanol
Products
\‘“-'H;—
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A Bioresource Technolog

vs Biological

“ | :
! Source, https://www.google.com; keywords: forest waste, food Forest Industrial

waste, municipal waste, industrial waste, livestock waste

Source, https://www.google.com; keywords: forest waste, food
waste, municipal waste, industrial waste, livestock waste

Waterloo Envir Bi hnology Lab, Dept. of Env, Civil Eng., Waterloo, ON, Canada 6
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Combustion

Heat

H HolmA ouA] FE &)

Syngas

(CO+H,+CH,)

No Oxygen

Pyrolysis

Char, gases, aerosols

» Heat/power
« Boiler, steam turbine
» Co-fire with coal

» Burn gas for steam
» Catalytic conversion to
alcohols, chemicals,

synthetic diesel

Torrefied wood for pellet, coal
replacement

Pyrolysis oil for boilers and power
Further refining for transportation
fuel
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Landfill gas recovery

Anaerobic digester
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IEA, Renewable information 2011
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Unit: TOE
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Renewable energy
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Electrochemically active bacteria (EAB) producing electrons and protons on the bioanode
(left); electron transfer mechanisms of EAB (right)

Municipal waste
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8 - M4 MA% Lab-Scale TWEAZEN 45

COD MHZ& : 79% MMM : 2400 mW/m? COD MHZE : 90% MM : 2200 mW/m?
MMM 72 £ 1 mW/m? (Logan et al. 2004) MMM 0 170 mW/m2 (Liu et al. 2007)
(Min et al. 2004) (He et al. 2005)
T A2 1081 o - HS NS OYBARTA A7 B
E 100 70 1 61
E 10 60 - 56
£
H 50 A
= 0.1
2 oo 40 -
& 0.001 7 T T T 1 30 -
1998 2000 2002 2004 2006 2008
vear TRENDS in Microbiology 20 1
»>C0D M2 &: 80~90%°I¥e NME[ZE /A 10
>N 72 ~ 2400 mW/m? 0 -

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Energy and Biotechnology
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Comparison in the performance of MFCs operated with different waste-water.

Coulombic  Current density

Max. power )
Types of substrates COD (mg/L) Types of MFCs i efficiency  (mA/cm?) at ma Reference
density (mW/m?)
(%) X. power
. Min et al.
Swine wastewater 8,320 One-chamber MFC 261 8 0.015
(2005)
Two-ch: MF ith Ni l.
Starch 10 wo c‘ amb.ered C witl na. na. 13 iessen et al
ferricyanide catholyte (2004)
G tal.
Landfill leachate 6000 Two-chambered MFC na. n.a. 0.0004 reenman eta
(2009)
. Scott & Murano
Livestock manure n.a. One reactor vessel of manure n.a. n.a. 0.004
(2007)
X . Wang et al.
Domestic W.W 600 One-chamber air-cathode MFC 146 n.a. 0.06
(2009a)
) Feng et al.
Brewery W.W 2240 One-chamber air-cathode MFC 205 10 0.2 (2008)
i Wen et al.
Beer brewery W.W 600 One-chamber air-cathode MFC 669 10 0.18 (2009)
Two-chambered MFC with Patil et al.
Chocolate industry W.W 1459 Wwo-chambere ! 1500 NP 0.302 aveta
ferricyanide as catholyte (2009)
a. a. Oh and L«
Food processing W.W 1672 Two-chambered MFC na na 0.05 and Logan
(2005)
. n.a. n.a. Liu et al.
Protein-rich W.W 1750 Two-chambered MFC 0.008
(2009)
S I¢ lyte (1000 cm®) &
eparate anolyte ( em) na. n.a. Rodrigo et al.
Real urban W.W 330 catholyte chambers (100 cm?) 0.018
) ) (2007)
connected with a salt bridge
. X Luetal.
Starch processing W.W 4852 One-chamber air-cathode MFC 239 8 0.09 (2009)
- - - Energy and Biotechnolo
I i Gwangju Institute of Science and Technology sy Laborato%; 15

OMEATMA] Pilot-Plant

-2%F9| Keller and Rabaey
(2008) SOl <l 2ME UFFTF
HI-I\II E“/\ 7<1E|-g I:I| 20137(17“
pilot-plant; COD MH2&°| 98%
2 =2 HH MY YN FH2
500 mW/m22 OME[o|E |t
lab-scale DJ¥=AEMAl ¥4

1/5 #&84.
» R conductivityl 9%t 2/ ¥ » FHET HIEE
M3 Aole] ENY 5t
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> Re 4n02 FETY
1
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Sequence aerobic
treatment for COD 1
removal
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Anaerobic digester for manure treatment
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= Utilization as a fertilizer for growth of agricultural crops
= Environmental problems such as eutrophication and

acidification (Arredondo et al., 2015)

