N\

N

*Qbi@#2M2}i M HvbBb Q7 i?2 ;°22M?2Qmb2 :

QTiBQMb BM HBp2biQ+F * b2 bim/v, M 2 Q#

TB: M// B'v7 'KbBMi?2la M/ o0B2iM K
*BM/v a+?2QmK +?22°

hQ +Bi2 i?Bb p2 " bBQM,

*BM/va+?2QmK +?22° X *Qbi@#2M2}i M HvbBb Q7 i?2;°22M?Qmb2; b2b |
bim/v, M 2°Q#B+ /B;2bi2°b BM TB; M// B'v7 'KbBMi?2la M/ o0oB2iM
ImK b@yyd833jN

> G A/, ImK b@yyd833jN
2iiTh,ff/mK bX++b/X+M bX7 f/mK b@yyd833jNp
am#KBii2/ QM kN LQp kyRk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://dumas.ccsd.cnrs.fr/dumas-00758839v1
https://hal.archives-ouvertes.fr

Food and Agriculture Organization
of the United Nations

Viale delle Terne di Caracalla

Agrocampus Ouest
65 rue de Saint Brieuc

CS 84215
35042 Rennes Cede» 00153 Rome, ltaly
Tel.: +33 (0)2 23 48 50 00 Tel.: +39 0657051

ODVWHUTV WKHVLV

Engineer degree from the High Education College of Agricultural,
Agri-food, Horticultural and Landscape Sciences

College year 20112012
Major  SROLWLTXHV HW ODUFKpV GH OY$JULFXOWXUH HW GHV 5HV

Cost-benefit analysis of the greenhouse gases mitigation optionslivestock

Case study: anaerobic digesterin pig and dairy farms in the USA and Vietnam

By Cindy SCHOUMACHER
To fill by the teacher responsible for the major Last versionOd
Or by his representative
Date: [/ |/ ; Signature: Permssion to distribute: yeQ noOd
Before the board afxaminersPhilippe Le Goffe Defended aRennes (FRANCE)

Pierre Aurousseau
Defended orSeptember 1, 2012
Under the presidency dPhilippe Le Goffe
SupervisorBenjamin HENDERSON
SupervisingeacherPhilippe LE GOFFE

37KH DQDO\WLYVY DQG WKH FRQFOXVLRQV RI WKLV VWXG|
DQG QRW WKH RQH RI $JURFDPSXV 2XH




Table of contents

LIST OF fIQUIES ...ttt rree e e e e e e e e ettt e ettt e e e et snnne e e e e eeeeeeeeeeeeeeeeeeesannnnsaees i
LISt Of TADIES. ...ttt eeemr e e e e e e e e e e e e e e e ii
ACKNOWIEBAGMENLS. ...t e e e ettt arr e e e e e e e e e e e e e e e e e eeeeen lii
o 01101/ 1 USSP v
T g0 [0 o] o FU TP PPPP PP 1
[ LIEIATUINE FEVIEW. ...eeiiiiiiiieeeeee i ee ettt e e e e et et e e e e e e e e e e e aemms e e e e e e e e e e eeaeeas 2
A. The greenhouse gases (GHGS) iN IVESLOCK. .......ccouiiiiiiiii e 2
Q. BACKOIOUNG.........eiiiiiiiiii et e e ee bt mmme e e e e e eeeeeeeeensnnnnns 2
b. Livestock GHGS emiSSION treNAS.........ooiiiiiiiiiiiiieeeiie e mmne e 6)
C. Legislation for GHGS EMISSIONS........cciiuiiiiiiiiiiieeeiieteeeee e e e e e e e e e e e eees s seebebeeeeeeeeaaeens 7
B.  Mitigation OPLIONS......coii ittt ieeet ettt e e e e e e e ees bbbttt e e e e e e e e e amme e e e e e e e e e e nnnes 8
a. Interaction between mitigation tpns and GHGS eMISSIONS..........cc.evvveiieeiiiceeeeeeeeeens 8
b. Choice of the studied technologies to reduce manure GHGS................cevveeeeeeeeennn. 14
C.  ANACIODIC AIGESHION. ....ciiiiiiiee it e e eeners e e eeeas 15
C. Costs of anaerobic digesters and technical and economic feasibility assessment.....18
a. Costs and CORITECHIVENESS......cooiiiiiiiiii e eeee e e e e e e an 18
b. Technical and economic feasibility aSSESSMENL..........uueiiiiiiiiiearieee e 21

D. 0$& FXUYHVY XVHIXOQHVV LQIRURPDWLRQ.JLYHQ.ERIWKHVH F
[I.  Methodology and FESUILS.......oiii ittt enere e e eeas 22
A. Model constructed for thisS STUCY...........cooiiiiiiiiiiiiiee e 22
Q. THE DASEINES. ... 23
b. Evaluation of the mitigation OPLIONS.........u.uiiiiie e 23
C. BuildiNg the MAC CUIVES........oiiiiiiiiiiiiiiiiteeee ettt rrne e e e e e e e e e e e e e e e e e eesanenas 27
(o TR NS 0101 o] 1o IS 27
B. Geographical scope and technologies considered in the study.............ccccoeeeeeieeeeeenne. 29
a. Example among the developing COUNNES...........uvviviiieiiimreeeeeeeeeeeeeeeiveeeiemnne e e 29




b. Example among the developed COUNIHES.............uuvuiiiiiicnniiieiecieeeeieviii e 31
C. Dataresearch and reSuUltS.............oooiiiiimmmii e eeee e 33
a. Data used iN thiS StULY.......coouiiiiiiie e eeereeees 33
b. Data sources and application of the model............ccoooiiiiiiecciii e 33
D. Sensitivity analysis and morethils about the model done in this study....................... 42
a. Distribution of the digester: the 1/n aSSUMPLION. .........uiiiiiiiie e e 43
D, The diSCOUNT FALE.......uiiiiiiieiie e e e 52
c. Sensitivity analyze of the breaven price P...........oo oo eiiiiiiiieeeic e 54
d. Distinction between small and large farms in the USA.........ccooooiiiiiieeciiiiicienn, 55
€. Progressive adOoption FALE........... . iiiiiiessceeeeeeeeeeianten s s eeeeeeaeeensnnnnnn s smmme s 56
Il D Yol U L1 (o] o PP UPPTP TP 57
A. FOCUSING ON MANUIL......euttutuiutennnssiamreeeeeeeessssssssssssann s ammseeeeeeessssssssssssssnnnnmmmseseeseeesees 57
B. Suitability of the data fOUND..............ooviiiiiiiiiie e 57
O [ B (=T 0 1O UPPPPP 29
(@] oo 11557 o] o WP PP RRR 60
BibIOGrapRy ... ..o e e e e e e e e e e ennnee ) 61
APPENIX 11 GHGS OFIgINS ...ttt ettt et e e e e e e e e e e s e e eea s bbbttt et e e e e e e e e e s smmeaaeeeeeeaannnnes [
Appendix 1l: GHGS emiSSIONGAICUIALION. ...........uuiiiiiiiiiiii e l
Appendix I1l: Annex B of the Kyoto ProtoCOL..............uueiiiiiiiiieeeiieeee e 1
Appendix IV: Comparison of the GHGs mitigation potential betw&eptions in Thailand over time
............................................................................................................................................... 1\
Appendix V: Anaerobic digestion MeChaniSIL........cccooviiiiiiiiiceeeiiieee e v
Appendix VI: Components of an anaerobic dig@sBgsStem................uuvvurrieiiiccereereeereeeerrennenns VI
APPENIX VI AGSTAR. ...ttt rmmmt e ettt eeeeeteasasaasa s mmme e e e eeeeeeesseesssssessssmmmeeeeeeeeeeeeeees VIi
Appendix VIII: Results Of the COSt STUAY..........uuuuuuuuiiiiiire e smmmr e eeeeeeeeeennnnes VI
Appendix IX: MAC CUIVES EXaMPIES......cccoiiiieie e eree e e e e e e e e X
Appendix X: Annuity factor and DreaVen PriCe...........coooviiiiiiiiiiiieeee e X




Appendix XI: Descriptio of the Vietnamese digesSters. ... iiiiiiiieeeiici s Xl

Appendix XllI: Details about the digesters inthe USA..........oovviiiiiiiiimeeeeeeeeeeen XV
Appendix XllI: Consequences of the clganof the capital cost (with the inflation rate) in the USA
(above) and Vietnam (DEIOWL). ....... e ettt e e e e e e e e e nenanees XVIII

Appendix XIV: USEPA (2006) results for the USA and Vietnam before.tax....................... XIX

Appendix XV: Costbenefit analysis for a covered lagoon in a 940 pig farm (Payback methoxl)

Appendix XVI: Inventory and digesters distribution in 8A............ccccooi e XXII
Appendix XVII: Climate zones in the USA and the digesters distribution......................c... XXV
Appendix XVIII: Methodology used for the ggraphic distribution study................ccuvvveeeee. XXVI
Appendix XIX: Vietnamese regions and comparison of 3 regions............cooevevvvcemeeeennns XXV
Appendix XX: Picture of adiled [agO0M.............couoiiiiiiiiiic e XXIX
Appendix XXI: Comparison of the MAC curves under 2 implied adoption rate assumptions in
AV A1 (g = Lo £ TSP PUPTPPTP TP XXX
Appendix XXII: Financial analysis for Vietnamese digesters..........cccvvvvvvviimemneeeeeeeeeeeeenn, XXXI

Appendix XXIlI: Effect of the change in the discount rate in Vietnam (10% above, 13% below

Appendix XXIV: Methodology for the MAC curves building while taking into account a progre
adoption rate (5 or 10%) and extract of the breadn price calculation (10% rate)........... XXXIII

Appendix XXV: AgSTAR assumption test (500 cows, 2000 Pigs).........coeevvrrrrrmmemvenennn XXXV

sive



List of figures

Figure 1: Nitrification/denitrifiCation PrOCESS..........uuuuuuuuuumiimreeeeeeeeeeieieaiennennmmme e e e e eeeeeeeeeenees 3
Figure 2: Benefits of the anaerobi@eEstion..................uvuviiiiiiiciiiiccceeeee e 17
Figure 3: Methods to assess the economic feasibility of a project.............cooovvieeeiiiiciiiiieneenn. 21
Figure 4: Abatement potential calCulatiQn..............oooiiiiiiieeeiii e 23
Figure 5: Regional emission reduction potential................couvviimmmniiiiiiieeeeeeeeeeeee s 24
FIQUIE 6: Profit @QUALION. ........uetiiiiiiiiss i eeeeeeeeebebbab s e e eeeeaesassasss s smmmr e e e eeeessennnes 24
Figure 7: Electricity revenusavings CalCulation.............ccoouiiiiii i ieeciiiiiiiicsee e 25
Figure 8: Brealeven price wittannual parameters and before.tax...........ccccvvvvvvieeiiieinnnnn, 26
Figure 9: Explanation of the annuity factor calculation....................uvieeeiiiiiiiiiiiieeeeens 26
Figure 10: BreadeVen PriCe @fteraX ...... ... iiiiiiiieiee ettt 26
Figure 11: Cost share for the Vietnamese technolQgies............oooouiimemiiiiiiiiiiiiiieee e 31
Figure 12: Cost share for the USA teChNOIOQIES...........uuiiiiiiiiieeeiiiieeeiee e 32
Figure 13: Results of this study for the USA...........oo e 36
Figure 14: Comparison MAC curves before tax with the abatement potential relative tolthe to
baseline (blue) and relative to the manure, G&keline (orange) in the USA...........ccvvvvieeeneee. 37
Figure 15: Results of this study for VIetnam...........ccooeeiiiiiiieeecccc e 38
Figure 16: Comparison MAC curves from this study before tax with the abatement potential r
to the total baseline (blue) and relative to the manurgl@seline (orange) in Vietnam............ 38
Figure 17: Results of this study after tax USA (lefietnam (right)............coovvvviriiiiiiiinenneeeeenn. 39
Figure 18: Individual and total abatement potential............c.ccooii i e 41
Figure 19: Individual and total abatement potential.............ccooooiiiieeeiii e, 42
Figure 20: Share of each kind of digester in the US farms..............ooooiiieeeiiiiiiiiii e 43
Figure 21:Share of each kind of digester in the Vietnamese farms.............ccoovvieeeeciiiiiennenn. 44
Figure 22: Comparison observed shdra distribution for each technology in the USA........... 45
Figure 23: Comparison observed shdra distribution for each technology in Vietnam........... 46
Figure 24: Comparison of the MAC curves under 3 scenarios in the.lUSA................cc e 50

lative



FIQUIE 25: PreSENt VAIUE. .....ccooiiii e e s enenr s 52

Figure 26: Effect of the discount rate change in the USA (model left, change discount rate.5igjht)

Figure 27: Coseffectiveness of the digesters in the little (left) and large (right) dairy farms..55

Figure 28: Effect of the applicatioate in the USA (left) and Vietnam (right)..................coo. 56

List of tables

Table 1: Enteric emissions Mitigation OPLIONLS. ........uueiriiiiiiaie i e eeene e e e e e e 9
Table 2: Manure emissions Mitigation OPLIONS..........ooviiiiiiiiiirier it 10
Table 3: The biogas recoverystems (or anaerobic digeSterS)........uuviiiieieiriiiccceee e 16
Table 4:List of the USEPA (2006) assumptions tested in this study..............cceeeevieeeiiiieeeenenn. 29
Table 5: List of the data requested inthe madel............cooovvrvieeee e 33
Table 6: Dairydigester spread amoNng StALES..........coeeiiiiiiiiiimee et e e e e e e e 48
Table 7: Swine digesters spread iNthe USA.........o e 48
Table 8: Geographic share of the digesters itBA..............ooooiiiiiiii e 49
Table 9: Effects of the change of each one of the parameters in theslbezagrice calculation...54




Acknowledgments

| would like to thank mysupervisor, Benjamin Henderson, for his time, patience andftetpis

project. Thank you for having giving me the possibility to work on a great subject that combines
economics and environrmenD QG WKH RSSRUWXQLW\ WR GLVFRt¥H WKH 3)
thank Pierre Gerber for having accepted my internship request, Daniel Pambudi for his help about
some economic problemsCarolyn Opio and Michael Macldo for their help and data
communication.

Thank you also to Robert Begc®enior Research Econahat RTI internationafor his answers to

the many questions | had about the model he contributed to Buitdige thank you to Angela
McEliece environmental consultant RICM internationalwho had the patience and took the time to
give me many cost astates for some digesters in the USA. Thank you also to Felipe R. Montes,
from Penn State UniversityVilliam Lazarus Professor and Extension Economist at the University
of Minnesota,Curt Gooch Dairy Environmental Systems and Sustainabititygineer atCornell
University, Jennifer Lynn Pronto, Research support specialist at Cornell Univekiiiy Stocks,
Director of the Environmental Programat the National Pork BoardDoug Young,SpruceHaven
Farm and Research Center, and Jerry Bingold, DirectoeWwadrle Energy at the Dairy Management
Inc. Innovation Center for U.S. Dairgr their help during my data research in the USA.

| wanted also to thank Louis Bockel from FAO, Tina Amusa from the Asian Development Bank,
Pham Van Thanhdirector of the Centefor Community Health Research and Development in
Vietham Nguyen \6 ChauNgan lecturer at the Departme of Environmental Engineering at the
College of Environmers&indNatural Resourceis Cantho Universityn Vietnam,and Matthew Cayr
advisor RenewablEnergy at SNV Vietnanfor their huge help during my data research in Vietnam.
Without them, the ¥étnam part of this study would hbave been possible.

