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= 4.5 billion dry tons of agricultural residues annually produced in the world.

= About 1.3 billion tons of food wastes annually produced in the world (approximate 730 million tons of
organic wastes discharged to the surface water).

= About 2,200 cubic kilometer of wastewater globally produced per year.

Animal manure Food wastes Wastewater Landfill
WWW.WIkIDedIa.C0m http://geographyblog.eu/wp/geography- http://commons.wikimedia.org/wiki/ http://www.wikipedia.com
File:Discharge pipe.jpg

of-food-waste-is-staggering/

From: United Nations World Water Development Report 2017.
Bentsen, N. S. et al. Progress in Energy and Combustion Science 40, 59-73 (2014). 3
Melikoglu, M. et al. Cent. Eur. J. Eng. 3(2), 157-164 (2013)
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_ 2. Facts mBAE

Example: dairy farms and animal manure

97% of U.S. dairy farms are owned by family

Average dairy farm size is 187 cows per dairy farm

More than 90% of the U.S. dairy farms are small- and medium-sized farms (less than 1,000 cows)

More than 27 million tons (dry dairy manure) produced in the U.S. annually

Carbon
20% maintenance Nitrogen

Phosphorus Potassium

20% maintenance 13% maintenance 12% maintenance

From: J. Hart, et al., Dairy manure as a fertilizer source, , Nutrient management for dairy production, EM8586, 1997
From: J. Blignaut, et al., Agricultural Systems, 195(2022), 103286
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3. Current practice of agricultural wastes utilization

Biogas — Carbon utilization

» Clean biogas —» ‘
= Heat and
f= Electricity
-

(qe]
: 2
Raw biogas —» ©
(2-10 inches of water) % (@)
= _g Renewable e
- G natural gas —— Gas grid
= (RNG) Injection
(5 psi) (100-500 psi)

Carbon utilization of agricultural wastes is not enough for Small- and medium-sized farms !!!



HHBAE

\

MICHIGAN STATE ] ] - ]
UN LV ERS LT 3.C t t f Itural t tilizat
ccurrent practice or agricultural wastes utiiization
o Agriculural Englaesring
Dairy ~
RO A & )“‘15. Winnipeg ]
Population Feeding Digester AT {2 2
C’\/‘anq:)uver ] 8 \\ b
. > 20,000 E ) ) -
° A N
Seattle " Lake
4 Washington North Dakota Superior .7,
. 15,000 { Montana OQuebeC' ) P
3 ‘ Minnesota | Brunsy
@ ] Montreal
10,000 o) 3 ® -, s e 5 Maine
o < South Dakota [ Mlaneapolis Lake
® § { i = L W :"vnc n .. ‘ ftdron - " ‘b\&a 3
@ 5000 o 5 1dao %, o &Y o . R
<" Moregon . 7 = ‘. Jroronto /g '\\\0
e <5000 = o | Miwa : &
3 Wyoming Great Plains 9 . Pk ] :w‘ é\ b
*  Unknown ‘ % = e/ Detroit ¢ Q’b\% bl ®Boston
z, i @ Chicago ' o LIRS () L4
s Nebraska § o o el °
; A . 5
Salt Lake City L4 ‘ ° New York
Cattle / |1 UNITED 5 '?P'wbuw Philjdel hia
/) J ODenver IHlinois = lis @ .. P!
Population Feeding Digester Great Bssin | U STATES Kans8s City - Cincinhati ha
Sacraments { Cplorado e © St Louis 5 & g
;3’ o\ A Kansas o OLOuiSVille \rb\\
4,480 N )3 ¥ Missow Ha \b°°(\ Richmofd
.“) Ke ‘ cky
) | [€) ‘\\'zF s _Norfolk
{ S \ dLas Vegas Colorado i ’b\,bg A é}@o
. 3.960 { ‘ } Pisteau Okla M”wooklahoma City N 2. 2 }QQ ~ o
® | DEaPne ’ Mixed
. 3,440 — OquA(\‘geles A‘*;;;nix s H JAtlagta [:u‘t‘r" .c; Population Feeding Digester
wine \ Sl
rJSa'n Diego ' ¥ el s lississip o
® <292 Population Feeding Digester % : AN Population Feeding Digester v - =120
o <2920 \ Loulslana e
84,000 Florida cksonvill
Unknown . = 760000 Houston . New Orieans fLoss ® it . 24,950
Hermosillo X
o
. 60,000 . 720,000 oTampa . 18,600
. 40,000 e . 480,000 ® 12250
% Miami
c S £ ® 0
. 20,000 @ 220000 Sa7io)
e <20,000 e  <240,000 Uninown
*  Unknown *  Unknown