— Need to be removed or recovered

http://www triwaterstour.com/prevention-learning-from-a-canadian ttp://www.greenpackonline.org/engli
~case-study-in-eutrophication/ components php?id=03-03-02

httpi//blogs.edf.org/growingreturns/2014/08/06/lake-eries-fertilizer-probl

< Energy and Biotechnolo
II! Gwangju Institute of Science and Technology 4 Laborato%)l; 18

-15 -



o dl °
| H
i NH,(g)
N, + H* T
@? H* + NH, {aq] NH, (ag) + H*
; NH ‘

NH;
e @

v
CH,04 5N
(biomass)

a
{
i
i

anode cathode

(Kuntke et al., 2012)

¥

+ Struvite (MgNH,PO,-6H,0)
v directly usage of slow release fertilizer
¥ recovery of P source

Mg?* + PO + NH,* - MgNH,PO,6H,0 |

Fig. 3. Overview of the ammonia removal mechanisms in an MFC.

S04 RO 2]

[ =]

1. Transported through the membrane

1a) Passively via diffusion of ammonia

1b) or actively via migration in the form of ammonium

1¢) ammonia loss by evaporating into its gaseous form as
a result of the elevated pH in the cathode

2. Biological treatment at cathode

2a) At the cathode chamber, it can be (biologically)
oxidized by oxygen and denitrified by microorganisms
at the cathode (denitrification)

2b) or in solution — the dashed lines show processes that
are independent of the electrodes.

3. At the anode, it has been suggested that ammonia can
be directly nitrified/denitrified to nitrogen gas by
microorganisms.

4. In the anode or cathode, ammonium can be
incorporated in biomass for growth.

*  Ammonium sulfate ((NH,),SO,)
v' fertilizer for alkaline soils

v many applications in the chemical, wood pulp, textile, and
pharmaceutical industries.

2NH; + H,SO4 & (NH,),SO,

G
I'i Gwangju Institute of Science and Technology
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MFC-feeding ADs

Table 2. Ammonia recovery efficiency in CCM and OCM for 192 h.

Ammonia recovery Ammonia recovery

*

ok

| OJAMSOIENA| AAEHI

MFCs for ammonia
Technology, Kim et al., 2015)

recovery (Bioresource

Table 3. Ammonia recovery efficiency by NH,* migration and
energy efficiency in the MFCs for 192 h.

Ammonia recovery Ammonia removal

efficiency efficiency efficiency by NH,* 767:"?};" ?fff:;g;,c}(/; }V by biological paths
in CCM (%) in OCM (%) migration (%) + Mg “ (%)
pH7 59.4 37.3 pH7 23.3 27.4 36.1
pH 8 59.1 53.2 pH 8 5.0 7.0 54.1
pH 8.6 66.8 731 pH 8.6 <5.0 <70 >61.8
Energy and Biotechnolo
ili Gwangju Institute of Science and Technology 4 Laborato%)l; 20
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104 102

Hjul

(20124)

Courtesy of Prof. SH Moon (at GIST)

101

Wiem? +

mWiem?+

Power density (chmz)

/
uWiem?® +

+ 104

.106

1 pAVem?

1 mAfem?

; 10%
1 Alem?

Current density (Afcmz)

Comparison of power densities for MFCs and other chemical fuel cells
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Bioanode Cathode

Liu et al, 2005
Value added products: H,, H,0,,

Kim et al, 1998
Power source, nutrient recovery

N

Biosensor (An, 2013)

Kim et al, 2011

Value added products:
methanol, ethanol, acetate

—

\ Microbial D“'Eg'limwe
electrosynthesis A o
Esoclectrogenic 4
[ Preterin . caade (electroferment Bhcteria | &—1
m . AEM CEM
ation) cell (MES) Kim et al, 2011
Microbial Desalination
s : reverse
|E||g|F| il electrodialysis
I |
SCEMs 6AEMs Seswater cell (MREC)
Kim et al,, 2011 Value added products: H, v
G Energy and Biotechnolo
Ili Gwangju Institute of Science and Technology sy Laborato%; 23