And finally, thank you to Philippe Le Goffe, my supervising teacher for his follow up for this
interrship.



Acronym

ASEAN: Association of Southeast Asian Nations
BSE:Bovine Spongiform Bcephalopathy

CDM: Clean Development Mechanism

COD: Chemical Oxygen &mand

EU: European Union

FAO: Food and Agriculture Organization of thimited Natiors
GDP: Gres Domestic Product

GHG: Greenhouse gas

GWP: Global Warming Potential

HDPE: High Density Polyethylene

IPCC: Intergovernmental Panel on Climate Change

IRT: Investment Return Time

KES: Kenyan Shilling

kwh: Kilowatt hour

Ib: Pound

MAC: Mitigation Abatement Cst

MICCA: Mitigation of Climate Change in Agriculture
MtCO,eq: Mdric ton CG equivalent= ton CQ equivalent (tC@eq)
MMtCO.eq: Million metricton CO, equivalent = 10"6MtCé2q
MWh: Megawatt hour

NASS: National Agricultural Statistic Service

NRCS: NaturaResources Conservation Service

OM: Organic Matter

Ppbv: part per billion by volume

PTD: Plastic Tube Digester

UK: United Kingdom

UNECE: United Nations Economic Commission for Europe
UNFCQCC: United Nations Framework Convention on Climate Change
USDA: UnitedStaes Department of Agriculture
USEPA:United States Environmental Protection Agency
USA: United States of America

VFA: Volatile Fatty Acids



Introduction

Since a couple of years, thanks to the creation of thitetd Nationg=ramework Conventionro
Climate Change and the Kyoto Protocol, concerns have been developed about the need to reduce the
greenhouse gases emissions, whose amount increased, to fight against climate change. These gases
have many sources but the role of agriculture is espesigihficant as is th@otential to reduce its
CO, and noRCO; (such as Chland NO) emissions. Indeed, RI WKH ZRUOGY{V DQWKURS!
CO, emissiong84% of the NO and 52% of the CHyenerated) [USEPA a, 2006] and-12% of all
GHGs anthropogenic emsions [IPCC, 2007Ajvere generated by agricultural activities in 2086d
as the population continsdo increase, wexpect thatthe contribution of agricultureto climate
change will not decrease unless measures be thkestock contributes t89% of WKH ZRU-OGYTV QR
CO, greenhouse gas (GH@missions (2005), whose 7% from manure [IPCC, 2007]. Animal and
their excreta are the principal agricultural methane source and mostNfQ@mmes from the field
and animal house. Thus, within agriculture, lheek is one important source @HGs Many
international organizations, programs, reseas;lpaiiticians tried to find the best mitigation options
from agriculturelt is also the case for FAO, which is actively working on the livestock sector to find
sdutions to decrease the impact of agriculture on the environment and especially on climate change.
More specifically, the Mitigation of Climate Change in Agriculture (MICCA) Program has been
created in 2010. This program, funded by Germany, Finland anddyprties to improve the
livelihood of small farmers in developing countries, while proposing solutions to these farmers to
decrease the GHEZmissions. The aimarealso toestimatehe GHGemissionsources in agriculture
and the mitigation potential ofdifferent managementractices within farming systemsheir
economic implicationand the factors the policymakers have to take into account while building new
policies about climate chang®ne of themost effectivemitigation options from manure is tlise of
anaerobic digesters in hog and dairy farms. This technalaggapture methane and convert it in
biogas, which can be used to generate heat and electricity. Thus, thee@ii#Sions can beeduced
directly and indirectlyby decreasing the amount fofssil fuel used to generate the electricity.

There are ranytypes of anaerobic digester technologiBisey alsdaiffer betweerdeveloped and
developing countriesn this study we firstlyexplore what could be the GHGs abatement potential of
these techologies, and secondly whidkchnology could be the most cadtective in the USA and
Vietnam. Marginal Abatement Co$MAC) curvesare built toanswer to thse questiors, and
according to the sensitivity of the model to some parameters, we can anagizeowld be the key
factors policymakers have to take into account in future climate change polidies, the
effectiveness of a model applied at a country level can be tested, the same way the effectiveness of a
global model can be tested at the intéoral level. This study can thus support the FAO MICCA
project.

We begin witha literatureof GHGs and their mitigation options in a global scale to explain the
current state of the greenhouse gases emissions and why we chose to focus on manureamrdissions
anaerobic digesters. Then, an economic model will be buittotstructMAC curves about the
anaerobic digesters in the USA and Vietnam, according to the available data in 2010, and test some
assumptionsncluding those used BYSEPA (2006) ina simila study The results will be finally
discussed to point osbmelimitations of the analysiand future improvements.

1



|. Literature review

A. The greenhouse gasd§$HGS) in livestock

a. Background

GHGs have many sources (energy, industry, agriculture, wasteAppendix1). In 2005,5
developingregions including South and East Asid,atin America and Caribbean, S@aharan
Africa, were responsible for the % of the total agricultural emissjt®GC, 2007] Agricultural
GHGs will increase over the next 20 yeargesially in Asia(particularly from livestock, Africa
(which have the highest emission growémnd Latin Americabecause of the high exportation and
deforestation) Because of population growth, more products are demarnkdedjiet is changing
(more meat(5% increaseuntil 1997 probably 57% in 2020 especially Bouth Asia and Africa
[IPCC, 2007] and dairy productsgnd thetechnologies, the public policies, the prices and costs are
changing too Developing countries emit more GKGhan developed coums, but methane
emissionsfrom manurewere higher in developed countriagp to 2005 [USEPAD, 2006] West
Europe is supposed to be the only region where the &tssions should decrease202Q thanks
to the climate and environmental policies andeébenomic constraints on agricultt€CC, 2007.
Compaedwith the 2000 levelthe four main noyrCO, emission sources which aagricultural NO,
entericlivestock CH, manure Ch and NO, and rice Chlcould increase by 37%30%, 24% and
22% until 2020, respectively[USEPA a, 2006] Ruminants are the main livestock ¢producers
because dtheir special digestive system.

Housed animalgan produce slurry(feces urine, feed residues, bedding material, and water
[Van der Meer2008) and manurgin other wads liquid manure and solid manukghich can give
nutriens to plants but also generate GHGsThese gasesclude nitrous oxide (MO), methane
(CHy), ammona (NHz, which is a precursor to ), which aremuch moreeffectivethan CQ at
trapping heabecaise they have higher global warming potential (GWAR. Their amount can be
measured thanks to several techniques AggendixlIl). Most of theseGHGs emittedfrom manure
are CH emissions whichcome from swine and dairy cattlbecause the manure istypically
managed in liquid under anaerobic conditions. The other species emit less because tbityesion
pasturgnon-dairy ruminants) or housed with dry litter systems (poultrigh soid manuredeposited
in aerobic conditionfUSEPAa, 2006 Rigolotetal., 201Q. This statementaybe operdto debate
because other studi@gicate that liquid manuremits twice less GHG thansolid manurepecause
of the highlevels ofN,O emitted fromthis latter As manure is an important source of Gsiénd
becasemany benefits can be obtained from this mitigation (see B.a. andiBisthe focus othis
study.

! The GWP enables us tmompare the ability of the GHG to trap the heat in the atmosphergisCe
reference and thealculation of this GWP is based on 100 years. Thugf™W *:3 BEnd N2V *:3206/
LWK WKLV 3XQLW’  ZH -EQ emisdioqsYirntoUCMedqdivalentQIRit®. Here we will only present the
GHGsthat come from agriculture (and not the high G@&Bes that come from industry). [IPCC b, 2001]



I. Nitrous oxide (NO)

This gas camemain foraboutl114 yearsin the atmospheréCO; has a lifetime of 100 years) and
has aheat trapping effec296 times higher than C{(100 years of time horizorf)PCC b, 2001]
Thus, it hasan importanimpact on global warming and on the ozatepletionin the stratosphere
(conversion of MO in NO).N,O can be produced naturallgbiout60% of the NO emissionon a
global basisIPCC a, 2001), especiallyfrom biological sources in soil and water, and by humans
throughagricultural soiland livestock waste managemd66% of the anthropogenic,® [FAO,
2006] but Kroeze (1998) explained thahe contribution of BO from the animals is not really
known and could be negligiblat national scal¢Monteny et al., 2001] because of th@naerobic
character of slurry that prevents nitrificatjpmnobile and stationary fossil fuel combustion, adipic
and nitric acid productio (main manmade sources in the USA). Once in the atmosphere it can be
removed byphotolysis in the stratosphefBhe atmospheric concentratiofN,O increased by 16%
between 1750 and 199814 ppbV). Nowadays théncreaseateis 0.25%per year[USEPAa, 2006]

N,O is produced bynitrification (aerobicjdenitrification (anaerobicno oxygeh from soil after
manure spreading, livestock bedding, solid manure stores, and storedfsgjurey1)

NH T NHOHT NGO, T NO; T NO' T NOT NOT N,

N
= VAN Y,
Y Y
Nitrification Denitrification

Figurel: Nitrification/denitrification process

The ammonification of uredrom urine creats ammoniumNH,4*, which will be subjectto
aerobic conditions. Saitrification occus andproduce nitrate (NO3) for denitrification. A delay
can be observed between manure application andN,O emission because of
mineralization/nitrification and the sufficient NCcreation The emission factotbetween 0.1 and
3% [Chadwicket al., 2011) depends on the soil type and conditiot® manure compositiorthe
measurement peripdhe type of baeria involved in the process, and the amount of oxygen and
liquid in the manure systemimmediate MO emissions following manure applicati@an occur
because o& source of N@ within the manure, or the denitrification of residual $¢;. But, no
N,O will be produce in the short and medium term from the organic form. Withilhd&s a large
amount ofN volatilizesas NH; after manure spreadingvhich decreasethe quantity available for
N,O productionSothereadily availableN drives NO emissions

The key management decisions that have an impact,@ndxhissions after spreading are:

- Manure type: dairy slurrjeads to higher emissionlan pig slurry(not the same C content
and presence of fine solids in the dairy slurry blocking soil pot@sh createsanaerobic
conditions)

- Soil type: a clay soil after manure applicatideads to higher emissior{glifferent water
capacity, organic matter(OM) contentand cation exchange capacityhadwick et al.,
2011] The urce of NO in this soil is denitrfication, while theonein a sandy loansoil is
nitrification [Rochetteetal., 2008]




- Timing of manure application (temperature, soil water): Aftetumn/winter slurry
application, ahigher quantity of N lost as N© can be foundoecause slurry applied to
actively growing crop duringspring creates a bigger N sifk.water content of the surface
layer reduceshen NO emissions will increasgChadwicketal., 2011]

- Manure application rateoptimizing the rate, timing and technique of manure application
could reduce losses of direct (higher rates lead to mgeldsses) and indirect,® (via G
depletion of the soil, whichncreases denitrifiation) [Van der Meer2008]

- Application method: broadcasting across the surface or slurries injected istd ti#hallow
injectiors (reduce the contact with the agan reduce’3% and 23% of thé&lH; emissions
when applied to grassland and arable land respectiyrly increase PD emissions
[Misselbrooketal., 2002] If the conditions ar@ot goodenoughfor denitrification, injection
can reduce NElemissions without increasing.® one [Chadwicketal., 2011]

- Slurry treatmentsoils treated with digested slurriesuldlead to lower emissiathan from
untreated slurries, but it depends ail properties(for example the redox potentiadhd on
application conditionfChadwicketal., 2011].

Moreover studiesmentioned by Chadwicktal. in 2011show thathe absence of bedding or the
presence of hard standing areas enahlgy to stay in anaerobi&gtate whth preventsnitrification
and so no or little BD emissions will occurHigher emissions will occur from deep litter systems
with fattening pigs.Slurry stores creatanaerobic conditionsThus, NO production from slurry
manure with no surface cover isghgible (no nitrification). Some materials used to cover liquid
manure stores to prevent ammonia emissions enhance crust forif@&tiohic conditions), which
leadsto an increase in }D emissions.

Finally, 0olid manure stores provide aerobic and anaerobnditions. They are a source ofON
production consumptiorand emissionwhich releasaisually betweetess tharl% and4.3% of the
total N). Thormanet al. in 2006 showedthat between 0.2 and 0.8% of total heap N is lost #3 N
from stored poultry mamre and covering these heaps reduceg &iHissions but has no effect on
N.O. However, covering the heaps and compacting the manure create anaerobic conditions that can
reduce NO and NH emissions from solid manure hed@hadwicketal., 2011}

ii. Methane CH,)
Its lifetimein the atmosphere is 12 years atsdlGWP is23 timeshigherthan CQ (100 years
time horizon)[IPCC b, 2001] CH, comes from landfills, natural gas and petroleum systews,
mining, agriculture, combustion, wastewater treatmamij industrial processefRJSEPA a, 2006].
The livestock sector emits 37% of the world anthropogenig [EAO, 2006] 10% of the digestible
feed intake or 5.5% of the gross energy intake will becomef@Huminants. For pigs and poultry it
is far less than thaf0.6% of gross energfpr sows Jorgenseret al., 2011]). The type of feedthe
production level (beef cattle versus dairy cows) and the age (calves versus dairy cows) have a great
impact on CH emission level$Montenyetal., 2001]

o Enteric CH
The entric fermentatioroccursin the stomach/rumen of the ruminants (major emitters) and in
the colon of the pigs (less Ghroduced because the capacity for this production is lower) where
PLFUREHYV LQ DQLPDO1TV GLJHVSERAEH2006NVTN$i$ theHMd& HPWtantR R G
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source of CHin dairies(80%)whereadermentation ofnanure is the most important source of,CH
for pig and poultry farm¢70%) [Monteny et al., 2006]. If the increase of Cllis proportional to the
increase in livestock number,eth the CH production from livestockshould increase by 60% in
2030, but changesn the feed and manure managarhcould improve the situatighPCC, 2007.
Concerning beef cattle, non lactating cows like heifers produce legpetiday than steers becaus
thelatterhave higher daily feed intake. But their higher gifovate leads to 20% less GHroduced
during the whole production period. The cattle on pasture can emit maré B grass quality is
poor and if theilevel of performance is loyClemenset al., 2001]. The fermentation occurs in two
steps: the fast growth of acidogenic bacteria (optimti@°C), which produces organic acids, H and
CO,, and the specific methanogenic bacteria work, which produces f@irh organic acids
[Montenyet al., 2006]. Enteric fermentation is responsible for 80% of the, @hhission from cattle
KRXVHV DQG PDLQO\ IURP LQGRRU IRU SLJYV KRXVHV LQ W
CH, emissions from enteric fermentation came from beef cattle, dairy cattlswamel respectively
in the USA in 2000 [USEPA, 2012]Montenyetal., 2001]

o Manure CH

Manure stores are alsonaajor source of CH If manure is stored or treated in anaerobic
conditions (e.g. asliquid or slurry in lagoons otanks), its decompositiomwill produce CH.
Preventing anaerobic conditions coultereforedecrease Cliproduction.As mentioned,fimanure
is solid or deposited on pasture for example, there will be an aerobic decomposition and Jittle CH
production Liquid system usés higherin dairy and swine farms in industrialized countrégsl in
newly industrializing countries in Asia and Latin AmerjtiESEPAa, 2006].

