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Biological Process
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Natural and Engineered Process

- gL -
— - Ml W, "-".

Natural Systems: Swamp; Manure Lagoon Engineered Systems: Mixed-plug flow;

AMERICAN Complete-Mix; Covered Lagoon
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Anaerobic Digestion: 4-Step Process

Methane
(Acetate Eating)

Macro-molecules Monomers Volatile Fatty Acids

I\/Iethane
(Hydrogen Eating)

;»-—’ﬁ

° Hydrolysis a Acidogenesis a Acetogenesis ° Methanogenesis
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(Carbs, Fats, Proteins) (Sugars, AA, FA) (1-5 carbons)




Hydrolysis

F

Methane

(Acetate Eating)
Methane
(Hydrogen Eating)
Q J

Macro-molecules Monomers Volatile Fatty Acids

(Carbs, Fats, Proteins) (Sugars, AA, FA) (1-5 carbons)

* Liquify basic food groups into smaller monomers
* Uses suite of extracellular enzymes excreted by bacteria

* Relatively fast step; except with lignocellulosic material (then difficult)
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Acidogenesis

Q. f—’ﬂ

\WISENTE
Macro-molecules Monomers Volatile Fatty Acids (Acetate Eating)

(Carbs, Fats, Proteins) (Sugars, AA, FA) (1-5 carbons) Methane
(Hydrogen Eating)

;»—’

* Convert monomers to VFA with hydrogen and carbon dioxide as waste
* Bacterial intracellular conversion

* Relatively fast step

AMERICAN * Also produce hydrogen sulfide (H,S) and ammonia (NH
OGS p ydrog (H,S) (NH,)
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Acetogenesis

F

Macro-molecules Monomers Volatile Fatty Acids

Methane

(Acetate Eating)
Methane
(Hydrogen Eating)
Q J

e Convert VFA to a particular form—acetic acid
* Bacterial intracellular conversion
* Relatively fast step

(Carbs, Fats, Proteins) (Sugars, AA, FA) (1-5 carbons)
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Methanogenesis

F ﬂ
Methane
(AcetateEating)

Macro-molecules
(Carbs, Fats, Proteins)

Monomers Volatile Fatty Acids

(Sugars, AA, FA) (1-5 carbons)

Methane
(Hydrogen Eating)
Q J

* Acetate-eating methanogens (¥75%) eat acetate
* Hydrogen-eating methanogens (~¥25%) eat H, and CO,
* Slow growing, most sensitive step; hate presence of oxygen

AMERICAN  « Not bacteria—older, called archae
BIOGAS

COUNCIL




Synergistic Community

All of the micro-organisms in the 4-step process work together synergistically—making and
removing feeds/wastes to maintain stable environment for all to thrive
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Figure: FISH Image (a) bacteria; (b) Figure: Methahosarcina (a) confocal on

archae; (c) both and (d) sludge visual dairy fiber; (b) blow-up; (c) SEM; (d)
AMERICAN blow-up
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Chemistry and Chemistry Terms
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Total Solids/Volatile Solids

* Total Solids (TS)—Weight of dry solids in

slurry, reported as % or g/L. s 9% L:‘“/’\l
» Settleable Solids S <r'

e Suspended Solids
* Dissolved Solids

* Volatile Solids (VS)—Weight of combustible l |
solids (~organic solids) in slurry, reported as % i mlm

of TS or g/L.
* Fraction of TS that is approximately Vo

Milliliters per Liter* in Imhoff Cone
or Milligrams per Liter by Weight

B

. < the same as
organic and can be used as feed to st

organisms to produce biogas

AMERICAN
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Column: Water; Solids (Dissolved,
Suspended, and Settleable)
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Biological and Chemical Oxygen Demand

 While AD typically uses VS as measurement of ,. _
. Measures biodegradable Measures biodegradable
Organlc Content; can aISO use Other common organics and non biodegradable
ones including BOD, COD. S

