Plants store energy in carbon compounds

Energy
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Energy is released by oxidizing glucose

Energy

Energy released
sustains life on Earth! CG H1206 02
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Energy is released by oxidizing glucose

Energy
Energy released
[ [ I
sustains life on Earth! C6 H1206 02
Glucose Oxygen
Everybody loves & needs glucose!
Bacteria
Plants
Fungi
COZ H ZO Animal cells (especially cancer cells!)
Carbon Water

dioxide



Glucose is not often directly available

Energy CH,OH
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Glucose is not often directly available

"food" +o-cn.

R OH

Energy CH,OH

A 0. OH
CH,0H K OH

OH 0. O HO—CH» HO—CH>

OH OH

lactose

Glucose Requires DIGESTION to break
these complex polymers back
into glucose

dioxide



Glucose is not often directly available

"food" +o-cn.

R OH

Energy CH,OH

A 0. OH
CH,0H K OH

OH}—o0_ O HO—CH, HO—CH,

OH OH

lactose

Glucose Requires DIGESTION to break
these complex polymers back
into glucose

"HYDROLYSIS"

dioxide



Aerobic glucose oxidation

Energy

A

< > co
C6H|206 ATP @
— —
O, @
H20 f
MITOCHONDRIA =

ENERGY FACTORY
CG H 1206 OZ

Glucose Oxygen

Our cells get most of their energy
by oxidizing glucose with OXYGEN

CO, H,0

dioxide

This creates A LOT of energy!



Anaerobic glucose oxidation

Energy

A

C6 H 1206
Glucose

NS

ALL living cells can get SOME
energy by anaerobic oxidation of
glucose (WITHOUT oxygen)

Pyruvic acid




Anaerobic glucose oxidation

Energy

A

CG H 1206
Glucose

NS

ALL living cells can get SOME
energy by anaerobic oxidation of
glucose (WITHOUT oxygen)

Pyruvic acid

This goes back to when the
Earth had very little oxygen in
its atmosphere!



Early Earth

% of Atmosphere Composition of Earth’s atmosphere

Ammonia,
Methane
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Time (Ga) billion years

1.0

How
I
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Almost NO OXYGEN less than 2
billion years ago!

Cells had to obtain their energy
ANAEROBICALLY



Methane produced by ruminants (biogas)

o\

Bacteﬂa Protozoa

i /..e.,.m. 4

Fibrous Feed

L.co2 +aH 2R
w

~

Ruminants produce biogas in their stomach via a process of
ANAEROBIC DIGESTION known as ENTERIC FERMENTATION

Biogas!
Methane: CH,

Cow Rumen

© ENTERIC
FERMENTATION
Sugars —e Carbohydrates Ch.

e

s,

Volatile

(some CH,)



Biogas production involves complex biome

Anaerobic digestion

Complex biopolymers
(proteins, polysaccharides, fats/oils)

Fermentative
bacteria

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

Fermentative
bacteria

Propionate
Fermentative Fermentative
bacteria Buwrate’ etc. bacteria
{short-chain volatile
organic acids)

YAM\'

(H, producing)v
H,+CO, "~ ~=~-> Acetate }

Acetogens
(H, consuming)

Acetoclastic
methanogens

CO, reducing
methanogens

CH, + CO,

I

— Phase 1
Hydrolysis

Phase 2
Acidogenesis

]

Phase 3
Acetogenesis

Phase 4

S

Methanogenesis

Biogas

Methane: CH,

Cow Rumen

ENTERIC
FERMENTATION
Sugars —e Carbohydrates

/ \\

Volatile CH
Fatty Acids co b

CH, — —

Waste
(some CH,)

©2019 Let's Talk Science



Biogas production involves complex biome

- Enteric CH, Emission in Livestock from different feed components

|

Feed Component
Starch Cell Wall Polymers Protein
. Ruminococcus Spp. . Primary
Ruminobactor Spp. 3 Ruminococcus Spp. i
Streptococcus Spp. mﬂmxxi‘;ﬂp ButyrivibrioSpp. Fementor
N,
\ / v
Simple Sugar  Carbon Skeleton
Selenomonas Spp. Primary & Secondry
Treponema Spp. Fermentor
Megasphaere Spp.
Y
Acetate + Propionate + Butyrate + H, + CO,
‘Methanobrevibacter Spp. Methanogens
MethenosarcinaSpp.