CH, flux is positively correlated with slurry tgmerature and it tends tancrease above 15°C
[Chadwick et al., 2011]. This CH, source is influenced bthe composition of the manure which
depends on the animal type and diet. If the feed contains a lot of energy, there will be more CH
produced. But some highenergy feeds are more digestible than lower enfaggs so less waste
will be excreted from the animfiUSEPA a, 2006] A lot of studies have been done to determine the
factors that affect CHproduction, whichis influenced by management and environmental factors
like thetemperaturethe biomass compositiorihe manuremanagementhe durgion of theindoor or
outdoor storage the percentage of volatile solidpH, water contentor the substrate availability
[Chadwicketal., 2011] This production depends also on the rate of organic matter fermentation, the
type of volatile fatty acids produced (iheir production increaseand if pH decreasethere will be
more production of propionate which is an alternative to the production gf @htithe efficiency
of microbial biosynthesisAs CH, is not soluble, it willeasily voldilize [Montenyetal., 2006]. CH,
comes also fronthe anaerobic digestioof slurry stored indoor and outside, and more specifically
from the hydrolysis of hemicelluloses. Temperature and storage are the most important parameters
that determme the amount of CiHproducedMontenyetal., 2001].

Diet and animal typéage and the weighhave an impact on GHemissiongMonteny et al.,

2001} CH, production will increase if the organic matter content in the excreta increases. So cattle
slurry produces less CHthan pig slurry, which producs less CH than poultry manure, but more
slurry are produced from cattle so £émissiors from this slurry is higher.



CH, is an energy sourc&he prevention or the capture and then the use qfedtissions ca
provide energy, economic and environment bendfiee part I.B.c.). A study on air bubbles in
glaciers shows that there are more,@idw than at any time during thagt 400 000 yeaff)SEPA
a, 2006]. Since 1750CH,4 concentratiorin the atmosphere ineased by 150% up to 174pbvin
1998[IPCC g 2001] but itis slowingnowadays With arateof 20, 9-13, and 613 ppbv per year in
thelate 1970s1980s, and 990srespectively, up tol751ppbvin 2002 [USEPA4a, 2006]

CH, is removed from the atosphereby sinks The nmain oneis the oxidation with hydroxide
radicalsOH (CH,+OH=CH;+H,0) in the troposphere. The same process happens in the stratosphere
but with less amount of CHlestroyed. Tropgphereand stratepherereactiongepresen®0% of the
CH, renpoval. The other sinks are thmicrobial uptake of Cklin soils (7% of the Clremoval) and
the reaction of Cllwith chlorine atoms in the marine boundary layer (<2% of the @roval)
[USEPAa&a, 2009. The most effective way to reduce ¢emissions duringutside storageould be
to reduce organic matter content of slurry with a biogasstige(emissios 30 to 66% lower).
[Chadwicketal., 2011]

lii. Ammonia (NH3)
This gas is not considered agdi@mect GHG, however, i is a precursor to BNO (direct active
GHG) and NO|[Clemensetal., 2001]. 65% of aINH3; emissiondrom terrestrial systemsome from
animal farming systen®ational Research Counc2002] NH; comes from the anaerobic digestion
Rl IRRG SURWHLQV ,Q WKH FRZ{MoUdr¥de igr@teind/ Bud sbrhefitdeR BEddV XV H
much NH can be found in the rumen, so it goes into the blood and is excreted with the urine in the
urea form. When Nklis in the atmosphere, a part of this gas cobaek to the groundwvhich can
create environmental problensuch as the acidification or chasgé the ground structurgnd the
other partremainsin the atmosphere and regetith some atmospheric acids to create aergsols
which can be a problem for air quality ah®® U DQLPDO YV D Q GV¢GHR & &. J200RH D O W K

b. Livestock GHGs emissiontrends

The livestock sectdnasgrown fastin recent decades a®pulationgrowth andincreass in per
capita incoms have increasedemandfor livestockproducts, particularly in developing countries
New technologiesincluding genetic selection, shift from grazing to feedlot systems, reproductive
technologiesincreased livestock productiam response to the increase in demahous, meat and
milk production argorojectedto double between®1 and 2050HAO, 2006, ard thisdemand could
be met especially tbugh anincrease in animal numteein developing countriefRosegranet al.,
200§. This increase in livestock number will lead to more GH@issions (20% more enteric and
manureCH, emissionsfrom 2005 to 202(articularly from China, Latin America, Africa, South
$VLD 6RXWK ([WSBRA$H\20MB]«The amount of emissions dependso on the animal
type: beefproduction emits 13 times mo(by output weightthan chicken meat productiobgcause
it is less itensiveand they have a betterfeed conversion efficiengyon the regions (beef meat
production in Argentindeads tomuch higheremissionghan in the US or in South Korea), and on
the production type (meat emits more than milk for exarbpEause dairfarmsaremore efficient
at convering feed into food for consumptipnThus, agriculture and livestock contribute to climate
change, which has bad impacts on agriculamd grazing livestock systenespecially(increass
temperature, changes in rainfaktreme weathefHendersoret al. 2011} Non grazing livestock
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which stay inside buildirgy canbetter control production conditionsAO, 2009. Finally, 70% of

the mitigation potentialis in the developing countriepMcKinsey & Company 2009, where
appropriate policiegclimate or norclimate one)will have to be created to reduce the emissions.
[Hendersoretal., 2011]

c. Legislation for GHGs emissions

CH,4 and NO production are regulated by the Kyoto proto@d®97)under theUnited Nations
Framework Convention onClimate Change (UNFCCC)The countries do not have the same
HPLVVLRQ WDUJHWYV )RU HyWwbudShavd bedhk%i edveeRfi 2008 Brid 261/
they had ratified the protocUNFCCC a, no date]To reach this aim, the countries careate
national measuseor use three mechanisms: the carbon market (emission trading), the Clean
Development Mechanism (CDM, see below) or the Joint implementation (a c@namrghe Annex
B of the protocol, sedppendixIll, can earn emission reducti@nedits from a project in another
Annex B country)National or international strategies exist to reduce the &€i@ctly orindirectly,
e.g. In the case dhe Nitrates Directive for the protection of the water agains{ M@t comes from
agricultureand that could be used for denitrification and produg®.Nrhe Gothenburg Protocol
(1999)to Abate Acidification, Eutrophication and Groutel/el Ozone is included in the Convention
on Longrange Transtbundary Air Pollution (CLRTAP) andorovides abatementoptions and
economic instruments to redublH; emissionsrom agriculture [Chadwicket al., 2011] [UNECE
no dat¢

30 to 50% of the total }O emissions from agricultureould come fromwastes from animal
production system$Oenemaet al.,, 2005] The assessent of the percentage of manureCON
emissios includes manure spreading, manure managemergnimal housingand stors, and
excludes emissions from urine and feces from grazing livesidak percentage varies from country
to country,for example, in tB UK and Japan, manure contributes to 16% and 50% of agricultural
emissions in 2007 respectively; this difference comes from different use of fertilizer, crop, livestock,
or managementGlobally, 12 to 41% of the agricultural GHemissions come from mares
Differences in these emissions among countries come from the duration of manure storage, the
proportion of ruminant livestock and the extent of peeduction and biomass burnif@hadwicket
al., 2011]. So, each country needs legislations adapted ¢ir #timount of emissions to respectithe
Kyoto protocol commitments The manure management legislation in the Netherlands in 2008
forbids to discharge livestock effluent to surface waters (colleeiahstorage of feces and ufine
and to apply slurry inhie season without plant gréwor when the soil is frozen (nestbragé. The
establishment of new livestock farms, the expansion of existing farms in areas with a high livestock
density and the apphdion rate of N are restrictgdan der Meer, 2008]

In developing countriethe CDM projects aremportant It enables some projects, whose aim is
to reduce emissions, to earn Certified Emission Reduction (CER) credits and to sell them to
developed countries. These countries will then use these creditetdhmeemissiontargets under
the Kyoto Protocol. Thyghis mechanisntan benefitboth developing and developed countriés.
allows developing countries tievelop new technologies aadhievesustainable developmewhile
decreamg their own GHG emissions,and provides developed countri@ith more flexibility to
meettheir commitmerg underthe Kyoto ProtocolA lot of CDM projecs exist in China(49.73%),
India (19.4®4), Latin America or BrazilOn August 14™ 2012, 464 projects were registeredthose
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163 in agriculture(36.246 large scale, 63.8% small scal@)NFCCC b, no dat¢. Some countries
such agChinahaveintroduced many laws and programs under some UN convenubinsh can also
achieve mitigation benefits related to land .ug®r example,under the UN Convention on
Biodiversity, China created a program to restore croplands close to lakes, sea, or other natural lands
as conservation zones for wildlife (this could increase soil carbon sequestration but glso CH
emissions]IPCC, 2007].

In many regions, nostlimate policies related to macezonomics, agriculture and environment
have a higher impact on agriculture pollution mitigation than climate policies. Eagngctlture ha
good technical potential for mitigation, only little progress been made to apply these mitigation
options because of barriers that cannotdslyovercomgIPCC, 2007.

B. Mitigation options

Many options exist to reduce the Gkl&missions, some of them focus on one GHG, ether
efficient only in laboratory expeaments, and some areidely studied and discusdin the literature.
According to the evidence found in studi@soutthe effectiveness of these mitigation practices,
some options will be selected to be compawgtile there are some effectiveeasurewhich reduce
the emissions only indirectle.g.geneticselectionfor more efficient animalshese measuresenot
taken into account, buft they did, they couldncreasethe abatement potentibl 2/3 [Moran et al.,
2008] Enteric options will be prestad here but not taken into account in the rest of the study.

a. Interaction between mitigation options and GHG emissiors

I.  Summary of possible options

Somereviews have been donr GHGs mitigation optionsClemensV V {2008 Sets apart
the preventive neasures, which reduce C and N input or output related to animal husbandry (the best
oneg according to criteria such as the emission reduction potentiafftbiency of N conversionor
the effect on yieldjs animals with a high productivity fed with aptimized diet to reduce CH
SURGXFWLRQ DQG *HQG RI SLSH’ sproductddn frbh CZalkd RKn tiekH G X FHV
system of animal husbandry (the best mteanaerobic digestion of threanurg.



0 Measures to reduamtericemissiongtable 1)

Mitigation options Comments

Preventive measures for ruminants

Optimizing the diet(more concentrates, ley Can reduce the CH emissions especially i
forages or improve forage qualijy developing countries (for example, less crude fibel

High performance animaleerd management | CH, decreases when the product unit increg$as
example, lower emission/unit of milk produced)

Anabolic steroids 5-10% reduction of the GH§Eemissions

Hormone treatment Increase milk production by 120% and redces
animal stock T reduction of 9% of the CH
emissions in the USA

Increatng the reproductive performanc| Decrease of the GH&Emissions
selecting the individuals for the reproduction

Chang bacterial flora of the ruminant stomaci

End of pipe measues No technology available

Tablel: Entericemissionsmitigation options [Clemenst al., 2001]

The anabolic steroidindhormone treatmerdptionscanbe effective, but they aferbidden in some
countries such as Germany, Candeld,becaussome reglues remain in the final produ&s non
ruminants danot emit a lot ofenteric emissions, thegatigation optionsare not relevarfor them.

For ruminantsthe most effective Climitigation dietary measures could be the increaghef
level of starch or soluble carbohydrate to increase the production of propionate instea hieCH
change of the diglessfiber) to increase the productivitgy the decrease of methanogens. But only
the two first solutions are feasiblbecause théhird option would lead to the addition of probiotics
for exampleandmanyconsumers are against thi$e change of the diet could decrease enterig CH
emissions but also change the composition of the manure and thus the greenhouse gases production
from this sourcelMonteny et al., 2006] Moreover,the use of additivebas an effect on rumen
microflora population, which could change the fermentation and lead to lower emissions (but some
additives, considered as medicines are not allowed in some iesimttuding thosean the EU).

So, it appears that among these different options, the change in thethieselection of the
animals and genetigbetter breeding, feeding methods and husbandry can le#14% less Chi
emissions from dairy in Germar{0% less Chlemissions over the last 40 years in this country)
[Clemensetal., 2001) are efficient and feasible optisto reduce the enteremissions.

% especially in developing countries because in developed countries the diet is already optimized, which can lead to
20% less Cliemissions per cow per day but 21% more,€htissions from the total herd ifi@ntensive production

system becomes an extensive one with more cows and a restricted diet [Mehtny2006], 2630% less
ammonia emissions according to Powetllal. 2008, less N excretion, and other potential beseficording to
Chadwicketal. (2011)andOenemaetal. (2005)



0 Measures to reduce manup#iGs emissiongtable 2)

Mitigation options

Comments

Preventive measues

Reduction of the N output of the excreta

By reducing the animal number for example

Optimizing the diet of the animals

Improve the digestibility which could decreaseC
emissions

Influencing and controlling microbial processes
the excreta

For thenon grazing systems so that the excreta
be collected, the grazing systems are uncontrollg

Adding straw to solid manure

Will reduce NH emissions butouldincrease MO
emissions mixing 50% straw with cattle manure
the beginning of the storagedieced CH and NO
emissions by 45%nd 32%{Chadwick 2011]

Compact farmyard manure

Will reduce NH but increase CH

Quickly remove the excreta into biogas plant wh
using a storage in a closed system

Will reduce CH and NO emissions (10%
[Montenyetal., 2001} in pig houses, emissions ¢
be 40% lower than in houses where channels ar
cleared frequently. [Haeusserma@n06]

Outdoor slurry treatmenfcombination of aerobi
(nitrification) and anaerobic  (denitrificatior
treatmenk (example of KH 1HWKHUODQG

Could lead to a ammonia freeslurry. Between 1(
and 20% of the slurry N can be lost agONfrom
aerobic slurry treatmenMontenyetal., 2001]

Addinglactic acid until pH 4.5

90% less NH and CH, decrease of JD emissions
[Montenyetal., 2001]

Total solid content: at least 18% (more aeration)

Decreases CHand NO emissions [Monteny2001]

End of pipe measures

Anaerobic digesters

Improve energy efficiency, can reduce 85% of,C

Housing system and manure storage

Hot fermentation

Could remove 60% of the N in the liquid mant
(reduction of the Cl)

A cover placed on the excreta surface or a biof

For nitrification of the NH (but NO, emissions
would increase)

Adding gypsum (CaS04) to pig slurry (experimg
in Germany [Bergetal., 2008])

CH, flux decrease linearly with the quantity
added gypsum, no N@mission detected

Field application

Influencing the balance N-NH," (acidification,
addition of CaS@to modify the pH)

No or a few CHis emitted after landpplication of
the excreta; a solution with a low pIH no NH;
emissions

Incorporation of slurry

Reduce NHbut increase pD emissions

After slurry application

40% of the NH' applied with liquid manurg
reaches the soil microorganisms as@vailable for
the plants (the rest volatilized as YHThese 40%
are a potential source of,M. The injection of
liquid manure avoids the NHvolatilization and
about 90% of the NH could be available for th
soil microorganisms

Table2: Manure emissionsmitigation options [Clement al., 2001]
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As shown in table Zhere are many mitigation options foranure For the preventive measures,
optimizing the diet for cows while decreasing the crude content and the use of proteins with low
degradaltity in the rumencould decrease the N excretiorarFsows and fattening pigs, improving
the amino acid content of the diet cowdi$o decrease this N excretidhd change in the feeding
method could lead to 12% less N excretiGhemenset al., 2001). Moreover,compostingcan lead
to lower inorganic nitrogen (available for the plants), lower total carbon concentration, higher dry
matter, higher total mass losses (water + dry matter), higher losses of C and Nillmwstthe
transport olup to twice moe phosphorushanfreshor stockpiledmanurelLarneyetal., 2006].

