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 The biological pathway to produce H, and CH, shares similarities.
* Both consist of four generation steps, dominated by different microbial groups, which gives rise to different end products.

* A preliminary major challenge in the utilization of hydrogen is “sustainable production”:
Current technology to produce hydrogen:

1. Steam reforming of natural gas!

2. Gasification of coal!

3. Electrolysis of water!, and
4. Steam reforming of CH,!

* Recent, studies is focusing on low production cost of energy through dark fermentation.

Current Technology

involve a significant amount of energy for
generating the required heat

« Bio- hydrogen produced are those follow biological route, termed bio hydrogen (bio H.,), is viewed as a low energy solution

particularly considering organic waste source:
1. Biophotolysis of water,

2. Photo fermentation and dark fermentation of OM---> least technonlangical comnlexitv nradnces comparab]y hjgh yie]ds

(Ntaikou et al., 2010).

Biological
pathways for bio
H, production.

Biophotolysis

12Hz0 — 12Hz + 60; (Green algae)

CO + H0O — Hz + CO: (Photosynthetic bacteria)

Biohydrogen
(Hz)

(Organic carbon)

Photofermentation
CsH120s + BH>0O — 6C0:2 + 12H: (Phototrophic bacteria)

(Organic carbon)

Dark fermentation
sH120s + 2H>0O — 2CH;COOH + 2C0, + 4H; (heterotrophs)

independent

Cathode : 8H"™ + 8e” — 4H2

Microbial electrolysis cell
CsH1206 + 2Hz20 — 2CH3COOH + 2CO2z + 4H:>
l/Anode : CHsCOOH + 2H20 —2CO; + 8e” + 8H"
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* Fermentation or anaerobic digestion (AD) is a complicated dynamic biological process which involves multiple

physicochemical and biochemical reactions in sequential and parallel pathways.

* The AD process is governed by different microbes with varied specific cell growth rates, substrate consumption capabilities
and preferred environmental conditions, such as pH and temperature.

* This complexity renders the sensitivity of.the AD to changes in environmental conditions and, thus, parameters will need to
be carefully monitored to prevent process failure.

* Generally, AD is characterized by four distinct phases: Hydrolysis; Acidogenesis; Acetogenesis; Methanogenesis

» Hydrolysis of carbohydrates, protein and lipid has a theoretical CH, yield of 415 L CH,/ kg VS, 496 L CH,/ kg VS and 1014

L CH,/ kg VS, respectively.

The four major
steps during the AD
of complex organic
substrates

Fermentative

Complex biopolymers

(proteins, polysaccharides, fats/oils)

Broken down monomers and oligomers
[Sugars, amino acids, peptides)

Propionate

Butyrate, etc.
(short-chain volatile
organic acids)

bacteria

Acetogens
(H, preducing)

_____ >  Acetate

Acetogens

(H; consumin
’ el Acetoclashic
methanogens

CH, + CO,

Y

CQ, reducing
methanogens

|

L— Phasel
Hydrolysis

Phase 3
Acetogenesis
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> Because the biogas composition depends on the source:

« Sewage digesters —> 55%-65% CH,, 35%-45% CO,and <1% nitrogen by volume;
* Organic waste digesters —> 60%-70% CH,, 30%-40% CO, and <1% nitrogen
« Landfills —> 45% -55% CH,, 30%-40% and N, 5% -15% [Jonsson O, et al 2013].

Iypically, biogas also contains h ydrogen sulphide and other sulphur compounds such as siloxanes, aromatic and

Biogas CH, CO, (%) (%) | N, (%) Benzene(mg | Toluene(mg
(%) m3) m-3)

mm_ 47-57 37-41 <1 17 36-115 6-2.3 1.7-5.1 S. Rasi et al. 2007
61-65 36-38 b.d. .1-0.3 2.8-11.8 S. Rasi et al. 2007
1.3 0.2-0.7 S. Rasi et al. 2007

From Biogas Plant [SEEsY:] 37-38 <1 <1 2 32-169 0.7- .
21

“ 59.4- 29.9-38.6 n.a. n.a. 15.1-427.5 .7-35.6 83.3-171.6 Shin H-C et al. 2002
67.9