From EPA AgStar




MICHIGAN STATE

Department ol Biosysteme
o Agriculural Englaesring

UNITVERSITY 3. Current practice of agricultural wastes utilization

Current operational and potential biogas plants in the U.S.

Livestock Landfill gas Wastewater treatment Total
manure facilities

1,241 2,208

Currently operational systems

Potential biogas systems >60,000 1,086 3,681 64,767

Estimated energy potential from organic wastes in the U.S.

Wastewater
treatment facilities

Livestock manure | Landfill gas

Biogas production potential (billion cubic 257 284 113 654
feet per year)

Electricity potential (billion kWh/year) 13.1 22.5 5.6 41.2
Vehicle fuel (million GGE) 1031 1028 441 2499

From EPA AgStar
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Our strategy

.
o

St

[RPAN

Synergistically integrating anaerobic digestion with solar and other technologies creates technically feasible
and economically sound system solutions to fully utilize C/N/P in the wastes and address the challenge of
organic residues management for small- and medium-sized farms.
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Flowchart of the integrated organic wastes utilization
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Anaerobic digestion — improving the digestion efficiency b

[Nutrients (C,N,P etc.)}

Anaerobic
digestion

% Primers for metagenomics analysis: = l
Universal primers 341 F (5°-
CCTACGGGNBGCASCAG-3’) and 805 R
(3’-GACTACNVGGGTATCTAATCC-5%) . 1 P.ﬂ

+ Data processing:

Fastq data from Illumina sequencing are
analyzed using BION, a open-source
package for microbial community analysis
form the Danish Genomic Institute, Aarhus,
Denmark

Water recycle & Soil
nutrient recovery amendment

Abundances of microbial community

100P -

Cultures under

Cultures under

12
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Anaerobic digestion - Relationship between microbial communities and digestion performance

Non-metric Multi-dimensional Scaling (NMDS) analysis of microbial community*
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Interaction between Bacteria and digestion performance

The blue solid arrows demonstrate dominant phyla; the blue dashed arrows demonstrate dominant classes or genera; the ellipses demonstrate the dispersion

of each factor using standard error of the weighted average scores.

Interaction between Archaea and digestion performance
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Anaerobic digestion - Digestion performance on biogas and solid digestate production

Biogas production S : :
gasp = Co-digestion of manure and crop residues/energy crop can increase
Parameter Co-digestion of manure and methane production.
lignocellulosic biomass = Anaerobic digestion can homogenize the feedstocks to generate solid
CH, yield (g CH, /kg feed) 86 ~ 100 digestate that is a good feedstock for composting of soil amendment
: roduction.
\Volume production (L p_ . . L :
biogas/ fg feed) ( 150 ~ 200 = Fiber size is smaller and bulk density is higher than other cellulosic
" N materials (less truck loads for transportation).
Methane composition (%) 60~ 65 = Solid digestate is available year-around.
Characteristics of raw feedstocks* Characteristics of solid digestate from different feedstock combination *
.. _ DM:CS = DM:CS = DM:SG = DM:SG =
DM CS SW Characteristic | DM =100 80:20 60:40 80:20 60:40
Total solids (TS, %) | 13.50 91.19 92.66 Total solids (%) | 11.54 11.55 10.49 11.10 11.00
\olatile solids (% Volatile solids
TS) 87.29 94.17 95.56 (%TS) 84.11 86.37 87.11 86.98 86.75
Carbon (% TS) 4351 46.61 44,99 Carbon (%TS) | 50.75 50.00 50.05 49.50 50.05
Nitrogen (% TS) 2.45 0.51 0.56 Nitrogen (%TYS) 1.84 1.62 1.17 1.31 1.02
Cellulose (% TS) | 2353 | 36.27 34.67 Cellulose 24.86 26.63 28.30 27.22 26.17
(%TS)
Xylan (% TS) 14.22 19.99 21.33 Xylan (%TS) 14.42 14.31 15.89 15.38 15.73
Lignin (% TS) 26.27 19.75 21.27 Lignin (%TS) 37.31 37.06 34.29 35.26 33.82