Forthe3HQG RI1 SLSH’ o#lingDiheXriamike (<R0°C§21% lessCH, emissiondor pig
slurry inrhousg, reducingthe pH(with lactic acid) removing manure from indoor storage gifsa
sufficient outdoor storage capacity and other measures to prevent outdgoen@$$ions are
available) and a better management of the bedding (minimize compaction, add litter, remove
regularly) are other Chl mitigation options Nitrification inhibitors can be used to decreaseO\
emissions, the control of nitrification/denitrification is important to have a greater fluy iofsiéad
of N,O (the factors controlling }O/N, ratio are not perfectly welkknown). The interaction between
manure and feriter nitrate is important for }0 emissions especiallyrithe Nitrate Vulnerable
Zones.

Anaerobic digestiogwhich will be detailed belowyill first decrease the amount of Cemitted
but could alsancrease the amount of Nidvailable for the plantfiave an impact othe quantity of
C (the anaerobic digester will use more C for the biomass or fomp@dluction, less C in the slurry
will be available for the denitrificatign and will reducethe N,O emissions after land spreading
[Monteny et al., 2006] We can deal with the climate change problem while using 6Henergy
production(reduce the emissions of Gldnd CQ from fossil fuels).Finally, theuse of anaerobic
digestion and electrochemical oxidatidmasbeen tested for dairy manure in Jagmnlharaet al.

(2008. Indeed, anaerobic digestion can recover biomass energy and treat animal waste for C
recycling but itdoes notallow muchdenitrification. Hence theeed forelectrochemical oxidation of

the NH; produced, which requires electricity. Shstudy evaluates the feasibility of using electricity
created by a biogas plant for the electrochemical oxidation of ammonium nitrogen in anaerobically
digested effluent. The author found that 24 to 33% of the electricity required for the electrochemical
oxidation can be supplied by the biogas plant, which is not very efficientelBatrochemical
oxidation of digested effluent from a biogas plant for dairy manure is a good option for the treatment
of NH4-N. This oxidation and the use of NaCl decrease-NHand COD Iy 28.9%for COD and
almost 100% for Nkl after 5h). Indeed, during the indirect oxidation, the electrochemically
generated oxidants destroy the pollutants and decreage\NNH the solution. During the direct
oxidation, the organic matter is steoyed on the oxide anode by electrochemical conversion or
combustion. Indirect oxidation is dominant during electrochemical oxidation of the digested effluent
[lharaetal., 2008}

% Area of land that have or could have an excess of nitrate (more than the limit 50 g &l@ where farmers
have to take measures to decrease thg dt@centration (less fertilizer use or use it with a better timingeibett
PDQDJHPHQW RI WKH PDQXUH DSSOLFDWLRQ WR ODQG« RWKHUZLVH WKH'
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o Packagsof options and interactions between measures

Finally, the ug of several mitigation options is feasible. For example in the UK, the use of
ionophore, improved genetics and productivity for beef and dairy, and anaerobic digesters for beef,
dairy, poultry and pigs could lead to theduction of 5% of the emissions {ivhn et al., 2008]
Moreover, therecould be some interactions between enteric and manure emissions. Indeed, the
adoption of one option to reduce emissions from one source could also have an effect on other
emission sourcesThe typical example is the clgm in the diet, which could lead to less enteric
emissions but will also change the composition of the manure and thus, could decrease the emissions
from this source.

Some options can decrease G3Hiut othes, in some conditionganincrease them or de@se
one of them and increase the others. A study dori@edylein about the BO mitigation options in
2008 concludes thatitrification inhibitors, managing animal diets and fertilizer management had the
best potential for reducing emissions in the shemn. But some practices could increase,CH
emissions (practices that increase the efficiency of N in thepkoit system), so all GHEheed to
be taken into account to be sure that the mitigation of one GHGat lead to the increase of
another one. &ils et al. (2006 showed that the reduction of N fertilizer used and grazing times
could lead to the mitigation of 50% of the@emissions in Dutch dairy farms, but only 26% of the
total GHGs emissions will be reduced. Indeed, for example, DNmissons decrease but GOr
CH, emissions increase, then total G¥nissions could increagBe Klein etal., 2008].

Dinuccio (2008) made a stu@ypout the treatment difie slurry by solidiquid separation, which
creates a nutrient rich solid fraction thaincbe transported at lower co$d deficit areas. GH&
emissions have been measured during the storage of pig slurry such as the solid and liquid fractions
obtained by mechanical separation in labomat The study found 7.8% solid arg®.2% liquid
produed after the separatiolt.alsoshows that this separation, for the solid phase, increases the pH,
doubles thdotal nitrogen decreases thtetal ammonianitrogen and leadso highervolatile solids in
total solidswhereas its the contrary for the ligd phase. The main GHG emitted from liquid manure
(and also for rough slurry) is GHand then CQ@ and NH). N,O emissions are low during slurry
storage (anaerobic conditions). The main GHG emitted from solid fractiogOigad then C@and
CH,) becaus solid fraction produces a fibrous product, so the air goes into the upper part of the solid
fraction samples, where nitrification and denitrification occurgldhtd CH emissions are low. So, if
we combine solid and liquid, 2 emissions increase, G¢ldnd CO, emissions increase by 3% and
10% respectively, Nklemissions decrease. In general, GH&issions increase by 25%. So, solid
liquid separation is not aogd option for the environment due bayh emissions of CiHfrom the
liquid fraction andhigh emssions of MO from the solid fractiorjDinuccio et al., 2008]. But this
study has been done from manure of one farm in Europe, so the results are specific to this area.
Different results may be found in other agilonatic conditions.

However,only a fewadverse effects have been found for anaerobic digester&xample, their
use could decrease the carbon supply in the soil, which could decrease the organic matter supply, and
thus have an effect on the mineral transfer in the soil. Their use couleéatstolsome issues about
the cultivated land for food or energy purposes.
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Thus, among these optignthe ones that lead to a decrease of one GHG but an increase of
another onemay notbe considered as efficient measurkgrature about adding strawales to
different results, in some condition (little amount of straw and litter used which will create wet and
dense areas like anaerobic ones)Nmissions could increase; the compaction of farmyard manure
slurry incorporation Moreover lactic acid isconsidered as a biochemical pesticide which is strictly
regulated and can face consumer oppostiot the adition of gypsum has been tested only during
an experimentSo these optionsamot be considered as feasible either. The efficiency of changing
the diet explained before is valid for enteric and manure emissidres.reduction of the animal
number is feasible only if their performance and productivity increédsally, removing excreta in a
biogas plant, treating the slurgnd using a cover are tqns used within the anaerobic digester
technology. This method is very detailed in the literature and is well developed in the developing and
developed countries (USA, GeinQ\ 9LHWQDP « ,WV HIIIB%h BFBEHEIH) EH XS V
in the USA for example andthe digesters, according to their type and localization, cajuidecost
effective.Accordingto these criteria (environmental, studies and international discussions about this
option), the anaerobic digestion, while using a digestar,beoneof the best options to reduce the
GHGs from manure.

ii. Co-benefits from GHG manure mitigation options

Land application of livestock manure increases soil OM, C content, soil structure and aeration,
waterholding capacity and cation exchange capacity. Thgeaal use of manure can improve soil
quality and yields. [Van der Mee2008]. Increasing offarm N-use will slow down nitrate loading
and eutrophication of surface and coastal water. The use of N more efficiently will decrease the need
of fertilizer, andso the quantity of C©emission (because G@ createdwhile producingthese
fertilizers). Some practices to reduce ¢emissions can also improve crop and animal productivity
(like changing the dietramproving theanimalbreeding. Moreover, the use @H, for energycould
lead to less expenditure on energy and so could decreasen@i§sions.Increasing soil organic
matter levels can lead to improved fertility and soil sustainability (better water storage capacity,
increased water infiltration, reduceetosion, increased soil buffering capacity and storage of
essential plant nutrientfPaustiaretal., 2004] Composting can lead to less haulage requirement and
can remove viable weed seeds, bacteria and human parasites [Lamey /t2€@6]also reducthe
manure volume and weighfEinally, manure is a good product fagriculture.It contains N, P, K,
nutrients, improves infiltration and aggregation, decreases the energy needed for tillage. Organic
carbon and mineralizable N in manamended surface #® are 22 to 40%greater than in nen
manureamendedsoils receiving fertilizer and/or herbicide. The conservation of N could reduce the
cost of crop production, so manure has economic and energy efficiency potential. But the use of
excess manure could hevadverse effects: soil and water pollution, acidification, less water
infiltration, which has an impact on s@kchangeable K and FPhe fastremowal of the manure from
feedlotscan reduce the nitrate movement into the, sndintainaerobic conditionand decreasedor
[Eghballetal., 1994] According to tlese environmental or social benefiemissiors mitigation from
manure is an important issue. This is why we will focushimsource
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lii. Comparison example of different methods to reduce manure GHGs

A study has been done by Kaku in Thailand in 2008 about the comparison between GHG
emissions with and without mitigation options for broiler manure in the contextsofiadétscale
CDM, which can be used to have credit in the ASEAN and Japanese livestaskies.This study
estimates GH&emissions from three different waste management systems in the broiler industry in
Thailand in an international market (mainly for the Japanese customers): incineration, drying without
energy input (with sunlight), diiyg with energy input (thermal energy). The {g¢issiors for one
management of broiler excreti@aneobtained by multiplying the emission factor for a treatment with
the amount of organic matter in broiler manure.,@Ad NO emission factors for sunligllrying
are 020%, CH,and NO emission factors for thermal drying are 0% and 2%, &id NO emission
factors for incineration are 0% and 0.1% respectivelifrom 1994 to 2003he GHG emissions
increasd of 26% because broiler and pork were the faeameat in Thailand and decreds# 37%
in 2004 (baselineshecause of the influenza (less production). If we use energy,s@Hi&Bsions
will be reduced by 57% and incineration will increase Gle@issions by 17% if we compare to the
no mitigation optiorscenario (se@ppendixIV) [Kaku etal., 2008].

Hishinuma in 208 compares different methods of mitigation (composting and biogas plants) in
Japan, wheré&sHGs emissions from manure treatment and application represented 26.3% of the
agricultural GHG emissons. Three cases are observed for 100 cows: composting at a compost depot
and then application (case 1), solid and liquid composting and then application (case 2), biogas plant
for slurry treatment and then application (case 3). Efficiency of fiéductionand fuel consumption
for splash plate (spreading slurry to the air), band spread (spilling to surface through hoses) and
shallow injection(Sl) into the soil have been compared, and,QCH,, N,O, NO, SO, NH are also
taken into consideration for each pess. No emissions related to the energy in the case 3 are
observed because a-generator is used instead of electricity or fuel. The lowes éthissions are
for case 3 but it requests fuel for the manure application. $3@ssions are the highest insea2
and the lowest for case 3 (because of lower emissions during manure treatment and Jdgher N
emissions from composting). Thus biogas plant is the best option. Acidification gases emissions from
manure treatment were divided by 2 for case 3 comparidotier cases. However, Nlidmissions
from digested slurry application were relatively high. Biogas plant with digestey slpplication
and with Sl seem® be the best option according to this studyshinumaetal., 2008]

b. Choice of the studied tebnologiesto reducemanure GHGs

According to what we said before, manure appears to be an important GHGs source and many
mitigation options exist to reduce the amount of the gases emitted.benefits from manure
mitigation options are numero(snvironmetal or economic).

Especially it appears that among afle mitigation optiors that exist in the literature, anaerobic
digesters, especially the largest gneeem to beone of the best technologies to reduce GHG
emissionsfrom manure:in 2005 39% of the agricultural norCO, emissions came from livestock,
whose 7% from manure (the digester could helpaorease this percentage) [IPCZD07], many
studies abot this, a lot of environmental, agricultural asdcial benefits, high effectiveness to
reduce GIGs, no important adverse effectsan be cosgffective (see below) Thus this study will
focus on the comparison and ceffiectiveness analysis of several anaerobic digesienesduce the
GHGs emissions, especially GH¢missions, from manure
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c. Anaeraobic digestion

I. Background

Anaerobic digesters are usedtteat biodegradable organic matter, such as manure, by the use
of bacteria which will creat€H, biogas.The aim of this option is to recover the g£bkfore its
emission in the ajrand use it for elctricity, offsetting purchase electricity, heat, offsetting
purchaseof propaneor natural gaspr hot water production, to redubeusehold antarm operating
costs [USEPA1999]

Anaerobic digestion takes place in six steps fggendixV):

- Hydrolysis of solid organic particles or high molecular weight compounds (which are too
large to permeate the cell membrane). It is catalyzed by extracellular enzymes released by
fermentative and/or acid forming bacteria.

- The carbohydrate and protein hydrolysidl wreate sugars, lipids and amino acids, and they
will become volatile fatty acids (VFA), +and CQ by fermentative bacteria.

- H producing acetogens oxidize VFA and long chain fatty acids into acetic acahdHCQ.
These bacteria work with methanogemhich consume thegbroduced during oxidation.

- CO; and H will be transformed into acetic acid by homoacetogenic bacteria.

- Acetic acid will be degraded into Gldnd CQ by acetoclastic methanogens.

- Hy utilizing methanogenwill reduce C@to CH,.