~4 Mpstas a9 NN

T - )
Hydrogen Hydrogen Peroxide
2 Pulp and Paper Bleaching
= A E‘.Tmu dh‘:::—:‘::::r‘m' Elactronics
W ] Future g Indusiry
) T g Detergents
- o= 2018 = 2025~ Suburasial markens for d K‘\ /_,-"
[ ard vechicies Bhaby e
B020: 5 s ik srallicn hyebragesn- prraceed cars Textile 4" Yy —= Wastewaler
| - Industry H 202 ! Treatment
al 200 a.--,:..:.»..-m..,nr.a..r..l.,,. -J.-'
y I / T \
4 130 g cosod e Metallurgy J Othes
s = - Applications
Some Limitations Chemical SYNhes's  (Fiermo et al, 2006)
_—
B Hydrogen: ¥ hasame e
" - Cleam AMerent
® Not readily available, must use other energy sources to ( surtaces indluting
MO SNt
convert tabrics and
® [nfrastructure not in place
= Difficult to store/distribute
B High Capirtal Cost
® Non-technical barriers e o
® Could have dramatic impact E,'::‘::;':‘?m(w
(Courtesy of Saxena)
ource, http://www.slideshare.net/
G Energy and Biotechnolo
II! Gwangju Institute of Science and Technology sy Laborato%; 24
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Electrolysis Cells

* Assumption: No energy loss in the cell

2H'H, [-0.42]
i .
L
0 ¥
Anode Cathode
Water electrolysis cell
10,/ H,0 [0.815]

E; Vaits)
05—
PR Catode
03—
02—
=01~

00—
+01—
+0.2—
+03—
+04—
0.5
+06 —

08—

G Energy and Biotechnolo
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* Assumption: No energy loss in the cell

E; (Volts)
-05—
M, [-042] g, |

NAD'NADH [-032) ;TN
02—
-01—=
0.0—
+01—
+0.2 —
L . +03—
Reduction in applied
voltage from 1.24 V +04—
to 0.14 V
L 1 +0.5—
+0.6—
el S
Hot: 1,0,/ K0 [0.515] | +08= ENCTTEE
L4 & @ Bacteria e
H,04€0, (3 | +08—
Amd:\; g l Electrode 40
= E Potentiostat
=% Orgamcs
Energy and Biotechnology 26
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- Filled with deionized water (18 mQ-cm)

—_ —_
200
Putent lontat T
:E_ 160 < -------------- ™
£ o ®
5 120 N
B (R
Anode Chamber (289 mL): g ow 4 i
| * I
- Used anode: carbon fiber £ aw ¢ |
= |
(per projected area of a membrane: 31.7 . |
cm?; measured surface area: 1060 cm?) 7 ’ : m,j,t,,e,,,iw:i,m., 8 +
- Fed 25 mM acetate medium s
- Fixed the anode potential at -0.03 V I . At
Cathode Chamber (120 mL): i " "
= w0 ]
- Used cathode: stainless steel mesh - N !
(per projected area of the membrane : 3 é w ' ] i
1.7 cm2) |- 3
= \

[E] 060 080

- Operated in a continuous mode with a | (B) COD removal loading rate (kg COD/m?-d)
oading rare of 6.3 kg COD/m3 d _am
3
Membrane: j;: B R >:A i
- Anion exchange i m 4‘
& 100 | :
- Surface area: 33 cm? £ i
5 " 4
3w i
E ]
o 23 ]
T |
o
0 03 06 09 12 15
MEC for H, production (RSC Advances, An et al., 2013) (©) Applied voltage (V)
Energy and Biotechnolo
i Gwangju Institute of Science and Technology 4 Laborato%;l; 27

B gde f4

AHA}

(o B I:I'

-

Tt Hu

Overall comparisons of selected hydrogen production methods (Normalized).

n v o~
=z = =2

=+
=

= ~ ™ x o o
=z =z 2 EEE

Methods

o~
—

M13
M14

n
-
=

M16
M17
M18
M19

M11

Method Energy efficiency  Exergy efficiency  Cost
M1 Hectrolysis 5.30 250 134
M2 Flasma arc decomposition 700 320 9,18
M3 Thermolysis 5.00 400 612
M4 Thermochemical water splitting 4.20 3.00 8.06
M5 EBiomass conversion 5.60 450 8.10
MG EBiomass gasification 6.50 600 B35
M7 Biomass reforming 390 2.80 793
M8 PV electrolysis 1.24 070 450
M9 FPhotocatalysis 0.20 0.10 519
Mi10 Fhotoelectrochemical method 0.70 015 0.00
Mi1 Dark fermentation 1.30 110 752
Mi12 High temperature electrolysis 290 260 554
M13 Hybrid thermochemical cycles 5.30 480 741
M4 Coal gasification 6.30 460 911
M15 Fossil fuel reforming 830 460 928
M16 Eiophotolysis 140 130 17
M17 Fhotwfermentation 1.50 140 181
M1z Artificial photesynthesis 0.90 080 754
M19 Fhotoelectrolysis 0.78 034 109
Ideal  {zerc-emissions and cost. 100% efficiency) 10.00 10,00 10.00
120
100

=

g 8.0

£ |MEC:1.7-26 $/ kg H,

S 60

K

3

3

a

Production cost of selected hydrogen production methods (per kg of hydrogen).