Uses oxadizing Uses a strong chemical
MICroorganism agent
Affected by toxic substance  Not affected

* Biological Oxygen Demand (BOD)—amount of | S
. . . . Alffected by temperature Not altected
food or organic carbon that biological organisms B 9 hrs

can OX|d ize. Accuracy + 10% Accuracy + 2%
. (Metcall and Eddy, 2003)
* Total, 5-day, Soluble forms—measured in g/L
Table 1
Physical and biochemical characteristics of the mono-digestion samples.
° ch e m ical Oxyge n De m a n d (CO D) — I S tota I }!’:’Iﬂ::u:];:;g::;tsion samples BOD (g/kg) COD (g/kg) TS (glkg) VS (glkg) BOD/COD VS[TS VS/COD
Raw dairy manure 458 1289 1240 102.1 036 0.82 0.79

Weight Of Chem ica IS that Ca n be Oxid ized Manure separated liquid 332 71.0 575 405 047 071 057

Food residues

. Cheese whey 649 1283 714 598 053 0.84 0,53
® TOta I 0 r SO I u b I e fo rm S —M e a S u r‘e d N g/l_ Plain pasta 188.7 934.3 4226 4077 020 097 0.44
Meat pasta 2058 562.8 3818 3406 037 0.89 0,61
Used vegetable oil ND 2880.0 9910 988.8 ND 1.00 034
Ice cream ND 266.8 1138 109.1 ND 0.96 0.41
Fresh dog food ND 5304 1322 1256 ND 095 0.24

Cola beverage ND 1215 936 88.7 ND 095 0.73
AMER|CAN Cabbage, raw ND 90.9 78.6 720 ND 092 0.79
BIOG As Potatoes, raw 535 261.8 1774 1635 020 092 0.63
COUNCIL 12




Acids/Bases/pH

* pH scale is 0-14, with acids on the low end, bases on
the high end of 7, which is neutral.

 The scale is a log-scale so difference between a single
number is actually 10x.

* Always equilibrium of acid group (H*) and base group
(OH")—acids have higher amount of H*, less OH" and

vice versa.

* Biological organisms in GENERAL, content in pH range
of 6-8—higher or lower, and you risk viability/death.
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Volatile Fatty Acids (VFA)

* Acids come in many forms, but acids formed in AD are
small-sized organic acids (1-7 carbons; especially 2
carbons) that are relatively weak on the pH scale and

evaporate readily (hence they smell).
Produced
* Rate at which they form, amount that accumulates, and

the ratio of each impacts the anaerobic digestion process
H 0 H H 0 H H H uvunonmsunnr Ll tmnsulrmc ummmu
o/ H (I: (IJ cé H- tll C C C +
poc]net] OTHERS
H 0-H H H 0-H H H H
Acetic acid Propionic acid Butyric acid
Vinegar Sour/Acid Vomit

ACETALDEHYDE ACETIC ACID
Pruty, punge o, inegary

o 8 Crestive Commors Attributon-anCommeroal. NoDerivatiees kicence.
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Buffers/Alkalinity

* If you add a base to an acid, the high pH of
the base starts to neutralize the low pH of
the acid. The curve is an important one!
The pH will slightly change until you get to
what is called the equivalency point, and
then suddenly pH changes rapidly.

* pH can be a delayed indicator, being too
late to tell you, there is a problem

* When a buffer system or alkalinity is
present, this curve changes. As the buffer
gets stronger, the time where pH holds
roughly constant before equivalency points
increases, to the point of not even getting
to the point.
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Hydraulic and Solids Retention Times

e Hydraulic Retention Time (HRT) is the time liguid or mixed-liquor stays within the vessel.