This pocess can be done at psychrophilic-BBOC, but at a low biogas production), mesophilic
(more common, 3@0°C) and thermophilic (560°C, the biogas production ifaster but more
difficult to manage) temperature with a batch reactor (5 operationsefitt, settle, draw, idle), a
sequencing batch reactor (for farm scale operations), and continlosuseactors (plug flow
reacto). [Masséetal., 2011]

An anaerobic digester can be fed with manure, water, plant mstitawand other materials.
Manurecan bring fresh bacteria asthbilize the pH (usually at 7& and so the environment. The
OM in liquid manure is lower than isolid manure. The plant matter such as crop, fruit or vegetable
waste have a high GHbroduction potential and can easily Issiailated by bacteria. A balanced
food ration (which depends on the fat and protein quantity, the C/Naiatiee NH; concentration
for exampl@ is essential for the wetlinning of the digester (otherwise, the biogas production will be
lower and the digster could be damaged). [ADEMED11]

Such asystem has 4 components: a manure collection system, the anaerobic digester (to stabilize
manure and optimize th€H, production), a biogas collection system (collected and piped to a
combustion device) and ag use devicehgat or electricity [AQSTAR, no daté¢ (seeAppendixVI)

There are8 differentkinds of biogas recovery systesftable 3)
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Biogas recovery systelf¥ anaerobic digester)

Description

Largescale covered anaerobic lagoon (13% of tl
biogas recovery system in the USA)

A flexible cover is installed over the lagoon, f{
CH, is recovered and piped to the combust
device. This method is the cheapest one
inappropriate at low temperature. It requilesv
manure solid concentratior 3%) for swineflairy
and the CH can be used efarm. This technology
is not heated so the gas flow can vary a lot.

Plug flow digester (51% of the biogas recovery
system in the USA)

Tank with a rigid or flexible cover and a heat
undergroundgame temperate and gas flow, use|
in cold climate), and limited to dairy manur
because it requirekl-13% of solids content.

Complete mix digester (26% of the biogas recov
system in the USA)

Enclosedheated tank with anechanical, hydraulig
or gas mixing systenirhis method is better wit
diluted manure and requires 30% of solid
content The wastewater spends-28 days in the
tanks.Used inall climates,especially in warm one
the manure being flushed out of barns with wate

Fixedilm digester

Adaptedto low solid content (3%, manure dilutg
with water) in warm climate. The tank stays in in
environment and the bacteria grow as a biafilm

Dome digester

Smallscaleand unheated. A cylinder in the grou
is divided in two by a wall, which is used

devebping countries like China and India. T
biogas is used for cooking and other energy nee

Polyethylene bag digester

Smaltscale and unheated, used in develop
countries and the biogas is destined for cookin
other energy needs. This option is agie hole in
the ground covered with a plastic bag with an g
for manure and pipes for the biogas produced.

Covered lagoon (smadicale)

Cheaperthan a largescale one, the biogas is al
used for power, cooking, and other farm use.

Flexible-bag digestr

Cheapand used in developing countries, the bio
is collected with a plastic bag.

Table3: The biogas recovery systems (or anaerobic digestesgurce: USEPA a 2006 and AgSTAR no date

The fourfirst options are applied onlin the USA, BJ-15, Japan, Australia and some other
developed countries and also in Eastern Europeir@eand EastAsia, China, and South Korea
according to the climateghe environmental regulations tite costs They areestimatedio reduce
CH,4 emissiors by 85% (maximum) compared to the baseline lfen CH, is released into the
atmospherg as mentioned part 1.B.8JSEPA a, 2006] Other studies find differences according to
the animals62 and 70%essCH, from dairy and hoggChadwicket al., 2011], or acording to the
climate:50% less GHGfrom the farmscale, centralized digesters in cool climate, 75% less SHG
in warm climate in EuropgBates, 2001] Thefour other options are appliad the other part of the
world, in China andin some countriegn East Asia nhamely especially develom countries They
could reduce emissions by 50¢%hetween 23 and 53% accorditg Hristov et al. (2012). If an
option has engines and equipment for electricity producttonill need twice as much labor than
optiorns which only produce heailhe animal productioryieldsdo not change with these options but
other evenuegould come from these of CH for heat and electricitflUSEPAa, 2006]
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ii. Efficiency of this mitigation option

o Environmental, agronomic and sogoonome benefityfiqure 2)

Figure2: Benefits of the anaerobic digestion. Sources: Massé@l. 2011 for environmental and agronomic
benefit, ADEME 2011 for soceconomic benefits.

Anaerobic digestion can lead to many bendfiture 2) The GHG mitigation from manure
storage can be realized provided that a bioreactor eliminates fugitiydér@hl the full bioreactor,
the retention time is enough to extract most of the energy from the organic substrates and, the long
term storage tdareceiving the bioreactor effluentda gas tight cover to collect and recycle residual
CH,. Moreover, the anaerobic digestion could be a potential solution for mortality disposal (reduces
the risk of farm contamination related to transport of infecteglstock carcasses but this is not
allowed in the USAandEuropemadestrict rules followingthe BSE case). [Massgtal., 2011]

0 AQgSTAR guide

AgSTAR (seeAppendix VIl) developed a guide to find the place in the USA where the best
opportunities are preseto install and operate biogas recovery systems with dairy and swine manure.
The profitable systems dependstba ability to recover the capital and costs at a good rate of return
and generate a lortigrm income stream, which depends on the size of pgezation (costs of
construction and operation decrease when biogas system size increases and better financial returns
can be madéor a herd size oves00 cows omover 2000 heads in theory), the manure management
method (liquid, slurry, sersolid state, ollection frequency), local energy coswectricity price
from the local electric utility)the carbon pricehe baseline ClHemissions and reductions from the
farms This study concludes that for swine, 85% of the eleityrigenerating potentias cancentrated
in 10 stateswith North Carolina and lowa (big pork producing stats}haccounting for 20% of
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the total. For dairy, 80% of the electtic generating potentiatan be found in 10 statewjth
California accounting for 40%.[AgSTAR, no daté

C. Costsof anaerobic digestes and technical and economic feasibility
assessment

a. Costsand costeffectiveness

The costeffectiveness of abatement technologies (anaerobic digesters or other options listed in
I.B.a) depends on the cost of the technologysue impactsGHG emission reductions, and GHG
regulations, includinghe potential for emissions trading and/or any penalties imposed fer non
complianceThus the costeffectiveness othese technologiesill vary from countryto country[De
Klein et al., 2008]. This cost varies with the size and the type of the system, the type of livestock
operation,and the sitespecific conditionsAn analysis has beeconductedby AgSTAR from 28
dairy farms,of which 10 have complete mix digesters, 16 have plug floyesters, 2 have covered
lagoons, based on the prices of 2@W®8.The variability in the cogtin this analysiss based oithe
differentequipmens used So only the costs of system composghat are included in the available
cost estimateare takerinto accountTotal apital cost for plug flow ihigherthanthe complete mix
one Other componestarealso LQFOXGHG LQ W K HikeShydrédgen SHifidx Desatin&o
utility chargeJAgSTAR, 2009}

o Differences among the digester type

A study ly USEPA (1999 analyses theoss of emission reductics The most feasible and cest
effective option for the reduction of the man@kl, emission is th€CH, recovery. Its cost depends
on the recoveryype, the option chosen and the farm size. The cotltetovered lagoon for dairies
is $150000, for a brealeven herd size of 500eadswhich provides $£9 000 annual revenudhe
breakevenherd size and the annual revenue are smtdlea covered lagoon in dairy farntisan
with acomplete mixandthe coss$ are lower tooThe @ame observationan bemadefor hogs Indeed,
the st fora covered anaerobic digester 1997 (includes lagoon, covegas piping)was $245 -
$380 per milk cow an8130- $220 per hogWhereas, theast fora complete mix digesteiiricludes
vessel, heat, mixing system, gas pipingis$235- $410 per milk conand$130- $260 per hogThe
engine generator cost $16260 per cow and $32$90 per hoglt cost also $750/kWUSEPA
1999]

Finally another study has been done in KenyaOmpieng (2010 to test the performance of
Plastic Tube Digester (PTD) installed by a company called Pioneer Technology, and to collect data
to continue or not the implementation of PTD in Rwarkdee countieswereselected for the visiting
farms (the othrs are similar to these ones). 87% of the digesters are in rural Acearding to
Pionneer, the cost is $525 and $810 for a standard PTDB, (rdairy cow,?2.4m® of gas
produced/day, 65% of the digesters installed) and for a large PTD,(1@rdairy cows, 32m® of
gas produced/day) respectively, whereas the study on the field fooost between $250 and $562.
(some of them hawvect been installed by Pioneer but by other companies whose some of them joined
Pioneer in 2006, and the material price 87 LQFUHDVHG VR 3LRQHHUYV FRPSH
cheaper). It appears that a Himed dome in Rwanda costs $473, a plastic tube digester in Rwanda
costs $548, $351.38, $461.29 (estimations, locally made with no subsidy, locally made with subsidy,
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imported from Kenya with subsidy respectively), a plastic tube in Kenya costs $548. Thus a locally
produced PTD with subsidy is less expensive thatome digester of equakize, but the PTD
production costs in Rwanda are the same than the one in Kenya. udyisaind that 82.4% of the
digesters produce gas regularly, and 5.9% of them had, ledegy repairablein the bag due to
animals or children8.8% donat work because they burst or thick scum appeared due to bad feeding.
For those receiving gas frorhe digester, 100% have the cooking stove working and produce enough
heat, but in the evening, cooking and heat can be limited because of the low gas production at these
times, and on the contrary, during rddy on sunny days, the production is high. Se gfarage

could be the solution but none of the farms have one., Thigsstudy found that these digesters are
working quite well. The biogas produced is used for cooking but not for lighting (too low gas
pressure) and leado less use of charcoal andefivood andessindoor air pollution. The slurry is

used as a fertilizer and soil conditioner. Moreover, the payback p@mnastment costs/savingsan

be found being based on firewood use i@&ths for fixed dome digestet9 for PTD), on biomass

residue (66 months for fixed domd3 for PTD) or on charcoal. A family of 5 persons will use
64.7kgof charcoamonth.The payback periodoundis 17 months. As the price should increase, this
period is shorter and PTD is attractive. Health expenditure deged0% of the farmers think they
improved their way of life thanks to the convenience and cleanliness of the gas, and benefits were
obtained from the use of slurry as a fertilizer or soil conditioner. Moreover, infrequent feedirg, over
feeding and undeieeding lead to low pressure and/or low gas production. With good maintenance,
and education including good extension services (like visits, suppot WKHVH 37'fV FDQ ODV
15 years. Finally, this study showed that 5.9% of the farmers stopped l#stic pube and built a
masonry digester because of the increase in the need of energy (lighting and cooking) and because of
the low gas pressure in the morning and late evening (long cooking time). It looks like the PTD is
recommendable in Rwanda but fars will need support and trainingkills to repair the digester
materialsand the owner have to be involved in the funding of the digester. [Ochieng, 2010]

o Differences among the country conditions, scale and C prices

The efficiency of this mitigation mtion depends also on the country (climate, economics,
projects, acceptability Liang et al. (2008) did a study in Malaysitb evaluate the viability of
converting biogas from wastewater treatment system in pig farms into elecirfagypaper explains
the opportunities and challenges during this study and then shares the experience with farmers and
carbon credit trading compani&s preparegfor an eventual future project. Howevéwo, achieve the
carbon emission reduction fixed by t6®M project, betwen 100 000 and 130 000 pigs are needed.
Pig farm size is between 100 and 20 000 pigs in this country. So the chance to develop a CDM
project is low. This study concludes that Malaysia,anaerobic wastewater treatment is a good
source of renewable energyan decrease the GK@missions by9.4% (compared to the total
baseline emissions found for this projecn enhance thguality of livestock wastewater, and have
a quite short payback period (6 yeaBt this technology seems to be applicable or sssftlly
practiced only in large scale industries (like in developed countries). For smaller livestosknfarm
developing countries, there will be some problems that prevent the use of this technology: reduction
of water usagesometimes no real suppdy the governmentor such projects (even if they have
signed the Kyoto Protocglpot the same electricity demand at each time of the day, whichtéead
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lack of electricity produced by the digester at a moment of the day (early monmddgy), andan
excess the rest of the daylack of mechanisnfer selling the electricity. [Liangtal., 2008]

Baylis et al. (2011) explained that infCanada, oly farms with more than 675 dairy cowse
recommended taise an anaerobic digester (usitigee price scenaos, andgiven electricity
($010/kWh) and C ($15/tCQeq) prices). However, this statement can be discussed becanise
difference has been made between fixedegtment and cow investment sThis herd size
depends also on the model used. Hog farms dvinalve to produce almost 2000 hogs/year to
economically justify purchasing such a technologkus, br an average Canadian hog operation
(1700 head), C prices will need to be a few dollars higher than the batsdere in this study
($17/tCQeq) to justify the use of a digester (the C prices depend on the cost of the operation). C
prices are very important to enable the use of a digester ($13/t in the USAe{lady 2011]).
Moreover, all hog operations in Canada use liquid manure storage, so digettas aye widely
applicable as &H, mitigation option The model isalso sensitive to electricity pricesn Ontario,
whenthe electricity price changes fro@nl0 to 0.14 $/kWh and anaerobic digester becomes feasible
for 200dairy cows operation and foe$s than 500 hogs operati®@metimes, the digester would not
be adopted for electricity production without renewable energy selsuihigher electricity prices
[Baylis et al., 2011]. This is why only a few digesters exist in France, the electriditge [(46-

%, \W/h) is not enoughdespite increases in these prices t0-110% 0:K LQ (became
higher than in the US at this time, where the price was 8.9ct[k\M8EIA, 2007) [Levasseuetal.,
2007} In Germany, ahigher price (1®-210YMWh) allowed a lot d digestersto be built.
[Levasseur2006]

The anaerobic digestion cesffectiveness criteria are: the promotion of the heat produced
(subsidy, use the heat for the house, the animals building...), the optimization of the biogas produced,
and economiesfecale. The investment unit cost decreases with the increase of the electric power of
the operationThe farm size and especially the amount opbyducts introduced in the digester can
increase the biogas production. In France, 53%, 44% and 3% oftfermis, which represent 15%,

69% and 3% of the sow population, have less than 100, between 100 and 500, and more than 500
sows respectivelydata taken from a study done by SCEES (Service Central des Enquétes et Etudes
Statistiques) in 2005)Threecasesof anaerobic digestion at 38°C have been compared: only swine
liquid manure (case 1), manure and corn silage (case 2), manure and waste of vegetables and fat
(case 3). Each case conwims much manure as-pyoducts The indemnification and the transport

costs are not taken into account. The whole investment is funded by Téengivestment return

time (IRT) has been calculated for the themenariogseeAppendixVIIl). For the case 1, the energy
produced by the cgenerator is not enough to heat thgedter at 38°C in Brittany (need 88
MWh/year for a 100V R Zf§rvh wheras only 80 MWh/year is produced husthis project is not

feasible technically and economically. The amount of dry matter (4%) is not enough to allow the
anaerobic digestiorThe cas® doesnat seem cosefficient because of too high investment and corn
VLODJH PDUNHW SULFHV Yo W VKRXOG EH HQRXJK WR KDYH D
prices) and probably also because the electricity prices are too low. The prargytionis not

enough. However in Germany, this kind of process (liquid manure and corn silags)watkisa
VXEVLG\ RI Yo N:K IRU HQHUJHWLF FXOWXUH XVH )LQDOO\ W
enough use of organic wastes (free and/or whigh anaerobic digestiopower) could lead ttower