*: DM represents dairy manure; CS represents corn stover; SG represents switchgrass. 14
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Solar-biopower generation — Use biogas to store solar energy

*»» Overcome the disadvantages of individual technologies

= Unsteady energy flow for solar power generation

= Low efficiency of mesophilic anaerobic digestion

= Higher energy requirement of thermophilic aerobic digestion

= Negative energy balance for small operations

Solar energy collector

Anaerobic bioreactor

* Provide sufficient and stable energy for small-medium sized

Heat

[ Organic wastes Digestate

farms exchanger
= Solar energy utilization Mass flow  —---- Energy flow
= |mproved efficiency of anaerobic digestion Solar-biopower generation — Biogas as a
= Biogas as a novel biochemical storage for solar energy chemical storage of solar energy

15
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Solar-biopower generation — Use biogas to store solar energy

Energy collection from the solar collector

Energy collection from the solar collector

temperature

Energy requirement for maintaining the digester
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Solar-biopower generation — Using biogas to store solar energy

The optimal configuration of solar-biopower system 120

B Bioreactor with manure feedstock

Effective reactor volume » Solar-biorector with manure feedstock

Parameter

_ 10m® 100m® 1000 m® 100 F g Bjoreactor with the mixture feedstock
Solar collector area (m?m?® reactor) 0.72 0.46 0.40 S = Solar-bioreactor with the mixture feedstock
o
Annual solar storage efficiency (%o) 84 86 5
= 60
Annual solar-bioreactor system efficiency (%o) 84 86 ;
Total methane (m*m?3 reactor/year) 130 130 E« 10
Total methane energy (MJ/m? reactor/year) 4924 4924 4924 20
3
Methane storing solar energy (m®/m? 33 24 21 .
reactor/year)
: 10 m3 100 m3 1000 m3
Solar energy stored in methane gas (MJ/m 1268 903 806 Effective reactor volume

reactor/year)

Comparison of system efficiencies between bioreactors with
and without solar unit at different sizes

System net energy output (MJ/m? reactor/year) [REEFEE 4113 4231

= The solar storage and system efficiencies of manure digestion system were 72%, 79% and 82% for 10 m3, 100 m? and
1000 m3 reactors respectively, while better corresponding efficiencies of 78%, 84% and 86% were achieved for co-
digestion system due to higher biogas yield.

17
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Water reclamation and nutrient recovery - Electro-coagulation and membrane filtration of liquid digestate

4 Flowchart of EC process AY 4 Experimental setup for EC and membrane studies )
[ Commbine Heat } e _— - . 1o 1"-‘;6‘ o J ’
» Vil E

Anaerobic
Digester

b oo o oo o oo o

500 mL EC unit without
biogas pumping 3L EC unit with Lab-scale HP 4750 filtration unit

Liguid
effluent

biogas pumping

_ Modified membranes for the study
Electrocoagulation Reclaimed Membrane type Supporting elec_:trolyte Operating
Reactor water concentration pressure (bar)

NF 270 modified with
(PDAC/SPS),s * 05M 10
NF 90 modified with 1M for topmost SPS layer; 0.5 for all 15
(PDAC/SPS); other layers
SW 30 (RO membrane) - 15

T_he new EC design hgs a dual function of BW 30 (RO membrane) _ 15

biogas clean-up and liquid effluent treatment.