* Solids Retention Time (SRT) is the time solids/bacteria stay within the vessel

Biogas
* SRT and HRT are not always equal Weir
= | 3 phase

separator

Settler Effluent

Gas cap

Baffles
Gas

bubble

Sludge
granule

Influent

Complete-Mix (HRT = SRT) UASB (HRT # SRT) |

AMERICAN
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Organic Loading Rate (OLR)

e Organic Loading Rate (OLR) is a ratio of
how much VS you feed divided by the HRT
of the digester vessel.

* Measured in g VS/L/day

* Feed a lot of VS into a small digester
with low HRT and you have a high OLR
* j.e. small child stomach eating
multiple big-macs

* Don’t want to be > 4-5 for typical
mesophilic slurry digesters

AMERICAN
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SMY (M kg VS), VME (m m - cigester day -}

2.0 - ) - 800
Mesophilic ,.-"""_
g 500
154 el
i o - 400
\ o
r
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\ llr.ll""
L = 2040
-
0.5 - A
e e——— 100
. - o
0.0 . . . 0
0 2 4 6 B

CLA (kg V5 m “day ')

SMY ====s VMP = = HRAT
(b) Substrate VS 250g1-

As OLR increase of HRT decrease, will exceed ability to
properly operate and gas production decreases
(< 4-5 g VS/L/day or < 15 days slurry)
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VA/AIk Ratio

* Indicates the progress of digestion, its stability, and is used for process
control.

* The results of the volatile acids and alkalinity tests are expressed as a
ratio. Example:
* Volatile acids =300 mg/I
* Alkalinity = 2,000 mg/I
* VA/Alk =300/ 2,000 =0.15
e The range of VA/Alk ratio is 0.1 to 0.35, 0.1 to 0.25 is ideal.
* VA/Alk ratio of 0.5 indicates a sour digester
* Parameters must be sampled and tested daily at start-up, no less than
a minimum of three times per week during stable operation.

* |f unstable conditions are beginning to occur, or are present
(trending above 0.25), test daily.

AMERICAN
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What is the proper ratio of volatile acids to alkalinity?

1. ldeally, the VA/ALK ratio should range between 0.1 and 0.25, once it
goes beyond 0.25 the operator is cautioned to back off on the feed
and monitor very closely.

1. Within this range, the digester is considered healthy with good
digestion taking place.

2. When the ratio begins to change, it is an indication of a potential
digester upset. Trending towards 0.35 is entering the danger zone.
A ratio of 0.5 indicates a sour digester.

AMERICAN
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@

VA/Alk Ratio

0.1 -0.25 green light
0.25+

0.35 + red warning danger light

0.5 FLASHING RED LIGHT!
SOUR DIGESTER !
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Since the VA/ALK ratio is the first indicator of potential
digester upset, what are some other signs which follow?

1. The process of sludge digestion generates methane and carbon
dioxide gas and other trace gases.

2. Under normal circumstances, the production of methane
represents 65 to 70 percent of the digester gas; carbon dioxide
being 30 percent and the remaining 1 or 2 percent various trace
gases.

3. Since an increase in the VA/ALK ratio is the first sign of digester
trouble, an increase in this ratio will ultimately lead to an
increase in carbon dioxide and a decrease in methane.

AMERICAN
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Since the VA/ALK ratio is the first indicator of potential
digester upset, what are some other signs which follow?

4. Methane production will represent less than 65 percent
of the contents of the digester gas and carbon dioxide
will exceed 30 percent.

5. Finally, the pH of the digester sludge will begin to drop.

6. Temperature also affects the work of the methane
bacteria.

AMERICAN
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Since the VA/ALK ratio is the first indicator of potential
digester upset, what are some other signs which follow?

7. The best temperature range for the digester contents
should be between 93° - 100°F and variations in
temperature should not exceed 1°F per day.

8. In general, the detention time needed to obtain
complete digestion decreases with increasing
temperature since organism activity increases as
temperature increases.