IRT even for small farmsThe promotion of the heat produced has little impact on theetfosency
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of the scenarios that already have a low IRT. Between 0.4 and 3.9% of the primary energy can be
promded (that could be higher if the temperatahangeand if the NH and CQ concentration are
lower). In French pig farms, the use of organic wastes with a d&ngterobic digestiopower is a
necessary and sufficient condition to obtain a cost effectiverabia digestion projecHowever, he

use of an energetic crop is ruisteffectiveandthe promotion of the thermal energy is not enough

to improve the coseffectivenes®f the projects[Levasseuetal., 2007

b. Technical and economic feasibility asssment

A guide has beempreparedby AgSTAR in 2004 [USEPA, 2004]for the selecion of an
appropriate and cost effective biogas technology option. First of all, we must match a digester to the
facility, which depends on the climate and the solids contettte@@manureComplete mix and plug
flow digesters can be used in all climate and need supplemental heat (waste heat can be captured
from a generator) between 35 to 55°C. Lagoonsa@aise supplementary heat (because not enough
waste heat) and need largepacitiesso his option is feasible only in moderate or warm climates. In
cold climate, lagoon can also decrease odor and GHdssions, and they should be equipped with
flare systems to combust the bioggsgKH 3DV H[FUHWHG ~ WRW Detwéen@lacd FRQWH
25% according to the feed and the animal type (25% fordckgyers, 2-10% for swine). The solid
concentration increases if we add bedding and decreases if we add Sextendly, we need
information abouthe climate, farm type (size, mare collection and treatment method), livestock
population, manure management, energy information (rates, electricity and propane costs). And then,
we can estimate the costs and revenaéthe project. And finally, threechniques can be used to
assesse ecomomic feasibility of a projedffigure 3)

Figure3: Methods to assess the economic feasibility of a projediJEPA, 2004

D. MAC curves fusefulness: information given by these curves

Many organizations, consulting companies researchers produce MAC curves (USEPA,
OF.LQVH\ &RPSDQ\ ,&) LENVExam@eMAUSERA R20&)global analysi®onthe
abatement potential of nég®O, GHGs looks at all norCO, GHGs (CH, and NO that come from
energy, agriculture and indugt and other GHG&that come from industryjhe fouremitting sectors
of the econmy (energy, agriculture, industry, waste)d all regions in the worldPrevious studies
made by USEPAIn 2006, 2001 and 199@nd the European Commissifn 2001)have ben done
to estimate the potential Gldand NO emissions reductions from all sectors and quantified costs and
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benefits of these reductianBhe points in the MAC determine the abatement potential for mitigation
technologies at a given breaken priceEnemgy and agricultural sectors have the greatest potential
for mitigation of noARCO, GHGs, whereas waste sector has the lovpeséntial Of all the gaseshe
largest potentialor mitigationis found for CH. Hencethe importance to find mitigation optiofer

this gas At $0/tCQOeq, CH, mitigation is 500 MAtCO,eq whereas pD mitigation is about 16A50
MMtCO,eq. The N,O curve isquite inelasticwhereasthe CH, mitigation curve isquite elastic (a
small increaseof the price will lead to aigh increase ofte CH, mitigation). China, USA, EU,
India, Brazil emit the most ne@0O, GHGs, so they can offer the biggest mitigation opportunities.
Significant emissions reduction can be done at 0 or low C pfsss\ppendixIX for MAC curves)

This report found thaenteric fermentation is the second largest source of global agricultural
nonCGO, emissions (32% in 2000, 27% in the USA, 2% of all GH¢@issions). Global enteric GH
emissions represented 179MCO.eq in 2000 and are supposed to increase more than 3@6 up
2020. The livestock manutie the fourth largest source of global agricultural @@, emissions
(less than 8% in 2000, 13% in the USA, 1% of all GHGVianure CH and NO emissions
represented 421 and BAMtCO,eq in 2000. Ciland NO will increase by24% up to 2020. At 0%,
the report found that the global mitigation for livestock management in 2020 is 3% (if thermafmbe
animals is constant) a6 (if the productionis constant).At 60$/tCQeq, this mitigation is 7%
(constant number of animals) an@% (constant productiofSEPA a, 2006]. The USA have the
greatest potential to reduce GBl&@missions if the number of animalconstant. If the productiois
constant, the MACs are quite differefihe mitigation is larger aany price with this assumpt. If
options increase yields,constant productionan be obtainetly decreasing the number of anisal
by the amount of the increase in productiviBpme mitigation options increase net Géissions
per animal but increase productivity much ma@we can havéower emissions per unit of output.
But if a constah number of animals is assumetthen these options will lead to an increase in
emissions[USEPAa, 2006]

lI. Methodology and results

Theaim ofthis studyis to build a model to calculate theréakeven price of maerobic digester
technologes and finally build a set ofMAC curvesfor these technologes applied to dairy and hog
producers in the USA and Vietnato know the coseffectiveness of these optioni&/e will use a
Static” model The @sts and revenues arepresented annually and thaselineemissions and
prices do not changelative to 2010

A.Model constructedfor this study

First of all, we need to define the baselines for each sector. The abatement ptertiahtal
axis of theMAC curves)thenneeds to be calculated for each optiand then the breakven price
(vertical axis)can be dund. The MAC curves cathenbe built.
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a. The baselines

The USEPA (2006 model XVHG WKH HPLVVLRQV SURMHRIRaRQV IUR
Anthrop@enic NorCO, GHG emissions 199R2020[USEPADb, 2006].

In this study we use the baseline developed by USERA]. In this database, historical
estimatesare reported from 1990 to 20G5sery 5 yearsand then, projectidare done from 2010 to
2030 witha linear extrapolation. This USEP&011]) report collected baselines fromationally
prepared GHGreports which give informatiorconsistent with th&evised 1996 Intergovernmental
Panel on Climate Change Guidelines for National Greenhouse Gas Invaeri®@C Guidelines),
the IPCC Good Practice Guidance and Uncertainty Management in National Greenhouse Gas
Inventories200Q and theRevised 2006 Intergovernmental Panel on Climate Change Guidelines for
National Greenhouse Gas Inventori¢isinformation were missing for a country theliPCC default
methodobgiesfound in these previous IPCC documeitsernational statisticend the IPCC Tier 1
default emission factorarere used (growing emissiorate) [USEPA 2011]. These new baselines
appear to be highdhan the previousersion published by USEPA in 2006hus, the potential to
reduce te GHGs emissions is also higher attte correspondindpreakeven pricecould belower.

b. Evaluation of the mitigation options

The previous step provided the Gbl@nissons (total or per gas) for each country. Now, the use
of some technologies is consider&hereas e USEPA (2006 study usecdespecially three other
reports USEPA (2001, USEPA (1999, European Commissiof2001)) to evaluate the technologies
and the CH mitigation options cets, this studywill just focus on the anaerobic digestdor the
USA and Vietnam casgaccording to information that have been found in the literature or thanks to
personal communicatien The sourcesor each one of the parametdor the abatement potential
(baseline, technical applicability, efficiency to reduce the Gl implied adoption rate) artde
breakeven price (costs, revenuasd yield) calculationvill be presented later.

0 Theabatemenpotential
The abatement poteatiof an option can be found with the formula presentddyure 4:

TAP=TA* IAR * RE

Figure4: Abatement potential calculation

With TAP = Total Abatement Potential (%), TA = Technical applicability of an option (%), IAR =
Implied Adoption Rate%), RE = Reduction efficiency (%)

The technical applicability is the percentage of baseline emissions feinglaemission source to
which a given optiorcould be applied.For example, if an option applies only to the swine farms,
then the technical gicability for this optionis the percentage of emissions from swine relative to
total emissions from livestock (swine and dairy in the anaerobic digester idasever, all swine
optionsmay not be appliedo all swine emissions, thusetldefinition usel in this studycould be
modified. In this study, the implied adoption ratedefined aghe observedshare of the digesters in
the countryin the 2010 baselineThus, it depends on the economic costs and benefits of each
measurgsome have a higher invesent cost, others allow more electricity savinglg suitability

to the climate in a particular locatiga warm climate is requested for the Awated digestershon
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financial objectives of adopting the technology (s@ving odor problems)the livestock situation
in a country or regioflsome cournés/countriesaise more animalsr one type of animalhan others
and intend to animal productioand other paramete(Seepart I1.D.a). All these parameters will
have an impact on the farmer choioe a digester typeln USEPA (2006) a different but equally
strongassumptioraboutthe implied adoption rateas madeif there are n options, then each option
is appliedin equall/n shares of total emissions from each souwgdich may beunrealistic This
study wil test alternativeassumptios about this rateThe reduction efficiency is the percentage
reduction achieved witthe adoptionof the option taking into accounthe leakagé The regional
abatemenpotentialof an optioncan be calculatedsingthe formula infigure 5:

ER=TAP*B
Figure5: Regional emission reduction potential

With ER = amount of emissions reduced by an optierhich is theregional abatement potential
(MMtCO.eq), B = baseline (MMtC@eq) for each sector amegion

0 The breakeven price

The breakeven price Rs thecarbonequivalent emission price thperfectly offsets the cost of
the digester, i.e. the price trequalizsthe net present value of the benefits and the net present value
of the costsThe lreakeven pricaepresentshe costeffectivenes®f the technolog and this price is
initially used to rank the technologiese by one, witbut any consideration about theillocationin
a countrysector Thus while figure 5will be usedto estimatethe total emission reduction, or the
horizontalaxis of the MAC curvegMMtCO,eq), this equationwithout the implied adoption rate,
will only be used to calculate theakprice P(expressed per Mt outpuffjgure 6).

Figure6: Profit equation

With P = Breakeven price ($/MtC@q), ER = emission reduction potentidlthe technology
(Mt COeq), CC = capital cost (investment cost in $), RC = recurring cost (O&M) of the option
(especially the labor costs in $/year), R = revenamfenergy production, sales of-pyoducts (like
compost), livestock revenue... ($/yearB = Tax break = CC*TR /TT = lifetime of the digester,
TR = tax rate (40%JUSEPA a, 2006] DR = discount rate (10%).

Therevenuecould be the value of the resered gas (Chlused as a gas or for electrigigo the
energy savingsthe value of thenitigation of a gas like ClHaccording to a gas price ($/t@®)and
other benefits of theabatemen{other than the decrease of the (e the increasef the yelds
or commercially valuable bgroducts such ake compost for exampleThe costgouldinclude: the
onetime capital costsirfvestment, equipmenthich could be considered as capital coste)annual

* Corresponds to the difference between the biogas production potential of a digester and the amount of gas
actually used. This loss of gas occurs because of phgsitalesign leakage in the biogas system for example.
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operation and maintenance costs andlaber. The transaction costs are not taken into accaunt

this study In the present study, tHdACs are constructed for 2 countriaed real 2010 prices are
used(i.e. pricesfrom different time periods amorrectedoy the inflation ratesee part 11.C.H. Here

we compare the benefits and castshe baselinsituation where there are no digesteadoptedand

the situation where there @loption For the benefits, the introduction of the technology will lead to

an increase in the energy revenue (when treesmielectricity production) but there is no change in

the livestockproductionrevenue and we suppose the digestanot sold (indeed, the farmer often
spread their own manure on their fieltit selling their digested manure doest appear to be a
common practice) and that the fertilizer savings associated with the use of the digested manure as a
fertilizer doesnat change between the two situations (that means that we suppose the N and P content
of manure before and after digestion does change wtgh is a strong but necessary assumption
given the lack ofinformation found on this topic).Thus, R only includes the electricity savings
These lattehave been calculatl using a formula, which is actually quite close to thefoned the

study done bwinchoff in 2006. In addition we used mgparameters to show the difference in the
efficiency of the heated digester (plug flow or complete mix) and the unheated one (lagoon) to
capture the methane. The formula to calculate the electricity producesl anéfigure 7):

Figure7: Electricity revenuesavings calculation

With EP = electric Energy Produced (Btu/d), BP = Biogas Productiofdft 600 = energy
content of the gas (Btufjt CollE = Collection Efficiency of theigester to collect the methane (%),
ConvE = Conversion efficiency of the digester to convert the energy into electricity (%), ElecP =
Electricity Produced (kWh/d), R = Revenue electricity ($/d), price = electricity price ($/kWh).

We suppose that 60% dfig¢ biogas is Clland the heat potential of the methane is 1000, the
efficiency of the digester to collect the €id 99% for the heated digestéptug flow, complete mix
fixed film) and 75% for the non heated off@goon) and the efficiency to converé biogas into
electricity is 25%Lazarusetal., 2011] At this time we can have the electricity produced in Btu/day,
so we convert it into kWh/year while multiplying by 1/3142 * 365. And then the revenue can be
obtained while using the electricity pri¢ehich changsamong the stag). Thus we have the total
energy savings (electricity sold or savings if we assume the selling price of the electricity is the same
than the buying price).

For therecurringcosts, only the labor casthang compared witlthe baselinesituation where
there is no digester. So RC is the change in the labor (t63Xs

The sourceof the costs, revenues and prices found for this study will be presented later.

In this study, weassess the net costs before tax (TR.=T@us theformula used for the break
even price calculation resented ifigure 8(seeAppendixX for explanations

° Sourcdhttp://www.eia.gov/electricity/state/|visited on the7/7/12
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Figure8: Breakeven price with annual parameters and before tax

With S = annuity factor = (seefigure 9for explarations)

The present valuBV of a price Pis:

>
>
>
>
N J
Y
S

Figure9: Explanation of the annuity factor calculation

As mentioned, w use a static framework, thus we do not prbjghanges in annual emissipns
productivity, or prices forcapital laborand outputs. Thyswhile the technologiesre assumed to
have a 20 year lifespawe focus on the2010base yearandthe estimatedpresent valugreflect the
situation in 2010All parametersareexpressedas annual amouniscluding the capital cost which is
annualized by dividing by the annuity factdhe value of the discount rate has been fixed at 10%
but a sensitity analysiswill be conductedor this parametefsee part I1.D.b.)