FENEGIe 37-62 24-29 <1 n.a. n.a. <0.1-7 10-287 Allen MR et al. 1997

IETLIEE 55.6 37.14 0.99 n.a. n.a. 3.0 55.7 Eklund B et al. 1998

[ Landfill = [g¥ 40.1 2.6 13.2 250 n.a. 65.9 Jaffrin A et al 2003
0

Sewage digester YRS 38.6 3.7 62.9 n.a. n.a. Spiegel RJ, Preston |JL
2003

> Because there is st?udies?’ Ensiderfh® the Rformidtof biogasWith composifiBnal variation dAd 5 I3t on the metrics.

ulgester
Sewage digester 3.9 0 8 . 24.1 N - N.ay . jegel RJ, Preston .JL .
gap and undertakes the ref%)rmmg modeling ot biogas con51?:ler1ng two cﬁg&grent dhaerobit digestmg sources,

i.e. landfill and Sewage Digester and benchmarks the analysis against natural gas reforming.

* Process metrics such as conversion percentage as well as thermal process efficiency will be delineated and compared.
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Reforming of biofuel is a series of homogeneous reactions and involves many species and their intermediates.

Reforming reaction of the main species

and their corresponding heat offreactionS =1 7.7} Reaction energy (kJ/mol)
n# Stoichiomet

_E- CHy+ Hy0 = €O+ 3H, +206 Methane steam reforming | XN CH + H,0 - CO + 3H, +206 Methane steam reforming | M et h a n e Ste a I N

P CO+Hy0- CO,+H, -4 CoSshift [ CO+H0- COp+Hy -41 €O shift .
CHy+ 25,0+ €0 + 4H; +165 Methane steam reforming | [ERMM CHi + 2Hy0 = CO, + 4k, +165 Methane steam reformngl | © fO rmin g |

[ ficactions | AT [ Feactions | React o .
EE— 1,0 = €0 + 3t +206 Methane steam reforming | [CEMEMN  CH, + H20 — CO + 34 +206 Methane ste: rming |
[CEE.  co . 41 €O Shift E— €03 + Ha —41 cos I
[os —fOne ethane stea neen. rming 1

Determine the molar ol I 10003, B e e R R e Bt 1 (21 A 12 steam ] streams (CH, source to
[ CO+H,0- COp+H, -4 Coshift LI CO+Hy0- COy+H, -41 €O Shift

steam Source) as We” c +165 TR ﬁ_cnmzmowrizuﬁz 65 Methanes!eamref:rmmgll reforming 1 . 5 (as We” as pressures)_

-~ -~

R CH,+ 25,0 CO, + 48,
0 '

An equilibrium based model is developed by considering three reaction constants, elemental mass balance and
chemical/formation and thermal/sensible energy balance.

The main assumption is that the process takes infinite residence time, occurs under chemical and thermodynamic equilibrium,
neglecting reaction kinetics, no intermediate species, ideal mixing and fixed spatial distribution of species.

Feed 1 can be a pure CH, or combination of CH, rich species as in the case of natural gas (CO, H,, C,H,, CsHs, C4H,, and CsH,,) and
the outcome of the digestion process (CH, and CO,).

Total of 8 unknowns are generated governed by 8 equations and these are the 4 elemental balance of each of C, O, H, and N, the
(one) total heat balance, the three equilibrium reaction of Steam Reforming (R1), CO-shift (R2) and Steam Reforming Il (R3).
Each reaction is associated with equilibrium equation in terms of the concentration Kc (or the partial pressure Kp ) as follows:

_[CrDY B
S = sy k(1) =AT" e

T FF T e TL - TR A E R T - =
-l Trg Frg — SITOF TrE Frg 4 €2
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* Baseline analyses are carried at fixed pressure of 30 bars and sweeping values of
temperature 6500C-12500C.,

* Additional to species evaluation, the conversion and reforming efficiencies are evaluated:
 The conversion efficiency: the ratio of the remaining CH, mass to the feed CH, mass

* The reforming/thermal efficiency is the heating value of H, to the feed stream heating value+ added

process heat.
EENCIRE Species |[CO, |co |H, [CH, [N, |CH, |CH, |CH,, |CH,,

compositi(m 0.064 0.787 0.037 0.016 0.03
T ° ———eny | 0.0016 79
% dee Ha L . ./ Conv.