=

Biogas

Methane: CH,

Cow Rumen

Protozoa &-
A >

@ S N ENTERIC
FERMENTATION
Sugars —e Carbohydrates

/ \\

Volatile CH
Fatty Acids 2

CH, — —

Waste
(some CH,)

©2019 Let’s Talk Science



Evolution of life on Earth

ARCHAEA

A e Sulfolobus human
maize
Qs?‘ Methano- \Aempy rum \>/ yeast
& cyanobacteria thermobacter__ /
I Bacillus | Methanococcus — . :
Q Ne N ——— Dictyostelium
\
E. coli —— \ T ————Euglena
57 \ first eukaryote o
Thermotoga / COMMNOIM, Giardia
ancestor Trichomonas
Aquifex cell Y e
\ 1 change/10 nucleotides
Figure 1-17 \
Copyright © 2015 W. W. Norton & Company, Inc. \

" Our dear methanogens!

Use H, and CO, as their fuel

Ap PO;.

— Paramecium

Trypanosoma



Biogas as a PROBLEM: LANDFILLS

o Biogas production also

4 ‘\

CARBON DO METHAN occurs spontaneously in

CO, ( CH landfills

-—'

LANDFILL SITE

" CONTAINS DECAYING ORGANIC WASTE S
% FROM FARMS, KITCHENS, GARDENS,
g RESTAURANTS, MARKETS

i o A




Methanogens are good at what they do!

Methane emissions from Jakarta landfill

Parts per billion (ppb)
above background levels

Biogas production also

200 a0 200 R R T e R 4  occurs spontaneously in
R, N N : S el landfills

Source: GHGSat Inc, 24 Nov 2020 BEE

Global warming equivalent to
the use of 750,000 cars!




Biogas as a PROBLEM

Greenhouse gas (GHG)

Methane is a powerful BlOgas
greenhouse gas (GHG) and its
emissions have contributed

to 23% global warming in the

20t century

Methane: CH,

Cow Rumen

S ENTERIC
FERMENTATION

Sugars —e Carbohydrates

e

s,

CH, — —

Volatile

(some CH,)

https://climate.nasa.gov/climate resources/225/
video-methane-sources/



https://climate.nasa.gov/climate_resources/225/video-methane-sources/

Most global warming: CO, from fossil fuels

Figure 1. Total greenhouse gas emissions in U.S. in 2007, millions of metric tons
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Biogas emissions from livestock and landfills

Figure 1. Total greenhouse gas emissions in U.S. in 2007, millions of metric tons
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Biogas as a SOLUTION: Trap it!




Biogas as a SOLUTION: Reduce it!

MOOTRAL ABOUT SCIENCE FLAGSHIP FARMS CARBON INVEST CONTACT

SAVING OUR

CLIMATE, ONE
COW AT A TIME

Swiss company that developed a livestock feed supplement, based on garlic and citrus extracts,
that reduces biogas emissions from cows by about 40%

https://mootral.com


https://mootral.com/

Biogas as a SOLUTION: Trap it!

As solid waste decomposes, landfill gas is released consisting of approximately
50% methane gas. Here's how the methane is turned into electricity.
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Anaerobic digesters mimic cow's stomach

Anaerobic Digestion

Digester Cover —,

Organic

waste ‘

Active Solids




Batch anaerobic digesters

Rubber tube Volume glass

Stem

Rubber valve

e Static container, filled once and then allowed
to generate biogas

Digester * Good for benchtop research purposes

Glass tank

Gas measurement

Anaerobic Digester



Plug-flow anaerobic digesters

Cover
ubﬁrate Inlet //B'Ogas SmN Digestate outiet
— —
\4; :‘ g Mf\—/\/v \

A

4

R R RARR AR AARAAAAA AN Zv’jﬂ vlw'
lnlet structure

Outlet stmcnre

Biodigester has an INPUT ("feed") and 2 OUTPUTS (biogas & effluent/digestate)

* Feed rate depends on size of biodigester



Plug-flow anaerobic digesters

"Chinese Fixed-Dome" (1930s)

FMEMOVABLE MANHOLE E COVER
MNLET GAS OUTLET o COVER SEALED WiTH CLAY LOOSE COve
\. - ,_} =3
\ //....-.

- GAS

cw
NN — T —
. N _ _ DXSPLACEMENT  TANK
Y . P _ ¢
N — v __ SLURRY ! ' OUTLET PIPE
o> .. ———— -

https://www.fao.org/3/t0541e/T0541EQ09.htm



https://www.fao.org/3/t0541e/T0541E09.htm

Plug-flow anaerobic digesters

"Chinese Fixed-Dome"




Plug-flow anaerobic digesters

"Chinese Fixed-Dome" (1930s)

Cow & pig manure
1 FMEMOVABLE MANHOLE LOOSE COVER
NLE GAS OUTLET + /coven SEALED WiTH CLAY