Thus we can &ve the results without taking into account the (&ocial perspective)f the tax
rate is taken into accour@0% [USEPA a, 2006] the brealeven price can be found with this
formula figure 1Q see calculatioppendixX, every parameter is annualized

FigurelO: Breakeven price after tax

As each digester is independent from the others, the adoption of one option wiffecbtthe
effectiveness of other on@hus we will notneed to account for interactions between mess
which may be necessary when considering multiple mitigation options for enteric fermentation
emissions.
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o Constant population/production

The MAC curves can be built in two different way®/e can choose toonstruct the curves
assumingconstan@animalpopulation (total production changes because of the change in theagield/h
and the productivity/animal) oassumingconstant production (the population changes with the
modification of the yield/ha to have the same final productiénjot of mitigation opions could
actually increase the emissions per head but also the productivity. Thus they decrease the emission
per unit of output. In practice, we can have a reduction of the SG@Essions with the increase of
the productivity through these mitigationtmms while reducing the number of head in equilibrium
to meet the global demand. Finally, we can observe a decrease in theep@H@@it output (the aim
of this study and of the mitigation options) even if there is an increase of the emissions pan head. |
this studywe choose to be at constant productemevery value has to be expressed per metric ton
of output.

c. Building the MAC curves

To build these curves we need first calculatethe breakeven price P, and the abatement
potential ER. The optior are then clagged in an asceilg order of P and the incremental value of
the abatement potential is calculated. Each point represents the price for an optieraasaciated
GHG emission reduction. The MAC curvdgereforerepresent thenarginal costs of each unit of
emissions reduced, based on the mean net costs of these reducteath mptionAs mentioned,
ER is typically reported on the horizontal axis and the unit costs on the vertical laxigdoption
rate depends on the number of avd@atptionsand assumptions about the share of farms to which
each option can be applied tbthe same distribution of the optionsed by the farms ibaselinas
assumed, then it means thhé marketshare of each option will not explicitly consideeithcost
effectiveness, otherwise the most cost effectyption would be applied uniformlyeverywhere
which maybe an even less realistic assumptfseell.D.a.). Furthersocialfactors affecting the use
of an option in a particulanarketarenot takennto accountBecause of thepgualitativenature they
are difficult to quantify. Given the way the implied adoption rate is calculated in this stilngy,
observeddistribution of the digestsrin the baselines of critical importance in assessing tiotal
abatemenpotential for the anaerobiggesters in the US and Vietnam.

d. Assumptions

For this study, some assumptionsre made To calculate thebatemenpotential and the break

even price, we suppose that:

- We do not take into account environmentaliges that can encourage some technologies, or
the effect of some possible information or administrative implementation barriers

- We do not take into account the indirect emissions reductions e.g. the one that could come from
the substitution of the eleatity from the grid with the electricity produced-term

- We donat take into account the qualitative parameters such as the femtab

- The lifetime of the technologies is assumed to be 20 years, except for the Vietnamese
polyethylene bag whose lifetie is 3 years

- We chose to do a static study: each parameters do not change during the 20 years horizon time,
and the technologies themselves do not change
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- Because of the lack of data in the dairy sector in Vietham, we will study only the pig sector, and
the list of the existing technologies and their shiaree been obtained thanks to expert judgment

- The implied adoption rate found in 2010 (see belmrssumed tstay the samever the20
yearstime horizon(static study) The rate found for the USA fagach kind of digester and for
dairy and pig sector comes from the list of digesters made by AQSTAR and we assume this list is
the biggest one for this technology in this counffiie rate found for Vietnam (total share
without any distinction between daiaynd pigs) is assumed to be the same for pig sector.

- The technical applicabilityelated to the 2011 baseline used in this sigdyssumed to be the
samethanthe EDVHOLQH XVHG 20@ nvddeHn8 such $fovmation has been released
for the 2011report, so it wasiot possible to calculate it again)

- The reduction efficiency is 70% for hogs ar@¥&for dairyin the USA(AgSTAR sourcepand
60% for Vietnam éxpert judgment

- The P calculation does not take into account the transaction costs bedéeskadt of data

- The labor costs are the only variable costs that chaithethe adoption of the digesteand we
suppos that the number of hours required the digesteusedin the American modehbre the
same in 2010 (very few information exist abdhis) so that we can borrow this information
from this sourceDue to a lack of informationhe price will be assumed not to change also but
it will be correced for inflation between 2000 ang010 (the price used in this study fsom
USEPA(2006 butexpresgdin 2010 US dollars

- We choseo consider only the change the electricity savings for the reven(edficiency of
the digesters : 25%andassumehat the fertilizer savings duot change as explained before

- Weassumeonstant production

- We takeinto account the digesters operational in 2@1@determine the distribution of digesters
(implied adoption rate)no matter when they have been bdilen all the digesters present in
the country until the baseline 2010 are considered here (thodeatreabeen built after are not
taken into account)That means that each digester has a given and maximum share of the
adoption rate at any C pricéhus, we can study the 2010 situation and the potential of each kind
of digester to abate the GK8@ccordingto their real distribution in the country. The costs of the
digesters in particular, expressed with the dollar value of the related study or of the year they
have been built, will be converted in 2010 US dollar.

One of the aims of this study tis test sme of the assumptionssed by he USEPA (2006) (table 4
lists the asamptions that will be tested), whiadstimates the GH@batemenpotential for many
countries in the worldand for many technologiesr options (anaerobic digestamproved feed
converson, antbiotics, propionate precursoligtensive grazindor example. Given is global scope
and wider range of mitigation optiores Jot of assumptiongere necessanyhich maynat reflect the
reality and which should therefore be evaluated
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USEPA (2006)testedassumptions

T If we lack data about revenue for a region, the model is based on 2 ratio: average pric
natural gas or of electricity in this region/ average prices of natural gas or of electricity
USA, GDP per capita in awgn region/ GDRper capita in the United States
¥ The share of each technology is supposed to be 1/n if n technologies are available
¥ No distirction is made across the farms with regard to scale and localization and the inj
of these factors on adoption
Model and calculation
Tt Can extrapolate thebatemenpotential and the costs from orepresentativéarm tothe
entire countrywithout any consideration of the spatial and temporal differences within {
biophysical and management conditions
1 Discount rateiked at 10%
Tax rate fixed at 40%
¥ The large scale digesteare assumed to have a 20 ydiggme and 10 years for small scal

+H

Table4: List of theUSEPA2006)assumptionstested in this study

B. Geographical scopeand technologie considered inthe study

The digestertechnologieghat can feasibly be applied in developed countigsear to beery
differentto those that are feasible tine developing courigs Thus, this study will be based on one
example for each case.

a. Example among the developing countries

I. Choice of the country

In the 1980s, the annual per capita meat consumgptialeveloping countriesvas about 14kg.
The main purposef livestock wasnat necessarily fofood (products too expensivehut often for
manure, pwer, or insurance in case of emergency. Then, population growth and icldreasaes
led to an increasm meat consumption futo 28kg/capita/year in 20Q2AQO, 2006), especiallyfor
monogastricgneat like pigs, whosenumber ofanimalsincreased foufold between 1980 and 2004
[FAO, 2006] Pig manure managed in liquid responsible for a huge part of the £émissions.
Consequently this growth led to environmentand disease rpblems (influenza for example).
SouthEast Asiahasespeciallypecome an mportant place fomanure collection and livestock and
the GDP per capita grew by 3.6% from 1991 to 2[FNO, 2006]. Finally, many CDM projects and
anaerobic digesters have been built in this &wemddress some of the environmental and economic
challenges of manure management in this region

Vietnam is the 20 biggest CH emitterin the world The swine production creates 6800
tCO,eq per yeafEastern Research Grogpal., 2010]. There are27 373 100 pigs and 5 916 300
cows in Vietnam in 2050(5" country in the world in terms of pig number, arffi f6r the meat
production GFA b, 2011]) and most of @manurefrom these sectoiis untreated. Vietnam is one of
the countries in SoutRast Asia thahas recentlyrown the fastest (6% in GDP betweeh998 and

http://www.gso.gov.vn/default en.aspx?tabid=469&idmid=3&IltemID=11A46ited on the 19/06/2012
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2003, 8% from 2004 and 2007). 20% of the GDP comes from the agricaltuk20% of this comes

from livestock[Easter Research Grogpal., 2010]. Meat and milk production increased by 7.3 and
12.6% respectively from 1995 to 2007 and among thatppig meat production increased by 148%

and cattle meat production doubled in the same period. The consumption per capita also increased
from 1995 to 2005 (6.4% for meat and 11% for milk). To meet the demand, the cbastalso
increased its importain of livegock (12.9% from 1995 and 200B)A0, 2009]. In 2000, there were

only 2000 small scale digesters in the country. In 2007, their number wastatQe@rmes higher

[Easter Research Growpal., 2010]. Biogas technology has been studied andeappt Vietham

since 1960. Then, the technology has been widely applied at different scales, which represents many
benefits to the society and the environment. Biogas plant provides fuel for cooking and lighting
demand of small farmers. Thus, they haveneooic benefitsand improve household conditions and
quality of life. By using biogas, farmers reduce the use of firewood, its collection and/or purchase,
the indoor air pollution caused by combustion of firewood and reliance on forest resources of the
comnunity. They can also use the biogas for electricity production, but this practice is for the
moment not well developed in Vietnam. Finally, during the period ZWD, the government
creatednany policies to encourage the developmerat sdistainable liveock sectofNguyenQuang

Dung 2011].Thus,MAC curveswill be developedor this country,to assess and demonstrate the
economic performance gbme options thatre relevant fodevelopng countries.

li. Studied technologies

The studiedtechnologies forhis country will be: the YXCVINA digester, the domes KT1/2, the
composite digester and the polyethylgoe plastic)bag. These digesters are not the only one in
Vietnam. Indeedpther typeslso exist such as the T&P or the EQ model. However, ti€&-BP is
an old version of a digester (KT1/2 and EQ are improved versions) and the EQ model is not well
spread (only about 200 units in Vietnanihe plastic digester bag (polyethylene bag) with separate
gas storage bag (between 2 and )dmdominating in someouthern provinceee a picture of this
very simple technologippendixXl). The number isery high but difficult to quantifjpecause the
material is easily available on local markets. The KT1 and KT2 (from 8 to*)5am spherical
shaped fixed domeigksters. They are the most popular rural biogas plant models after the plastic
bag. The covered anaerobic lagoon is a simple technology in Vietham. The sheet for covering the
lagoon to storehe biogas is made of HDPE. The bottom of the lagoon is segledinpacted soil,
covered by HDPE or made of concret&FA a, 2011]. The VACVINA digester is an improved
version of the dome and aboveground covered digester to overcome the disadvantage of these two
technologies and keep the benefits. But this digeststill being tested in some provinces and it
appears to be more efficient that the basic dome [Hai Anh,]2816ore detailed description of
each one of these technologies can be fourkppendixXI. These digesters @amade to fit the very
small hed dze that we can find in some developing countries: facale and very basid@.hese
digestersenable farmers to save money from heat generation (the heat produced by the digester is
used on farm or for cooking), they can decrease the sGétdssions, and i CDM project is
developed, the decrease of the emissions in Vietnam leads to carbon credits and developed countries
can meet their targets with respect to the Kyoto protdedtudy done by Huu Luet al. in 2011
about the comparison of 2 biogas digesia 3 regions in Vietnam, explains that 97% of the biogas
users have pigs and 3% of the digesterssusare only dairy cows (44% have both pigs and cows).
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Thus, and also because of the lack of information about the dairy sector in Vietnam, only the
digesters in the pig farms will be taken into account and we will supiheséhe share given before
represents the shaoéeach technologfor the pig farms.

We can classifghe costsnto 3 categories: the capital costs (first investment for the digéster,
enginegenerator, the cost of the engineering design, the installation), the labor costs, and the other
input costs (material and supply, services, running costs.explained beforeonly the capital
cosk and the labor costhangeThese two cds do nd have the same share of the total s{fgure
11) and so, will not havéhe same impact on the breaken price

Figurell: Cost share for the Vietnamese technologies

In Vietnam,the capitalcoss of thedigesters ar@ot very high, andarmersoften have help from
a project to builda digester. However, even if the labor price is really cheap in Vietham, they need
maintenance and repair (some of the digesters can last only 3 or 10 years) testirivgansoften
needtraining, so they need labor tm& KLY REVHUYDWLRQ DOVR GHPRQVWUDWH
theory (Ruttan and Hayami): the economic system, and so the relative factor scarcities, has an effect
on the prices and the innovatidrhus,the share of the ber coss ismore important in this country

b. Example among the developed countries

I. Choice of the country

The situation in developed countries is quite different. Indeed, the consumption of livestock
productshas not increasd much in recent decades, dke population growthhas been low and
marketshave reached a relatively stable equilibrium for the supply and demand of livestock products
One reasoronsumption is not growing that people @ae concerned about health issues from high
intake in livestockfood which could lead to diseases or cancers for example. Thus, livestock
productiononly increased by 22% only between 1980 and 2004 (ruminant production decreased and
monogastric production increased, especially poulthych is acceptable tall religion groups
[FAO, 2006].Even if the production did not increase a lot over the past years, thes &HiGsions
from the developed countries agriculture are still very important. The increase in the population in
these countries will also have an impact iwadtock production and GH&missions. Thus, and for
many other reasons, manure management in these countries could and should be improved.

In the USA, neat and milk production increased by 1.8% and 1.5% respectively from 1995 to
2007.For meat, pig and attle production increased by 22.9% and 4% retppey. Thuscompare
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with the production growth in a developing country such as Vietnam, we can see than the evolution
of the livestock production in the USA is low. The consumption per capita of meay bemelased

from 1995 to 2005 (0.8%) and even decreased for milk (0.F&p] 2009].Finally, the USAwas

the second biggest polluter in the world in terms of, @008 and theone in 2005 in terms of
agricultural CH (France is 18)’, and has the lyhest emissions from manune the world many
anaerobic digesters have also been built in this country, and they have a special program about
digesters (AgSTAR). Thus, we can discuss the efficiency of some options especially used in the
developed countess, through the example of the USA.

li. Studied technologies

The studied technologies for this country will be: for the dairy sector, the plug flow, complete
mix and covered lagoon digester with and without an engine for electricity production, and the fixed
film digester without engineor the pig sector, the covered lagoon with and without engine, the plug
flow and complete mix digester with engin®.small description has been made paBtd.i (see
Appendix Xll for more details) Some other technologieart be found in the USA but not enough
data were available about them.

As for Vietnam, onlythe capital costand the labor costchange.These two costs do hbave
the same share of the total c(ste figurel?):

Figurel2: Cos share for theUSAtechnologies

In the USA the capital casarethe most important, that is why the farmers need incentives from the
state (to sell electricity) to install a digester.

Thechange of each of these costs wilt have the same impact orethreakeven price Even a
SFRUUHFWLRQ  R$withkihe irflatBh e @hiERi&26/6%° from 2000 to 2010 in the
USA) will have an impact on the breaven price and on the order of the most -&ftient
technologiesgeeAppendix Xl Il that also presesthis change for Vietnam, where the inflation was
+10896 from 2000 to 201D

"World bank database

8 Sourcq http://www.bIs.qov/cpi/#tables]visited on the 25/07/12
°Sourcq http://databank.worldbank.orq/ddp/home.d{yisited on the 25/07/12
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C.Data researchand results

a. Data used inthis study
Many typesof dataare used in this modeéb calculate the emission reductsand the break
even prics (in $/Mt output or in $/hegdtableb).

