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Chapter 1:
Biochar as carbon storage



e FKixed Carbon vs. Volatile carbon

e Reverse-Coal Mining




What is Biochar? Fixed Carbon vs. Volatile Carbon

e Fixed Carbon vs

volatile carbon Woody biomass breaks down into two major fractions:
e Fixed carbon, which remains as charcoal
e  Volatile carbon, which comes off as smoke (tar gases)

~ 80% of the mass of woody biomass
consists of volatiles, 20% of the mass
remains as fixed carbon, between the two,
there is roughly 1% ash.

Temperature and Yield Profile for Biomass Pyrolysis

N R L Roughly 50% of the earbon is in each
el AR fraction.

Percent of Initial Weight Remaining
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,‘,_"‘!’.‘ H ERRR HAE T The fixed carbon fraction is taken out of the
//!/ R R L T e el carbon cycle as biochar, but the volatile
T E— fraction is necessarily burned.
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Figure 5-2. A Typical Dynamic TGA Result Obialned with Flax Shives and Showing Moisture,
Volatile Matter, Char,and Ash Content .
Source: T. Milne 1979




What is Biochar? Fixed Carbon vs. Volatile Carbon

e Fixed Carbon vs .
BN 50% of the carbon embodied as fixed carbon gets taken out of

® Reverse coal mining the carbon cycle as biochar, but the volatile fraction is burned
to provide heat for pyrolysis.

e Since the volatile carbon came from the atmosphere to
begin with, and since biomass would normally decay
back into COQ, the emissions are carbon neutral in the

time frame of decay.

e DBut the fraction that is removed from the carbon cycle
makes this process net carbon negative.




What is Biochar? Reverse Coal Mining

e Fixed Carbon vs . g g
The trajectory of carbon in biochar amounts to:

volatile carbon

e Reverse coal mining

e C(Capturing carbon out of the air with plants
e Making black carbon out of the plant biomass
o Optionally generating electricity and useful heat

e DBurying it in the ground

This is essentially reverse coal mining.
Biochar sequesters carbon, not carbon dioxide.

e 1 ton of carbon is equivalent to 3.7 tons of carbon
dioxide. Most of the mass of CO, comes from the oxygen.

e Sequestered CO, takes two oxygen atoms per carbon
with it, but C does not.




It is permanent
It is precise

It is productive

It is practical




Advantages of biochar Permanence Of BiOChar

for carbon storage

Biochar will never decompose to CO, if it is exposed to temperatures high enough to transform its

i ?S 1 erm,(""e"t microstructure into a form that is indigestible to microbes. Microbial enzymes can’t break down
. e graphitic carbon.
It is productive

It is practical

Aromatic and Heteroaromatic Carbon
e Closed-ring molecules

e Lower H/Corg and O/Corg ratio

e Incresed persistence

bit.ly/PermanentBiochar

Aliphatic Carbon

<" Open-chain molecules Polycyclic Aromatic Carbon

e Fused closed-ring molecules
e Very low H/Corg and O/Corg ratio
« >7 fused rings are highly stable

* High H/Corg and O/Corg ratio
* Prone to decay

Low Persistence High Persistence

Figure 1: Schematic representation of different molecular forms of carbon in biochar.




e Published works on the permanence of biochar

for carbon storage

It is permanent
1000 ] Semi-persistent carbon (SPC) pool

25% of total pyrogenic carbon, MRT = 50 years

Complete decomposition after 350 years

It is pre
It is productive

PAC Polyaromatic carbon (PAC) pool of 75%
Highly stable > 1000 years

0 100 200 300 500 1000
years since soil application

It is practical

500

Pyrogenic Carbon (metric tons)

bit.ly/PermanentBiochar

Fig. 2: Sequestration curve of a 1000 tons carbon sink made from soil-applied biochar with an H:C ratio below 0.4. The
persistent aromatic carbon (PAC) pool presents 750 t carbon that will remain over more than 1000 years in the terrestrial
system. The semi-persistent carbon (SPC) pool has a minimum MRT of 50 years and was modeled on a bi-modal
exponential decay function. The complete SPC decay occurs over 350 years. Thus, the total carbon sink decreases to 87.5%
after 50 years and reaches the stable PAC plateau of 75.0% of total pyrogenic carbon after 350 years. The decay function is
[Total PyC)l _((x)=a*e/(-kf*x) )+b*e/(-ks*x) )+P
with a = 45.423, kf = 0.513, b = 212.007, ks = 0.009448, P = 742.5 nd x = year after soil application. The decay curve of the
semi-persistent carbon pool is an approximation covering multiple discrete (physical) degradation events rather than a
continually harmonious decomposition.