R

\ g ]
R g5 GAS
] 1000 mm
X ¥ < 1/10% atm m I~
Brick, stone or N

poured cement\ Ry

N+ SURRY OUTLET PIPE

DXSPLACEMENT  TANX

‘ Around 10m3 _ B i i
— Most common type in developing world

5 million in China



Plug-flow anaerobic digesters

"Indian Floating-Dome" (1930s)

GAS GAS QUTLET
HOLDER
Can hold ~10m?3 of
MIXIRG __— CENTRAL GUIDE an notd T ot eds

; | Bioreactor is made of brick or

 QUTLET reinforced concrete

PIT
7 r\ ', o‘ Drum is made of mild steel or
S LB, o _ e fiber-reinforced plastic (FRP)
INLET T %
PIPE S ,SLURR:r Feed is mostly dung, but also
o °° . — PARTITION humanure, agricultural waste
° WALL & water plants

Biogas pressure < 1/100t" atm




Plug-flow anaerobic digesters

"Indian Floating-Dome" (1930s)

Can hold ~10m?3 of gas

Bioreactor is made of brick or
reinforced concrete

Drum is made of mild steel or
fiber-reinforced plastic (FRP)

Feed is mostly dung, but also
humanure, agricultural waste

& water plants

Biogas pressure < 1/100t atm



Anaerobic digesters: Small-scale

110 biodigesters

installed in public
schools in Santa Fe

province (Argentina)

Santa Fe, Argentina




Anaerobic digesters: Small-scale

Pune, India

1m3 biodigester
can generate
enough biogas to
cook 3 meals/day
in a hot climate”

Organic
waste

Fertilizer

“ needs to be fed 10 Ibs kitchen waste/day



Anaerobic digesters: Small-scale

R EWY gy o,
e
RS

Nairobi, Kenya
Y http://biogas.co.ke/flexi-domestic-systems/



http://biogas.co.ke/flexi-domestic-systems/

Anaerobic digesters: Small-scale

IBC container

i Solar CITIES Inc.
p/Ee2OISIREC e 2 501C3 non-profit corporation

K24 inch o3 nch reducer
acting as funnel for 3 inch pipe i o
e P ot sy mosasary H you B9, 12 inch bow g BI2. 112 inch thread to barb hose comnector ) 1L frons e boc
use 4 inch pipe) B8. 112 inch pipe segment | and provides port for data loggers). 3 50 foor of 2 inch PV from
X Tee to Bbow
2 B7. 1R2inchvalve &
E )

B10. 172 inch pipe segment Bl I 112 inch threaded female adapter

o —
B6. 172 inch pipe segment | L
B4. Two inch to 112 inch reducer bushing —m B> /2 inch threaded male adaper

l B3. Two inch coupling

C4. 2 inch elbow

B2.20 em of 2 inch pipe

'l Bl. Two inch threaded male adapater C5. Two inch pipe approximately 3 feet long
- (or whatever reaches the liquid fertilizer bucket).
Al Approximately 4 feet of 3 inch or
4 inch pipe with angled cut at bottom.
Diameter of pipe depends on what is available
and the uniseals and hole cutters you can
get.

Cl. 4 foot length of 2 inch pipe
with hole cut in center.

C6. Fertilizer Bucket

A. FEEDING PIPE C. FERTILIZER OUTFLOW

https://www.solarcities.eu/education/388

https://www.youtube.com/watch?v=tdA4BqSEESU



https://www.solarcities.eu/education/388
https://www.youtube.com/watch?v=tdA4BqSEESU

Hydraulic Retention Time (HRT)

A Accumulated biogas yield (m%kg)

HRT = how long the "feed"
stays in the biodigester
before it gets flushed out

Specific gas production rate (m¥m3*d)

Gas production rate or biogas vield

I
10 15 20 25 30

1 | 1 >

o
-

Average hydraulic retention time (HRT), in days

Figure 3.6 Biogas production after addition of substrate —batch test (LfU 2007)



Hydraulic Retention Time (HRT)

A Accumulated biogas yield (m%kg)

Specific gas production rate (m¥m3*d)

Gas production rate or biogas vield

I
10 15 20 25 30

1 | 1 >

o
-

Average hydraulic retention time (HRT), in days

Figure 3.6 Biogas production after addition of substrate —batch test (LfU 2007)

HRT = how long the "feed"
stays in the biodigester
before it gets flushed out

The longer the HRT, the
more biogas you produce



Hydraulic Retention Time (HRT)

A Accumulated biogas yield (m¥kg)

HRT = how long the "feed"
stays in the biodigester
before it gets flushed out

The longer the HRT, the

Gas production rate or biogas vield

Specific gas production rate (m¥m3*d) more biogas you produce
“ unw .‘
| | | | | & | LY P
0 : 10 15 20 25 =30 -
. 4

Average hydraulic retention time (HRT), in days U \
HRT ~ 30-60 days is typical
Figure 3.6 Biogas production after addition of substrate —batch test (LfU 2007) . y_ ypical,
depending on climate & feed type

HRT = 45 days for food scraps in MA



Loading Rate (LR): How much feed per day?