AMERICAN
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Ideal Gas Law describes the

relationship between

pressure, volume, amount of

gas, and temperature.

e (Can explain much of nature
and world around us,
including AD

Qesauce (@) o 'WW i Tempe catuce

Moles (X
\\/0 UW&‘B g’“”f“ {f’”‘ﬁN

0.083) 2 i)
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Gases

Operating cycle of the 4-stroke spark-ignition engine

Stroke 1: Induction  Stroke 2: Compression  Stroke 3: Combustion ~ Stroke 4: Exhaust

UMMOO1T1E

Example: AD/Car Engine

24




Gas Solubility and Henry’s Gas Laws describe the
extent to which gases can dissolve in solution
AND how there is a dynamic equilibrium between
gases being dissolved in solution and not (free)
which is in-part controlled by P, T, and pH.

 AD has numerous gases in headspace.

* Some dissolve well (CO,, NH;), others not
Dynamic equilibrium between free form in
headspace and dissolved in the liquid

* Can impact biological process, pH, buffers, etc.

@
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Gases—Continued

\

’ 1

carbon J

| monoxide J

y Y )
L _ - . -
methane h

oxygen

nitrogen

helium 4

SSSSSSS

Scda pop's carbonated water has the carbon dioxide forced
into the solution under pressure. When the can is opened

-

| ™ . :’;
- |
R 4 F.9 a8
) ‘ ?TQ |
‘ aley.9
T. | 19 louo !
90 '

) L 519}
ST |

Yaov o o

Can

25



AMERICAN

BIOGAS
COUNCIL

Anaerobic Digestion
Tests

26



Solids Analysis (TS, VS, FS)

A common analysis done on-site at AD facilities is
determination of solids content.

Weighing dish and scale as
well as oven for drying (TS)
and muffle furnace for
Ignition (VS)

* Tare Weighing—empty sample dish is weighed and
recorded using the analytical scale.

* Determination of TS—Sample placed in dish and
weighed again, then put in oven for drying and then
reweighed. Calculate.

* Determination of VS/FS—TS sample placed in
furnace for ignition, then reweighed. Calculate.
Difference between TS and VS = Fixed Solids (FS, Ash)

AMERICAN |
BIOGAS e 2]
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Bio-Chemical Methane Potential (BMP)

A Bio-chemical Methane Potential (BMP) test is
an excellent way to predict the biogas production
from a particular waste stream—using controlled
conditions.

* |deal conditions—bacteria, mixing,
temperature, loading conditions.

e Calculates an important ratio—Specific
Methane Potential (SMP)
* Metric: m3 CH,/Biogas/kg VS input
 US: ft3 CH,/Biogas/Ib. VS input

AMERICAN
BIOGAS e 23
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Bio-Chemical Methane Potential (BMP)

* Smooth curve—with 3-sections SugarTalngs +-Codgestion. ~-Nanur
* Lag—bacteria acclimating/growing Jp
* Exponential—bacteria multiplying rapidly and R el
eating . /:,A.J anpl
* Flat—running out of digestible food ; f;ﬂ
% : f:fﬁ
e |If NOT smooth, represents some type of upset worth : f’f
noting : | .__;;?
* Sugar Tailings—Readily Biodegradable Organics . /
* Co-digestion with manure—alkalinity/buffer E_u_ »:’_,,/
' A
* 95% Mark/Final SMP/Ideal Conditions 1
Time (days)

AMERICAN
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Each feedstock produces its own BMP value

Not all VS is digestible—some recalcitrant

SMY (mL CHy/g VS added)

Bio-Chemical Methane Potential (BMP)

° Bo/Bu =fD

* Dairy Manure = 0.44 or 44%

1000 1 = Observed (BMP data)
® McCarty's bioenergstics as is
800 1 Buswell's formuia as is
600
400
200 -
0
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Corn leachate

Switchgrass

Manure separated liquid:whey 75:25
Manure:switchgrass 75:25

Meat pasta

Manure:mouthwash 75:25
Manure:plain pasta 90:10
Manure:potatoes 75:25
Manure:meat pasta 90:10
Manure:cola 75:25