Advantages of biochar

for carbon storage

It is permanent
It is precise
It is productive

It is practical

Precision of Biochar Carbon Accounting

Biochar affords a measure of precision and confidence to carbon
accounting that is difficult if not impossible for other methods of carbon
storage:

e Biochar can be lab tested to determine its precise carbon percentage
e Biochar can be weighed to calculate the precise carbon content
e Biochar can be traded like a commodity

In contrast, accounting for carbon drawdown in living forests, rangelands,
and in enhanced weathering schemes is difficult and imprecise.

For the purposes of carbon markets, the precision afforded by biochar is a
huge advantage.



Advantages of biochar

for carbon storage

It is permanent
It is precise
It is productive

It is practical

Productivity of Biochar Carbon

Other modes of carbon storage are not productive; they passively store
carbon. In contrast, the carbon in biochar is productive:

Biochar can radically enhance plant productivity.
Biochar can trigger forces of nature that store additional carbon
without requiring additional human input.

e Biochar can be co-produced with electricity and heat

Biochar used in agriculture is carbon sequestration that can yield a return
on investment. Biochar can carry out long term carbon storage right now,
without any contingencies on yet undiscovered scientific breakthroughs.

Capturing carbon out of the atmosphere is tough due to the concentration
of CO, being about 0.039%, but plants already do it for free. We just have
to keep the CO, from coming back out.



Chapter 2:
Negative Priming



And why do we want it?

What is Negative Priming (NP)?
The ‘Five Spheres’

NP and the Keeling Curve
Historic Negative Priming

Negative Priming with BC, Compost
Negative Priming with Co-composted
biochar




Negative Priming

What is negative priming
(NP)?

The ‘five spheres’

NP and the Keeling curve
Historic NP

NP with biochar, compost
NP with co-composted

biochar

What is negative priming?

Negative priming is a phenomenon where the addition of carbon
to soil triggers the soil to store more and more carbon without
additional intervention. Think of it as a deposit of carbon that
earns interest.

e The negative in negative priming comes from ‘carbon
negative’—taking carbon out of the atmosphere.

e The priming in negative priming means a stimulus or an initial
action, like priming a pump with the liquid to be pumped.

The priming effect in soil describes the loss of stable carbon from
soil after fresh organic matter is added. Negative priming
describes the opposite.



Negative Priming What is negative priming?

What is negative priming
(NP)?

The ‘five spheres’

NP and the Keeling curve
Historic NP

NP with biochar, compost

Negative priming is largely due to stabilized microbial organic matter.

New soil
humus level

NP with co-composted

biochar

Microbial |biomass

Amount of organic
substance in the soil

~4—- Priming effect — Old soil
bit.ly/microbialCsequestration humus level
Soil humus
Fresh > C from residues
residues Time decomposed or
added stabilized

A schematic illustration of the changes in soil carbon fractions when new forest residues are added, taken from
Figure 12.5 from the Soil Organic Matter chapter of The Nature and Properties of Soils, 15th ed. The priming
effect is called out in this figure, but negative priming is not labeled in the original graphic. Negative priming is the
subsequent increase in soil humus levels following the reduction in microbial biomass.




Negative Priming

What is negative priming
(NP)?

The ‘five spheres’

NP and the Keeling curve
Historic NP

NP with biochar, compost
NP with co-composted

biochar

The ‘five spheres’

Carbon can reside in one of five ‘spheres’

the atmosphere — air

the hydrosphere — rivers, lakes, and oceans
the biosphere — living organisms

the lithosphere — rocks and minerals

the pedosphere —soils

S

Soil is a mixture of air, water, living organisms, minerals, and the
necromass of organism—soil organic matter.

To fight climate change, we want to get carbon out of the
atmosphere into the other ‘spheres’. The pedosphere is the only
sphere where negative priming occurs.



Negative Priming Negative priming and the Keeling curve

The Keeling Curve is the name of the graph that first showed the alarming rise of CO, in the
atmosphere. This curve has a saw-tooth shape that is due to seasonal plant growth and
e NP and the Keeling curve decay. Plant growth can sharply draw down atmospheric CO,; decay can sharply increase it.
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Negative Priming

What is negative priming
(NP)?