/ 80

-+ ~H20_CH4

o
co2 £
=
- o -y H,O 2 Thermal
= ——H2 “:‘-‘-‘?"";—L‘; b e IR i g
5 03 5 Eff
£ . ; 50
B ol -~ CH4 Conv.
W 2 40
= ] ’ )
= 0.2 k=] o - » = Efficiency_CH4
' 5 30 o
CH /N CO v ——N. Gas Conv.
4 — == 20
i i —»—N. Gas Effic.
o1 (33
10
0
600 700 800 900 1000 1100 1200

0 e === g : 600 700 800 00 1000 1100 1200 u‘.l.'la Q—Q—OIJ.
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* Condition of anaerobic digestion at ﬁxed pressure of 30 bars and at

sweeping values of temperature*650sC.- ?}-m__

digestion

Anaerobic
» Species evaluation, the conversﬁ?i*f and0375 .06 __ 0025

eva'“M@ﬂEﬂﬂﬂMW@M
0.088 2 4 0.000 0.019 0.517 3.672 140.883 26.566 99.894

0.09 0.33
digester 0.082 5 9 0.001 0.005 0.479 3.808 157.278 41.514 99.672
0.60 <
‘x\\:\ HZO 100
. i SR NI BEIPSEI SREPS S o ) Conv.
C02_5.Dig. i - SN e e i B 20 e Eﬁ:
-+-CO_5. Dig. P
- +—H2_5. Dig. 57
0.40  —e-CH4_S. Dig. g 70 4
o~ -+-N2_5. Dig. &
2 - -H20_S. Dig. H2 =
& co2 L.Fill P N 2 . X .
'g ——CO_LFill .r"' ““““““““ g -+ Conv._S.Dig. - -Effi._S. Dig.
E 0.30 —O—HZ:L.FHI = . s 50 —— Conv._L.Fill ——Effi._L.Fill
a ——CH4_L.Fill .~ -
§ =

g s | d.'_-.;_".._-_-_'.‘_:--n--. T e
3 R
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.fl :
20 / EI I .
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* Sensitivity of anaerobic digestion at different press and temp
pressure Species evaluation, the conversion and reforming

efficiencigs.ardi

digestion
cond.

Biogas
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* In this work, bio H, production through biogas reforming is carried out from two sources the

landfill and anaerobic digester. The main difference in these streams are the concentration of
the CH.,.

* A reforming model that is based on equilibrium was developed and is validated with respect to
the two conventional streams, namely natural gas and pure CH,.

* The model is then used to assess the molar concentration of the hydrogen produced and
reforming efficiency under different conditions including the methane concentration and reactor
temperature and pressure.

* Results shows that methane concentration has the most pronounced influence on the produced
hydrogen and, consequently, the reforming efficiency.

* These values are around 0.5 molar fraction for H, and reforming efficiency nearly 75% for
conventional stream, while are near 0.3 molar fraction and best reforming efficiency near 36%.

e Although this work states the technical feasibility of reforming the biogas stream, low efficieny
is clear drawback is that needs further research to improve it.

* Under progress is high fidelity modelling:

Activation energies and pre-exponential factors for SMR process via reactions 1 (SMR), 2 (WGS) and 3 (SMR/
2 (WGS) and 3 (SMR/WGS) over 18 wt. % NiO/a-Al203. Reaction parameters of this work (S.Z. Abbas*, V. Dupont, T. Mahmud) vs Xu and Froment
[22] -
CH4+ H20=CO+ 3H2 DH298+206 E1 [kJ/mol] 257.01* Ao,1 [mol bar0.5 /g.s] 5.19e9* b CI._Q.OID
R1 kJ/mol 240.10 1.17el2 . .
CO+ H20=C02+H2 DH298-41 E2 [k)/mol] 89.23* Ao,2 [mol/ bar.g.s] 9.90e3* Umversnty
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