Energy and Biotechnology
Laboratory

28
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Conversion of H, MEC to H,0, MEC

* Assumption: No energy loss in the cell

!

Li'vetock

laal SE

FUEL

MEC for H2@2qgulachimhion
BS
! )
J ‘ \ Il Aviode mchsle
e T N - o [ Gotion Exchange Mfembrane
oo ety
b | A [ Gz Diffusion Electrode
an,
IHCOy 50 8 Awcdreipirig Lacteria
10
- Reforence Elecmade (dgidgCl)
Anode Cathods

Energy and Biotechnology 29
Laboratory

ot MEC [ 2

1000 100

900 S0

800 = [H202] - - » »+ H202 C.E| 30

700 70
5, 600 60 £
e =
=501 o e EEL 0 U
6' oo 1 - » &
53 8 s . =

300 30

200 20

100 1o

Q 0

24 10 g 6 q 2
HRT (hr)

i i Cumulative H,O, concentration and H,O, conversion efficiency
Lab-scale MEC for H,0, production (Sim et al., 2015) at 6 hr of cathode operation in the acetate-fed MEC at different
HRTs (bars represent standard deviation).
Anode Chamber (289 mL):
- Used carbon fibre as anode

- Fed 5mM acetate medium at HRT 2 h, 55
6 h,and 10 h L2 a -
- Fixed the anode potential at -0.4 V L2 PETZ e
'-E, 10 ] mmmm e - ®HRT 4 hes
Cathode Chamber (70 mL): Zos . ® | *HRT &
- Used gas diffusion cathode £ 06 . HRT & hrs
(surface area: 33 cm?) &4 ] || ®HRT 10k
- Filled with deionized water (18 mQ-cm) 02 ] || eHRT24brs
- Operated in a batch mode for 24h o0 ] v
i ] 4 6 i Lo
Cation exchange membrane Cugrent Density (Afm®)
- Surface area: 33 cm?
G .
Ili Gwangju Institute of Science and Technology Energy and Blol_tgggr;géggz 30
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.

Ef N|anfe MMsAL WMENE Hm [ 2 [

250 -

150

100 -

50

Total Investment Cost (2012 estimation)

0 20 40 60 0 100 120
H,0, Anthraquinone process Plant Capacity, kt/y
> Price estimation of a H,O, plant via traditional auto-
oxidation process (2012 price basis).
» 141 $/ ton (large scale) ~ 376 $ / ton (small scale)

MEC: 315 $ / ton

G Energy and Biotechnolo
Ili Gwangju Institute of Science and Technology 4 Laborato%; 31

S

$18t Pilot-Scale MEC g“’"&

Anode module Five anodes in Membrane Air-cathode Leakage

. X . . ; Coll
with carbon fiber  the anode chamber installation installation checking olleagues

Cathode
Membrane supporter
Anode
Expanded membrane Membrane
G Energy and Biotechnolo
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Nano/Micro/Macro Bioelectronics Platform
I

Nano-scale Micro-scale Macro-scale
Bioelectronics Platform Bioelectronics Platform Bioelectronics Platform

Determination of the electron

S— Operation of scaling-up system as
transfer system in microorganism Confirmation of the electron

g ; : transfer system and the theoretical pilot plant
& Finding the main mechanism " h
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Aquatic sensors being driven with SMFCs (for the detection of a torpedo (upper); for
I!I temperature monitoring (lower))
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Leads-

controlling s
terminals

Marine mud batteries (JEM, 2010)
Marin mud battery: 28-20 mA/m2, 0.4-0.5 V

Sediment MFCs (Bioresource Technology, 2014)
Sediment MFC: 40-30 mA/m2, 0.4-0.5 V

Multi-phase MFC (ES&T, 2010)
Multi-phase MFC system: 60-30 mA/m2, 0.3-0.4V

Comparison in the performance of other SMFCs that were applied to natural water systems as a power source for
various sensors (An, 2012)

Lake Michigan 0.4V, 5.4 mA T S e 33V, 15mA
Sensor
Palouse River 035V,9mA Remote temperature 5V, 500 mA
SEnsors
Yaquina Bay 0.35V, 11 mA CrgEEn 5V, 50 mA
: temperature sensors :
Palouse River 048V, 5 mA D s i 33V, 15mA
Sensor
Roskie Creek 0.4V, 14 mA W“e]“:eteml’nw i 33V, 15mA

Energy and Biotechnology

Laboratory 35

Gwangju Institute of Science and Technology