The ‘five spheres’

NP and the Keeling curve
Historic NP

NP with biochar, compost
NP with co-composted

biochar

bit.ly/PerspectiveOnTerraPreta

Historic negative priming

The most compelling historic example of negative priming is the phenomenon of

Terra Preta reproducing itself.

Terra Preta is amazonian dark earth,
an ancient biochar soil famous for
being permanently fertile, with yields
double to triple the yields of the
weathered tropical soils around it.



Negative Priming Historic negative priming

What is negative priming 5 c .
(NP)? Terra preta reproduces itself (minus the charcoal content) from forest litter

The ‘five spheres’ landing on it, like sourdough starter to which fresh flour is added. It so reliably
NP and the Keeling curve . . . 5 c .
Historic NP reproduces itself that locals actually mine it and sell it as compost, leaving it

NP with biochar, compost time to grow back..

NP with co-composted

biochar

bit.ly/PerspectiveOnTerraPreta

Terra preta being
mined. From the 2011
BBC Documentary on
terra preta titled “The
Secret Of Eldorado”




Negative Priming Negative priming with biochar and compost

What is negative priming Biochar has been confirmed to trigger negative priming, enough to compensate for
(NP)? - c - : g g c
the carbon released from burning the volatile carbon in biomass during its production.

The ‘five spheres’

NP and the Keeling curve

Historic NP

NP with biochar, compost | Gkl Chone By Biownergy o
BIOPRODUCTS FOR A SUSTAINABLE BIOECONOMY . ' G R O U N D

biochar ORIGINAL RESEARCH = @& OpenAccess @ (®

Soil carbon increased by twice the amount of biochar
carbon applied after 6 years: Field evidence of negative
priming

NP with co-composted

Humberto Blanco-Canqui iy David A. Laird, Emily A. Heaton, Samuel Rathke, .JOSH TIC
Bharat Sharma Acharya

bit.ly/4dcFDcK

First published: 21 December 2019 | https://doi.org/10.1111/gcbb.12665 | Citations: 61

John Wick of the Marin Carbon Project has confirmed that scattering compost on
range land can trigger negative priming. After a single application of compost to
range land, he has observed soil carbon increasing for 15 years. This was reproduced
in a second study in a different climate with a different soil type. Featured in the
book Kiss the Ground.

See https://marincarbonproject.org/ for more information



https://marincarbonproject.org/

Negative Priming Negative priming with co-composted biochar

e What is negative priming
(NP)?
The ‘five spheres’ Bacteria and fungi cannot do this; they only transform plant-derived carbon

NP and the Keeling curve

Historic NP into more stable forms.

In terrestrial ecosystems, plants are the only organisms that fix carbon.

NP with biochar, compost

gigh co-composted Over the lifetime of a plant, approximately 70-75% of the carbohydrates

produced by the plant are put into the soil as root exudates. A portion of these
exudates are metabolized, but a portion contributes to microbial biomass which
then results in microbial necromass, which makes up much of the stable soil
carbon.

Co-composted biochar can radically increase both the plant drawdown and
reduce the decomposition of carbon to CO,,.




Chapter 3:
Co-composting: the force
multiplier



Why co-composting is a universal best practice

What biochar does to compost

What compost does to biochar (BC)
BC abates N20 and methane emissions
Co-composted BC and plant fertility

Co-composed BC and negative priming




Co-Composting What biochar does to compost

What BC does to compost
What compost does to BC
Biochar abates N:() & CHI hlgher Compostlng temperatureS.
Co-composted BC and plant
fertility

e (Co-composed BC and

Biochar’s primary effects on compost accelerated decomposition and much

negative priming




Co-Composting What compost does to biochar

What BC does to compost

What compost does to BC Composting coats biochar with a spongy coating that is responsible for

Biochar abates N,0 & CH, retaining moisture and for all of the nutrient retention and exchange.

Co-composted BC and plant

fertility .
. Fig. 5

Co-composed BC and

oative priming " i y . ’ § 4 5 : p By
negative priming From: Organic coating on biochar explains its nutrient retention and stimulation of soil fertility

bit.ly/BCnutrex

This coating appears to play a role in the negative priming observed in

co-composted biochar.




Co-Composting Biochar abates NQO and methane emissions

What BC does to compost

Electrically conductive

What compost does to BC scientific reports
Biochar abates N,O & CH, biochar mdically abates
(71',)_',0”11)“‘\,[Nl BC and [)l;llll Explore content v About the journal v Publish withus v L.
fertility - | | N,O and methane emlss.lons
(,‘l')—t"t)ll][)(mt'(] BC and nature > scientific reports > articles > article from COHIpOSt, and Contlnues
111‘}_’jilti\'(‘ ])I‘illlillu‘ Article | Open access \ Published: 25 April 2013 tO abate N20 il’l SOﬂ.