Cover

LR ‘ Substrate inlet

~
\

Biogas slorage Digestate outiet

Inlet structure Outlet structure




Loading Rate (LR): How much feed per day?

Cover

Biogas slorage Digestate outiet

,ﬁ‘tnnn‘nA/¢ A A AN ) AANANANN
R A A AR A AR SRR 40020400
[

How much should you feed a 55 gal biodigester with a 45 day HRT?...



Loading Rate (LR): How much feed per day?

How much should you feed a 55 gal biodigester with a 45 day HRT?...

e The retention time (RT) for digesters that are fed food scraps is a
45 days.

e Substrate input is a 50:50 mixture of food to water and is measured
in volume.



Sizing a biodigester

What size of a biodigester do you need if you can supply 10 gallons of
food scraps per day?



Biogas production

One cubic meter of gas (1,000 liters) can

Cook 3 meals for a family of 5-6
Run a 1 horse power motor for 2 hours
llluminate a 60 to 100 watt bulb for 13 hours

Generate 1.25 KW of electricity.



Biogas production

Traditional biodigesters used mainly animal dung.... Very inefficient!
40kg dung + 40 days -> 1kg biogas (Energy ~ 1 L gasoline)

https://www.youtube.com/watch?v=sg-gNVhxZmO]

BUT... 1kgsugar + 1 day -> 1 kg biogas!

1 kg dung will produce 0.04 m3 of biogas.
Hence, 1/0.04 = 25 kgs is required to produce 1 m3 of Biogas.
In terms of energy, one cubic meter of biogas is equivalent to

*1,5 m? of LPG (propane/butane);

«0,61 to 0,70 liters (0,00061m?3 to 0,00070m?) of gasolineg;
«0,55 liters (0,00055m?3) of diesel oil;

«0,80 liters (0,00080m?3) of ethanol;

1,25 a 1,43 kWh of electric energy;

1,60 a 3,50 kg of firewood


https://www.youtube.com/watch?v=sq-qNVhxZm0

Biogas production

Flexibiogas (Dominic Wanjihia; Biogas International)

1 day to install; 1 week at full production

Tube about 4m long, covered in “greenhouse” tent

1:1 20kg cow manure with water, every day

Makes 700-1,000 L biogas (0.7-1m3); enough cooking for family of 4-6 members
Can also run generators

10 year lifetime

https://www.facebook.com/watch/?v=263139327992475
https://www.youtube.com/watch?v=hYHfmqgltDb8

10,000 Kes (Kenyan shillings) = US $88
These systems cost around $350-600



https://www.facebook.com/watch/?v=263139327992475
https://www.youtube.com/watch?v=hYHfmgltDb8

Anaerobic digesters: Medium-scale

e Use cow manure & food
waste

e Run a 300kW electrical
power generator

Barstow Dairy Farm, Hadley, MA



Anaerobic digesters: Large-scale

Thermal Hydrolysis

Thermal Hydrolysis is a process that treats and prepares the sewage solids as

a sterile food source (carbon) for the microbes in the digesters, whose job it is
to convert the carbon to methane. A high-heat, high-pressure process followed
by a sudden pressure drop causes the cell walls of the organic matter to burst,
making the food very available for the microbes in the digesters.

Combustion ;

Turbines < il -

Three 5 Megawatt (MW) N g @ Anaerobic Digesters
turbines onsite convert N Four digesters onsite (3.8 million
digester gas into power, Vs .gallons each) contain denste
producing enough power to populations of archaea and bacteria
run one third of Blue Plains, the that convert the food source into gas.
largest advanced wastewater As a result of the hydrolysis process,
treatment plant in the world. In addition, the digesters can convert more of the
heat is recovered and converted to steam, §°|'d5 into gas, making the process
which is used to heat the thermal hydrolysis hlghly efﬂc.:ent. Gas collected in the
process, so that there is no external energy digesters is cleaned an'cl sent t9 the
needed for the project. combustion turbines.

==
—
—
7
4

Blue Plains Advanced Wastewater Treatment Plant, Washington DC

* Processes 300 million

gallons of wastewater
daily

e Runs a 5MW electrical
power generator

e Cost around S1 billion™
to install (2011-2015)

*0.02% of federal budget
(nondefense discretionary spending)



https://en.wikipedia.org/wiki/United_States_federal_budget