Manure:whey 90:10

Dairy manure

Manure:whey 75:25

Cabbage (whole)
Manure:cola:mouthwash 75:12.5:12.5
Manure separated liguid
Mouthwash

Eurasian Milfoil (Oneida lake plant)
Manure:meat pasta 75:25

Corn silage

Plain pasta

Potatoes (whole)

Manure:plain pasta 75:25

Water Chestnut (Oneida river plant)
Manure:oil 75:25

Cola beverage

Water Celery (Oneida lake plant)
Chara (Tully lake plant)

Suspended FOG

Settled FOG

Cheese whey

Dog food (fresh)

Frogbit (Oneida lake plant)
Manure:dog food:ice cream 50:25:25
lce cream

Used vegetable oil

100

106.5 (n = 3)
1222 (n=3)
167.7 (n = 3)
i 207.8 (n = 3)
216.2 (n=13)
2201 (n=3)
224.0 (n=3)
2277 (n=13)
2321 (n=3)
235.0 (n=3)
237.6 (n=6)
242.7 (n = 47)
252.4 (n=14)
256.5 (n = 3)
258.0 (n=2)
261.3 (n=3)
2743 (n=3)
279.0 (n=2)
285.6 (n = 3)
y 296.1 (n=3)
326.1 (n=6)
3345 (n=3)
353.5 (n=6)
3504 (n=2)
360.6 (n = 3)
373.1(n=2)
384.6 (n = 3)
386.1(n=3)
402.3 (n=6)
413.4 (n=5)
4236 (n = 10)
4266 (n=3)
451.5(n=3)
467.3 (n=3)
502.3 (n = 3)

200 300 400 500 600
SMY (mL methane g1 VS added)

648.5 (n=3)

700

30

800



Anaerobic Toxicity Assay (ATA)

* Assesses deviation from exponential slope,
using several different test conditions

* |n example, is there — or + impacts to changing
the percentage of a substrate (OLR)—by type
of substrate?
e Substrate 1—As you increase its % in feed,
you get + impact—more biogas
e Substrate 2—As you increase its % in feed,
you get — impact—Iless biogas

e Useful not just for OLR, but toxins, unknowns

AMERICAN
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Inhibition Factor

40

-20)

-40

-60

-30

Co-digestion substrate |
l Co-digestion substrate 2 Decreased

biogas

production
NN
l Y

Increased
biogas
production

3% 7% 13%  26%  50%
Percent co-digestion substrate

31




Process/Gas Analyzers

* Control Panels/SCADA—Monitoring of AD ; o —=...
system and unit operations pomrry 5-- - 1il%i T
[’8““

* In-line Gas Flow Meters—Measure biogas
and/or RNG flow

* Gas Species Analyzer—Analysis of gas
constituents, such as methane, carbon dioxide,
hydrogen sulfide in biogas

* Gas Chromatograph—More detailed gas
analysis for RNG pipeline projects

AMERICAN
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Reactor Types
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Temperature Regimes

Anaerobic digestion can occur at various temperature regimes, using different consortia of
micro-organisms that are adapted for the particular temperature ranges. Within each
regime is a more specific temperature where their growth rate is optimized. The regimes

are:
* Psychrophilic
e Often ambient AD—covered lagoons _ ,
Thermophile Hyperthermobhile
* Mesophilic O V-
* Most common g
* Thermophilic %
* Several advantages, but also concerns 2 Peychiwophite
* Hyper-thermophilic
e Little active research/utilization /
A A 1

0 20 40 60 80 100 120

AMERICAN .
BIOGAS Temperature (°C)
COUNCIL 4




Reactor Types

e CSTR—Complete Mix Stir Reactor
e Slurry digester—HRT = SRT

 Mixed-Plug Flow Reactor
e Slurry digester—HRT = SRT
* High-Solids digester—HRT = SRT