Biochar and denitrification in soils: when, how much and Emissions abatements of

. . s ”
why does biochar reduce N,O emissions? Tt Nzo ot e R

Maria Luz Cayuela, Miguel Angel Sdnchez-Monedero, Asuncién Roig, Kelly Hanley, Akio Enders &

been observed to be over
Johannes Lehmann

bit.ly/BCvsN20 90%.
Scientific Reports 3, Article number: 1732 (2013) | Cite this article

23k Accesses | 486 Citations | 19 Altmetric l Metrics

Abstract

Agricultural soils represent the main source of anthropogenic N,O emissions. Recently,
interactions of black carbon with the nitrogen cycle have been recognized and the use of
biochar is being investigated as a means to reduce N,O emissions. However, the mechanisms

of reduction remain unclear. Here we demonstrate the significant impact of biochar on

denitrification, with |a consistent decrease in N2O emissions by 10-90% in 14 different

agricultural soils. Using the 1°N gas-flux method we observed a consistent reduction of the




Co-Composting Co-composted biochar and plant fertility

e What BC does to compost . . o o 5 o_g
e What compost does to BC Co-composted biochar enables high levels of plant productivity with minimal
* Biochar abates N,0 & CH, fertilizer due to radically enhanced ionic nutrient retention and exchange (CEC
e (Co-composted BC and plant

fertility and AEC)

e (Co-composed BC and
negative priming

Plain compost 2 ' &= /i Y Co-composted

AR DS \ m _ ' Y7 biochar




Co-Composting

What BC does to compost
What compost does to BC
Biochar abates l\'z() & CH1
Co-composted BC and plant
fertility

e (Co-composed BC and

negative priming

Co-composted biochar and plant fertility

Co-composted biochar enables high levels of plant productivity with minimal
fertilizer due to radically enhanced ionic nutrient retention and exchange (CEC

Co-composted
biochar



Co-Composting Co-composted biochar and plant fertility

e What BC does to compost . . o o 5 o_g
e What compost does to BC Co-composted biochar enables high levels of plant productivity with minimal
e Biochar abates N,0 & CH, fertilizer due to radically enhanced ionic nutrient retention and exchange (CEC
e (Co-composted BC and plant

fertility and AEC)
e (Co-composed BC and

negative priming

Plain compost

. BN o




Co-Composting

What BC does to compost
What compost does to BC
Biochar abates N,0 & CH,
Co-composted BC and plant
fertility

o (Co-composed BC and

negative priming

Co-composted biochar and negative priming

Co-composed biochar enhances negative priming at several levels:
Adding biochar (black carbon) appears to bias compost to make stable solids rather than CO,
Boosting plant productivity boosts root exudates (green carbon), which feeds the soil biome
Co-composted biochar stimulates soil (and therefore carbon stabilization) by fungi (white carbon).




Chapter 4:
What gasification does for
biochar



The five processes of gasification

Reduction reactions
Four consequences

Unexpected and unforeseen benefits The gasification trifecta




What gasification does
for biochar

The five processes
Reduction reactions
Four consequences

The gasification trifecta

Gasification-based Biochar Process

The Five Processes of Gasification
ALL Power Labs

www.ALLPowerLabs.com

BIOMASS
1. DRYING o )
< driving off water with heat M 100-150°C

H,0 DRY BIOMASS

2. PYROLYSIS S
heating without air to make charcoal

200-500°C

CHARCOAL

H,0 +CO,, HOT REACTIVE
CRACKED TAR CHARCOAL

- 5.REDUCTION

. converting charcoal to flammable gas

~ 2 H;0+C€—H, + CO
COEC =22CO
PRODUCER GAS BIOCHAR
H, and CO small pieces of charcoal

with szrom combustion air, ,"'
residual HZO, COZ, and uncracked tars.

* tar cracking is the breakdown of tar into H2, CO, and other flammable gases by exposure to high temperatures.



What gasification does The redUCtion I’eaCthnS

for biochar

(We mean reduction as in the opposite of oxidation.)