\_ Y, Q: poly(diallyldimethylammonium) chloride (PDAC)/poly(styrene sulfonate) (SPS) /18
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Water reclamation and nutrient recovery - Electro-coagulation and membrane filtration of liquid digestate

3500 90 7N % 7\
| »—5 cathodes 20 Y %0 1\
3000 — —=—3 cathodes 20 d \ 7 Z 2 ! \
42500 § : 1 cathode 2 o I \ £ 60 = I \
E 2000 Ls) 50 I 1 E 50 I 1
8 1500 5 ' l . S a0 . | |
Q © | S
O 1000 " _ R | I 3 30 | |
500 T s | I g 2 \ I
° 10 10
0 0 \ I 0 - \ I
0 20 _ 40 60 NF27o wWroo!  Bwa30 SW 30 NF 270 NF 90 BW30  \vswad
Time (min) Typegfmembrane Type of membrane 4
COD removal of the EC process COD removal of the modified nano- TN removal of the modified nano-
membranes membranes
= QOverall 90% of COD, >99% of TP removal was achieved by EC. a b c

= Biogas pumping reduced 36% energy consumption of EC.

= H,S in biogas was completely removed.

= The EC sludge is rich in phosphorus and iron, and is a good semi-solid fertilizer.

= The combination of NF 90 and SW 30 membranes is suitable for the reduction in
COD, Total N and Total P.

= The final clean water contains 3 mg/L COD, 1.5 mg/L TN, 0.34 mg/L TP, and 1
NTU.

- -5

Water reclamation performance
a. The AD effluent, b. after the EC treatment, c.
after the nano-filtration
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Solar
energy

Anaerobic A E le 2. Soar-bi

- - xample 2. Soar-biopower

Digestion generation from agricultural
wastes

Example 3. Farm-based

renewable electric vehicle
Water re-use & charging solutions for_a

climate-smart U.S. dairy

Nutrient recovery industr

/[
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Example 1. Solar-bio-nano-based system for water and energy generation

The solar-bio-nano-based system

- g Tm—p |

" Control and data interface |
R P

CONSUMING
o @ ' -E T

g

L

The pilot system
Inside the container
c. Solar thermal
collector
Feeding unit
Digesters

EC unit
Centrifuge
Filtration unit
Biogas storage
Power controller
. Control unit

. Battery

m. Stirling engine

o

— X o SQ o o

/\ J

21
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Example 1. Solar-bio-nano-based system for water and energy generation

Mass and energy balance of the pilot unit

Mass balance for the pilot unit with a 60 L influent/day 2 P

'Biogns production '
‘}..-Ieﬂlana' 756 Liday
: i

Mixture of blackwater

Effluent

and food wastes:
Total amount 60 L
Total solad: 25 gL

Up-Mow fixed film AD
Amount an the reator: 600 L
Reaction temgp,: 35°C

Ammoart 60 Loday
Taotal sold: 10 gL

f.!'::'ludge accumulated in
the ECF reactor

- _ Ratention tune: 15 days CoD:; 96 g i Aineunt: 36 kp'e days
COD: 24 gL . Eetention time: 3 hr
o COD reduction; 0% TH: 897 gL . ) iatter: 5% :
™ 291 COD reduction 6% L Solid reaoval: 99% | Dryn a: All _numbers are from the _
069 gL X < \ i experimental results on the pilot
/ Biosalids for unit.
p e e b: The methane content in biogas
Potable water NE/RO Rration NTU: 220 i 0
per day: i Flow rate: 120 L/ D 47wl IS 70%.
|Amount: 24 Liday | mﬂﬁ 1“'3". S0% TH:300 mg-"I?
TP: 0.85 mg'L

h,

Energy balance for the pilot unit with a feed rate of 60 L influent/day 2P

a: The positive numbers are

energy generated. The negative

Energy generated Energy consumed Net energy numbers are energy consumed.
Solar energy | Biogas engine | AD energy ECF electricity Pump for filtration Other uses output b: AD energy includes
(kwh-e/day) | (kwh-e/day) | (kwh-e/day)P (kwh-e/day) (kwh-e/day) (kwh-e/day) ¢ (kwh-e/day) grinding, heating, and pumping.