* Covered Lagoon
* Non-mixed, no-heat—HRT # SRT
* Heated

AMERICAN
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r—t-l- Biogas

Effluent

CSTR

as
_________ Plug Flow Reactor Effluent

Biogas

Influent Mixed Plug Flow Reactor ; Effluent

Influent Covered Lagoon

Cover
‘ Biogas

Effluent
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Reactor Types

UASB—Up-flow Anaerobic Sludge Blanket
 Fixed Film—HRT # SRT
e QOther forms of Fixed Film—Media

EGSB—Expanded Granular Sludge Blanket
* Fixed Film—HRT # SRT

TS TIR RS

SBR—Sludge Bed Reactor
 Phased STR—HRT # SRT

Garage-Style
* High Solids—Batch
* HRT # SRT; Trickling-Filter

AMERICAN Combaned Heal c:;tmwmwhmnfw Hesing ‘Wﬂm
sl Powesd 1CHP Lng o Pttt
. BIOGAS N
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Pre-Treatment

Several steps are commonly used or in active-research relating to pre-treatment of feedstock
prior to entry to the digester vessel. These pre-treatments are mainly to accentuate bacterial
access for greater gas production/stabilization and/or greater pathogen control. Some
examples include:
* Pasteurization/Hygienization (a) Pasteurizers; (b)
* Maceration other Physical thermal hydrolyzers;
* Thermal Hydrolysis and ((2UTna;: rator
* Enzymatic
. Che.mlc.al i
* Sonication
* (Cavitation
* Extrusion
e Steam Explosion

AMERICAN
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Digester Upset Examples

38



Healthy Digester

Input Condition Hydrolysis Acidogenesis Acetogenesis Methanogenesis
H, co, H, ygoz v:'ii Co, H, HEOZ &"i CO, CH, CH, co CH,
co, 2 M Sy HC02 | C0, el
2 =
co, H, ’co, H, H,%co, H, co, CH, (O, s €O,
: | }Ax VEA VFA
S - 2 VFA VFA
'yﬂ:: VFA
VFA
: IR VFA VFA * Expected biogas
S 5 VFA VEA VFA VEA « Good CH, %
: . VEA * Good pH
& ¥ fs VFA
VE ' VEA VFA * Plenty alkalinity
)"‘x. * Good VFA/Alkalinity ratio
* Healthy micro-organisms
pH=7; TA=-- pH=7; TA=-- pH=6.8;, TA=+ pH=6.8; TA = ++ pH=7.8; TA = +++

AMERICAN
. BIOGAS
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Input Condition

Overloaded (OLR > 4)

Hydrolysis

Acidogenesis

Acetogenesis

Methanogenesis

€00 0 €0 | 0801 8D ) | i, o
¥ H CO g! NH 4 02 t‘:;'i@
CZO cG.cotH; Cc? Oﬁ P re
H, ‘CO, 5l 0; | A, ’co,-92H; co, CHy 02 o
5 T VR VR VFA VA vl VFA
B = =3 A VFA o it VFA
Ey gy o VEA VFA\/FA VFA  VFA VFA VEA  VFA v VrA
\ i & VFA VEA VFA * Unexpected biogas (-
= & vea' "AVFA VFA * Low CH, %
= VFAVFAVF 5 VFA VFA + Low pH
R VFA VFA « Alkalinity used up
» Bad VFA/Alkalinity ratio
* Sick micro-organisms
pH=7; TA=-- pH=7; TA = -- pH=6.2; TA=+ pH=5.5; TA = --- pH=6.0; TA=---
AMERICAN
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Highly Biodegradable (OLR < 4, but too easy)