The Reduction Reactions
The Heart of Gasification

ALL Power Labs

www.allpowerlabs.com

o The reduction reactions

INPUT OUTPUT

COMBUSTION GASES
{Carbon Dioxide +

RED HOT CHARCOAL CARBON MONOXIDE +

Water Vapor) (Carbon) HYDROGEN




Wi The four consequences of gasification on BC

for biochar

Making biochar via gasification has four major consequences:
1. Conductivity

e The four consequences 2. Recalcitrance
3. Cleanliness
4

. Activation




What gasification does COHdUCthIty IS Critlcal

for biochar

nature communications

The five processes

Reduction reactions Explore content v About the journal v  Publish with us v

The four consequences
nature > nature communications > articles > article

The gasification trifecta
Article | Open access | Published: 31 March 2017

Rapid electron transfer by the carbon matrix in natural
pyrogenic carbon

Tianran Sun E, Barnaby D. A. Levin, Juan J. L. Guzman, Akio Enders, David A. Muller, Largus T.

Angenent & Johannes Lehmann

Nature Communications 8, Article number: 14873 (2017) | Cite this article

bit.ly/conductiveBC 15k Accesses | 385 Citations | 51 Altmetric | Metrics

Abstract

Surface functional groups constitute major electroactive components in pyrogenic carbon.
However, the electrochemical properties of pyrogenic carbon matrices and the kinetic
preference of functional groups or carbon matrices for electron transfer remain unknown.
Here we show that environmentally relevant pyrogenic carbon with average H/C and O/C
ratios of less than 0.35 and 0.09 can directly transfer electrons more than three times faster

than the charging and discharging cycles of surface functional groups and havea1.5V




Wi Cracking and char cleanliness

for biochar

Environment International

['he five processes
Volume 121, Part 1, December 2018, Pages 169-177

Analysis Results for 490130

Reduction reactions

Lab ID: 490130-002 Collected: 08/03/23
T e fOllI’ cons lllences |PP30V3.0 PROTO 1 PISTACHIO SHELL Matrix: Miscell.
The gasification trifecta App]lcatlon of biochar to soils may result in oot o o _uws __A._or_own s anehies v
. . . Prep Method: EPA 3546 go—
plant contamination and human cancer risk : N T M .
2. ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
. . ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 W
due to exposure of polycyc]lc aromatic ND | vy 4700 $70 sauoss oshum carves T
ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
Fluorene ND ug/Kg 4700 470 320092 08/10/23 08/11/23 TIW
hydrocarbons ND ug/Kg 4700 470 320092 08/10/23  08/11/23 W
Anthracene ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 W
ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
Jian wang_(]' @g&b’ Michﬂel Gatheru qugi_cl' Yanzheng Gao a g = 3 Pyrene ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
Emmanuel Stephen Odinga ¢ Wanting Ling % Juan Liu @ Chrysene ND ug/Kg 4700 470 320092 08/10/23 _ 08/11/23 TIW
ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
Show more v ND ugiKg 4700 470 320092  08/10/23 08/11/23 TIW
Indeno(1,2,3-cd)pyrene ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
. . . Dibenz(a. ND ug/Kg 4,700 470 320092 08/10/23 08/11/23 TIW
b|t|y/PAHS|nBC + Addto Mendeley <« Share 33 Cite Benzo(g,h,)perylene ND ugiKg 4700 470 320092 0810223 08/11/23 TIW
Limits
https://doi.org/10.1016/j.envint.2018.09.010 A Get rights and content 71 Nitrobenzene-d5 _ 58% %REC  27-125 470 320092  08/10223  08/11/23 Tow
2-Fluorobipheny! 62% %REC 30-120 470 320092 08/10/23 08/11/23 TIW
Terphenyl-d14 36% %REC 33-155 470 320092 08/10/23 08/11/23 TIW

Under a Creative Commons license ® open access

ND NotDetected

Highlights

« The PAH concentrations in biochars were 638-12,347 ug/kg depending on
production parameters.

* Root exudates of vegetables enhanced the PAH release from biochars.




wnesieionies  Reduction and activation

for biochar

Reduction reactions perforate the char; reduction reactions are what ‘activate’

The five processes

Reduction reactions activated C&PbOH.

The four consequences
The gasification trifecta

AccV  Spot Magn Det WD { 500 nm
3.00 kV 3.0 50000x TLD 4.0

Without reduction With reduction




What gasification does The g‘aSiﬁcatiOﬂ trifeCta

for biochar

Biochar made through gasification is what enables “reverse coal mining”.
The gasification-based biochar trifecta is as follows:

e The gasification trifecta

e On-demand renewable energy
e Regenerative agriculture

e C(Carbon sequestration with benefits
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