11.8 53 12 0.3 03 05 39 c: Other uses include control

panel and water pumps

22
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Example 2. A solar-bio-power generation from agricultural wastes

A demonstration-scale solar-biopower generation system (1 m3 per day):
Sixteen 2x1 m flat-plate solar collector with support

One 22 m? anaerobic digester with a 50 m? gas bag

Two 16 kW combined heating and power unit
Four 144 m? wetland/sandfilter cells

Flowchart

& E PR

S

‘{// N Engines  (Ejectricity )
Liquid/solid
separator
iiiiii Liquid
Flat panel SlEEEE
solar collectors E{;’r‘fr;t — _ ‘.
- Thermophilic p—— tamg ’ =N
- Feeding olid digestate Fo— -
wastes

*: The system is located at Fabio Agricultural Station, Alajuela, Costa Rica

23
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Example 2. A solar-bio-power generation from agricultural wastes

The system

a. Solar thermal collectors, b. Grinder, c. Feeding tank, d. CSTR and hot water tank, e. Liquid and solid separator, f.
Liquid effluent tank, g. Biogas bag, h. Engines, i. Vertical flow subsurface constructive wetland

24
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Example 2. A solar-bio-power generation from agricultural wastes

System performance

Energy balance of the solar-bio-powered system

S| Elgel oo Jol=T:To Il \A/ithout solar thermal
System
system collector

= Treated 900 kg per day of mixed manure and food wastes
= Generated 550 kg per day reclaimed water

= Produced 28 kg per day semi-solid digestate as a fertilizer 0.00 126,00
. . Electricity input (MJ/d -43.36 -43.36
Temperature profiles of the solar-bio-powered system
- Energy output (MJ/day) 306.00 306.00
T - :Il__lél_lll_f‘l_l_ﬁ_[iﬂlﬂ N
_ —— Digaster Water reclamation
= ogn bpolobeooo cebopfdoot g | 1 \ . ,
= 50 | [ | | | | [t r | | | Organic Anaerobic Sandfil Vertical Reclaimed
g ] i f I I waste digester g wetland
B aiisiiimiaisiniiii :
5 [ NSO
g " | |. ul b “ Llu 'ml |
o WAVUUUNVUVYUYUUNIUUYY
(i

T T T T T T T T T T
R N e T e Y e S e B e S e T e SR i SN e S o S o S o S o
— —_— —r — —r — — — —r — — — — —_— — —
P e T e S e S o S e B s S e T S e Y o SR e S S e e \
R e B S S S Y RSt RS - i S T B i - S - - i B ;
T s T - T B B B = S ST R L i
P T T T T T o s s o, S R B . il
L = T B N S IR B o (R o B .
Original waste The effluent The water from The water from
Tiune stream from solar- the 15t cell of the 21 cell of
bioreactor post-treatment post-treatment
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Example 3. Farm-based renewable electric vehicle charging solutions for a climate-smart U.S. dairy industry

g\g~r Milk Cows in the U.S.

1 Blue dot =2,000 milk cows

)

WL Umted States Total: 9,539, 631
/R_'
- K17,'\.‘('(.{‘
o s

1
i iy
|| =
| _’
| Regional farm-

based EV
charging network

Solid
fertilizer

Food
water &

Dairy manure contains approximately 45%
of the gross carbon in forage feeds.

The GHG released from the manure
accounts for roughly 1/3 of the global
warming potential in the entire dairy supply
chain.

Anaerobic digestion on the manure and food
waste can generate 59 TWh of biogas
electricity per year.

The U.S. dairy industry has the electricity
potential to satisfy the demand of 9.6
million electric pickup trucks (16% of all
pickup trucks in operation in the U.S.)



Conclusions

Applying system approach is a way to develop sustainable waste management practices for
small- and medium-sized farms.

Anaerobic digestion can play dual roles of generating bioenergy/solid fertilizer and pretreating
organic wastes for nutrient and water reclamation.

The combined electrocoagulation and membrane technology can effectively reclaim water form
high-strength wastewater streams like anaerobic digestate.

Farms can tailor the system to satisfy their wastes management needs and maximize the
benefits of their wastes utilization.
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