Input Condition

Hydrolysis

Acidogenesis

Acetogenesis

Methanogenesis

co, *. CO, O£0, * CQ K, cO »
H2 MH5 H % CO C|-(F)2 NHs % g o CH éo g{‘b COZ
Czo CO-CO HMHEH C : O riy CO O @ -
H, ‘CO, 5l 0; | A, ’co,-92H; co, CH, coC co 2
VFA VFA
AVFA VFA ' \VVFA \CQ VFA VA VA vra s VPA
e VEA VFA/FA VFA VFA VFA VFA VIXAI‘:A VEA e
- VFAVFA  VFAVFA VFA  VFA VFA
VFA \/EA VEA VFA * Unexpected biogas (-)
iraVPAVFA " | Low o 5%
VFA VFA
via VFA * Low pH
VFA VFA e Alkalinity used up
» Bad VFA/Alkalinity ratio
e Sick micro-organisms
pH=7; TA=-- pH=7; TA=-- pH=6.2; TA=+ pH=5.5;TA = -- pH=6.0; TA = ---
AMERICAN
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Too High Flow (HRT < 12 days)

Input Condition Hydrolysis Acidogenesis Acetogenesis Methanogenesis
H, €02 H w02 &) w2 G CH, CH,
ok ] H2 H rw H2 H CO r_-Lu;!_,.
co 2 co 2774 | co. 5 cH
co, H, 2C02 H, 2 H, CH, 7 % !
VFA
7 - ),‘x VFA VFA
- a # v VFA i T
Snow VFA
Melt - .
3 FSNVREEETN VEA VrA VFA . Upexpected biogas (-)
.rqis VEA e Slightly low CH, %
A Snow _ « Good bH
= e | | AR ood p
D e }“x « OK alkalinity
" « Bad VFA/Alkalinity ratio
* Loss of micro-organisms
pH=7; TA=-- pH=7; TA=-- pH = 6.8;LTA =+ pH=6.8; TA = ++ pH =7.0; TA = ++
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Math for Digester Operators

e TSandVS

e The BMP

* How much Biogas Can | make?
* Isthis a Good Substrate?

* Exercise —Show what you know.
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Typical BMP Graph
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Figure 1. Cumulative Biogas Volume (Average of Triplicates)
*Gas volumes are comrected for change in temperature. Gas is counted at 22 C and corrected to STP (0 C, 1 atm).
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Biogas Analysis BMP Summary

ke (<))
» 3 & ) 4
> 3 £ & =
v o k < Q S =]
N > — .E E w j E ‘a .E
= s © n TE @ = =
i p= E -~ |8 N © % @ -
o c € = oo (U =T - © = ©
w = <= O £ - 9 Q= S o0 Bp
2 |83 £ S g X 2 x
cE |53 £
2 =
* 0O
Seed 1 5,040 226 49 57
Seed 2 5,127 236 53 62
Seed 3 6,152 241 55 66
Barn 14 (1) 10,168 709 394 160 65 73
Barn 14 (2) 10,330 734 415 181 65 70 gl
Barn 14 (3) 10,385 817 431 197 65 70 =
Barn 15 (1) 9,617 627 381 147 59 68
Barn 15 (2) 9,607 625 374 140 61 73 248432
Barn 15 (3) 9,373 665 423 189 61 68 -
Barn 17 (1) 8,938 525 423 214 62 69
Barn 17 (2) 9,085 547 455 221 61 68 S
Barn 17 (2) 9,307 530 476 212 62 70 =
Barn 20 (1) 9,418 597 390 156 62 71
Barn 20 (2) 9,922 672 367 133 63 72 937435
Barn 20 (3) 9'462 603 386 152 61 72 ) fNsc>tflnr11gl?zrgcljjtivisilh,t(ieciincon‘[rol samples
Com pOSite (1) 9,560 618 460 226 65 70 ;glveragtle/Standtaréildevliagon of ttriplic:tészazrr:ge; . o 1o STP (00 1
Composite (2) 9,327| 583 477 243 64 69 SRR O ey and assumed 1o bo saraton. o correcedio STR(0°C.
AMERICAN [Composite (3) 9,615 626 492 258 63 69 -
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