Main data Secondary data
x Capital cos ($) X Number of anima
x Lifetime X Animal production (Mt)
x Change in labor cost x Yield (kg/head)the digesters do mo
x Change in Energy Revenue/Energy change the yield)
Savings x Labor price
x Change in livestock revenii@) x Labor hours per head with and without
x Total regional baseline GHG emissions digester (and so the change in labor hou
from livestock productionNIMtCO,e0) x Electricity price($/kWh)
x Total regional baseline CHmissions X Biogas production (ftd)
from enteric fermentation and from many  x Digesterefficiency to collect, destrognd
and total baseline JO emissions from convert the CHlin electricity (%)
manure MIMtCO,eq) X Share of the digesters

x Technical applicability enteric CH
manure CHand manure pO (%)

x Economic applicability (%implied
adoption rate hejy

x Percentage Change in ¢eimissions from
enteric fermentation and manure,
percentage change in® emissions from
manure

x Discount rate

x Tax rate

Tableb5: List of the data requested in the model

These data are requested per country, per digester ¢ypecOvered lagoon, fixed film,
complete mix, plug flow VACVINA, domes KT1/2, composite, polyethylene bagd per animal
type (dairy, pigsjor the base year 2010

b. Data sources and application of the model

I. Data research

The maindifficulty about the analysis of the model wisding year 2010 data, especially in
Vietnam.In the absence of these dasanumber ofassumptios had to beusedin conbination with
the available datto buildthe modein the USA and Vietnam
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USA

The capital costs ($/head) have been found in a report done by USDA NRCS in 2007 [Beddoes
etal., 2007] and in a study done by Gooch in 2(B8ochetal., 2009] Theserepors werethe most
comprehensive sourcésund, so, for each technology, a mean has lesémated from the data in
these sourcesirst of all, the values have been mmted with the inflation ratt'om 2006 to 2010
for the NRCS studyand from each starup year to 2010or Goochet al. (2009) study, to be
expressed in 2010¥hen, b have these values in dollar per Mt output, they have been divided by the
yield (kg/head) as they were expressed in $/headd multiplied by 1000The yield has been
calculaed while dividing the production found in USDA National Agricultural Statistics Séfvice
(NASS) in 2010 by the number of animathich comes from the same source but has been corrected
by not taking into account the number of animals in the farms thatdglieave a digestéwhich
does not change a lot the total number because the number of farms that have a digester is low)
According to many studiesn anaerobic digestein the USA, the lifetime of the technologies is 20
years, which correspoado thelifetime used in theJSEPAmodel. No recorslare providedabout
the change in the labor cost. Indeed, it depends on the characteristics of the farm, the size of the
digester and of the herBut we can suppose than the extra number ofshnaeded for thdigester
has no changed from 2006. However, the dollar value changed and so, the labor price. Because of
the lack of data about labor, we changed the labor price with the employment cost rate (since 2000
because in the initial model, the labor cost witl value of the dollar in 2000 has been usetijch
is +35%".

The revenudrom electricitysavings have been calciddtusing a formularesentedn figure 7
(part 1l.LA.b) for each farm listed in the AQSTAR website. Then, a mean value has been wsachfor
NLQG RI GLIHVWHU ZLWKRXW WDNLQJ LQWR DFFRXQW WKH 3H[)\
and not representative compared to the otbegenues. fie biogas production used for the dairy
farms is the one founth AgSTAR website for each farmFor pigs,there are fewedigesters
currently usedand the difference beten these digesters can be big. In this stilklg biogas
production per head used will be the one given by Rftrnational LLC (a company thdesigns
and builds some digestelis the USA)through the cost estimates they did for 940 and 2000 pigs.
Indeed, this productioper headactually does not changiethe manure management system does not
changeand its value is 7.6 %d/head Thus, because of the lack of case studieshfempig sector, we
will use this mean biogas production per hedlden the same methodology is used to obtain the
revenugequation 4.

The updatedbaseline emissionis this study are thospublished bythe USEPA in 201% for
which we suppose the sharéthe enteric, manure CHand manure pD have nb changedrom
2006(no published information about the share of each GHG souitiom these new baselinejhe
implied adoption rate is the share of the digesters in the &rlAwill bediscussegart 1l.D.a. This
share has been found thanks to the record of the digesters by AgSBaRetimes a part of the gas
can escape from the digester because of the leakage. Therdgggsieency can thus be lowerhe

http://www.nass.usda.qov/Quick Statsisited on the 24/06/12

http://www.nass.usda.gov/Quick Statsisited on the 21/08/12
http://WWW.epa.qov/climatechanqe/EPAactivities/economics/noricmoiections.htm'visited on the 24/06/12
http://www.epa.qov/aqstar/proiects/index.htn11/isited on the 24/06/12
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digesters could reduce 70% of the {kbm swineand 62% from dairy (66% in totalaking into

account the efficiency toapture, combust and convert the {&i biogasand the leakagdAgSTAR,

no dat¢. These figures havalso been taken into account in anothetatedstudy (Bayliset al.

2011). Thuswe will use them for the updatenodel. These value FRUUHVSRQG WR WKH 3
IDUPV" ZLWK PRUH WKDQ FliReE Vwer Will nd take Lidty acéoMntVthese

threshold, will suppose that all the farms could build a digeggatually, 87.6%and 90% of the
GLIJHVWHUY DUH LQ 3IHDYV keSge¢livelisint thesebr@sBol®will béBtudiedin

part 11.Dd. Finally, the abatement potential can be calculated and expressed per Mt output, while
dividing by the productioftevelin the USA.

Vietnam

First of all, thedigestertechnologies used in Vietham has been folistdd in a report by FAO
on biogas in Vietnam [Bockett al., 2011], and in the description of a project ®FA Consulting
groupfor the Asian Development BanksFA a, 211]. Here, we will consider the dome digesters
KT1/2, the VACVINA digester, the polyethylene bag and the composite digesteAgaandix X
for information about these digestefe) pig sector only because of the lack of information about
dairy sectorThe capital costs for pig farms have been found in an evaluation study [Hai Anh, 2010]
(expressed in 2010%nd thanks to information given by an expert (Pham Van Thanh, who is
working for VACVINA in Vietnam) on biogas production in this counifgverage dr a 7ni
digester, converted in 1IdMWR EH FRQVLVWHQW ZLWK WKH LQIRThHEDWLRQ |
yield has been calculated while dividing the production by the number of affifiatal number in
2010 corrected by not taking into account the nundfeanimals in the farms that already have a
digester, but here again this number is quite I can have the capital cegter head, and then
per Mt output thanks to the yield. The evaluation study of Hai Anh (2010) also gives the lifetime of
each tebhnology (20 years except for the polyethylene bag, 3 ye&s)n the USA, the labor hours
do nd change but the labor price has been changed witbahsumer price index (+108%rom
2000 to 2010n0 information has been found abdbe employment codnflation). The revenue
savings have also been found in the evaluation stgyfor the USA, lhe emissionbaselines are
thosepublished by USEPA in 2011. And we also suppose that the technical applicabilitpaioes
change from 2006 to 2010. The impliedoation rates have been found thanks to the information
given by exped (Pham Van Thanland Matthew Carr from SNV Vietngnon the number of each
technology already available in Vietnam without distinction between pig and dairy. févims
suppose the totalhare of each kind of digester can be used as the share in the pigskeenisD.a.
for explanation) Finally, another experto Chau NgarNguyen lecturer at the Can THdniversity,
Can Tho city, Vietham) who is working on this area assures that fibeemfy of the digesters to
reduce the CHlis 60-65%, without any distinction of the technoileg A report done by the Asian
development bank in 201GFA c 2011] explains that the leakage of the digestabmut10%, thus
we will suppose tha®0% of the CH, can be reducedrhis value, as no publicatiams been done
about that in this country, B&deen validated by another Vietnamese exgéitan Ho Haivice head

1 SourceGeneral Statistic Office of Vietn#nttp://www.qso.qov.vn/default en.aspx?tabid:469&idmid|vt$ited
on the 21/08/12
5 Source: World Bar‘!lktttp://databank.worldbank.orq/ddp/home.do?SteﬁL&id:Z‘visited on the 21/08/12
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of the Department oAnimal Healthof the ResearcHnstitute of Agricultural Science fordbthern
Vietnam (IAS). Here again the abatement potential per Mt output can be found while dividing by the
production (found in the general statistic office of Vietham

ii. The MAC curves
o0 The breakeven price

Two beakeven prices have beealculatedThe first one does mdake into account the tax. The
second ae gives the results after tax.

0 The MAC curves before tax

USA

Figurel3: Results of this studyfor the USA

Figure 13 represerd the MAC curvesdeveloped in this stly for the USA They present the
results for 201@onsideringthe digesters thavere availablein 201Q First of all, some breakven
prices ($/tCOeq) are negative because the present value of the potential electric revenues can be
much higher, in the wdle period of 20 years, than the present value of the costs. TheddA€Es
show the cost of abatirgpchadditional unit of emissia The brealeven price represents the value
at which the costs will equal the revenues. Thus, if electrical revenuemglaee than the costs, then
the beakeven price will be negativehus, the technologies are presented firshéndurves are the
most costeffectiveones. The more the brea&ven price increases, the more expensive and the less
costeffectivethe technadgy is. We can see that this study found more cheap technologies than the
USEPA model (sedppendix XIV DQG WKDWs KaRel hy poerdidd to be also cheaper
DFFRUGLQJ WR RXU UHVXOWYV Rhund adhdrtkexRe@estoptishd RU KRJ TV
While analyzing the order of the technologies, we can seditifyf, those with engines are the
most cost effective and secondly, those appliggige areon average moreosteffective than those
applied to dairylndeed, thaligesters for pigs areheaper. iey can reduce more emisssqger unit
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of output than the digesters for celespecially if we compare without taking into account the
implied adoption rate)Moreover, the benefits linked to the electricity production show that the
digesters wth enginas are more profitable than the angithout. Here we consider existing digesters,
namely digesters built in feasible farms in a state where the electricity price is high enough to allow
the building of a digesteiThe results show that the cheapeschnologies for dairy farms are the
plug flow and complete mix with an engine, which also correspond to what we can find on the field
(indeed, among the digesten dairy farms, these two kinds are the most represented). However, for
the pig farns, theresults show that the cheapest digesters are the complete mix ancetibeneted
lagoon with an engine. Despite this, we observe that lagoons are the most commonly installed
digesters(see part 1.D.a.i.)We can see that the characteristics of the sigge (for example the
maximal solid content), the climate conditions @dhe manure managememtill play an important
role in the farmer{ ¥hoice about the digester type to appli€terefore the cheapest technologies
are not necessarily the most apglie

The anaerobic digestecan decrease the amount of Lemitted only, thus thebatement
potential actually corresponds to the quantity of,@tluced. Then, this potential (in percentage) can
be express according twth the baseline of ClHfrom manureas well as total ne€O, emissions
from livestock(figure 14).

Figurel4: Comparison MAC curves before taith the abatementpotential relative to the total baseline (blue)
and relative to the manure Clbaseline (orange) in th&JSA

Thus the incremental value of thbatemenpotential shows that 13.37¢23.26 MMtCQeq) of
the totallivestocknonCO, GHGsand 52.11% of th€H, emitted from agriculture in the US can be
reduced thanks to this technology with the assumgtigedfor this model and considering that all
the animalsand thus all the farms that dotriwavea digester yet, could have one. The assumptions
will bediscussd further
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Vietnam

Figurel5: Results of this studyfor Vietnam

First of all, figure 15 shows thagll the technologies are fourtd be profitablein Vietnam In
comparison,USEPA (2006) found that the lagoon digester had pmsitive brealeven pricein
Vietnam (seeAppendixXIV), whereas this option was not includedhrs study.A few lagoons do
existin Vietnambut not enough information, especially about the revenue from this technolagy, w
available to be able to build the curves taking into account the lagoon. But as this technology is
devoted to large farms onlyhe initial capital costcould be afforded only by big farms. The other
farms will not have the funding, the place, or the number ahals requied to run such a
technology. Thust is likely that the breakeven price can be positive for this tectogyl.

The VACVINA digesters are thmost profitable whereas theompositeis the kastprofitable
technobgy and does noteducea lot of emissions mainly because it is matlely appliedover the
country. The compositaligesteris similar to the domedigester this is why their brealeven prices
are close However the domes contribute to much more mitigatidhe polyethylene bag is one of
the cheapest technologies in terms of capitalscbst is less efficient than the others anddasty 3
years Thus, with capital costnot much more highehan the domend higher electricity savings
the VACVINA is estimatedo be thanostcosteffectiveness technology

Figurel6: Comparison MAC curvdeom this studybefore taxwith the abatementpotential relative to the total
baseline (blue) and relative to the manure ¢biaseline (orange) in Vietnam
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According to figurel6, the anaerobic digesters in Vietnam could reddde98s (2.47
MMtCO.eq) of all GHGs from livestock and51.43% of the CH, emissios from manure while
generating profits at the same time

A comparison between the 2 countries is quite difficult. Indeed, the technoligesaterias,
the farms aims while using such options (electricity and heat savings for theedggially heat
savingsandfor cooking forVietnam),andthe economic situation of the countri® nd the same.
However, it seems that, according to the results, the Vietnareelseologies are cheaper than the
USA ones and can be very cadfective This finding can be important for developed countries.
Indeed,if their targes to reduce their emissisrunder the Kyoto protocol is quite high, then, they
will need to buy credits from some develogpcountries that can maybe more easily (because of the
material prices, labor prices, help from national programs) reduce their emissions. This is why the
results found in this study about tefectivenes®f the Viethamese technologiggy be ofinterest
to some countrigssuch as the USAr the countries it have ratified the Kyoto Protocalhich
could invest in these technologies to reach their emissaoluction targest

0 The MAC curves after tax
This study has been done without taking into account the tax rate. If we take this rate into
account, themve will have new curves (figurg7), and a new order of the technology.

Figurel7: Results of this study after tax USA (left)\Vietnam (right)

To simplify the calculations, wetudiedthe resilts without tax rate (0%). This lar has been
fixed at 40%here This change hano impact on thabatemenpotential butt does affecthe break
even pricg$/tCO,eq). The consideration of the tax or not will lead to different results

First of all, in the USA, all the prices increaé¢hie tax rate is taken into account, which is quite
an obvious result. Indeed, we can find more cheap technologies without tax (5 negative prices) than
with a tax rate (3 negative prices). Moreover, 60% of these cheap options without tax are for the pig
farms, whereas 67% of them when we take into account the tax rate concern the pig farms. That
means that after tax, the pig farms appear to have the biggest potential to be more profitable farms
than the dairy farms. Finally, the order of the technologresmgesThis change can be explained by
the formula to calculate the breaken pricelndeed the fact of taking into account the tax rate will
add a new term in the breaken price calculation and decrease the denominator of the first term.
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Then, the eolution and dhssification of the technologies priogdl depend on the value of the other
parameters such as the capital cost.

For Vietnam, we could see that before tax, all the technologies are cheap (negativevereak
price, see figurelb). After tax all the prices increaseut the order of the technologie®es not
change We can especially see that thé&@VINA digester represents, after tax, a good option to
reduce the greenhouse gasssssions and should maybe in the future, have a higher nsiidet so
that it will contribute more to the GHG mitigation.

Thus, these resultalong with previousMAC studes could help policymakers to find some
technical and economic solut®mo decrease the GHGemissions from farmsnd fight against
climate dange For examplen the USA for a C priceg(incentives)of $US 27/tCOeq(may be lower
in other countries like Japan or EGQolub etal. 2013), about 15VIMtCO,eq of gas emissions could
have beerreducedin 2010 (8.6% of the CH, manure and enteriemissons 33.8% of the CH,
manure) With these results, we can see that if the incentives are just a few dollar higher (for
example, $32/tCéeq), the quantity of GHG (especially QHeduceccould have been 5 MMtCO2eq
higher. In Vietnam, we saw that theACVINA represents a good option to decrease the &SBGt
they are still not very numerous in the country. Thus, it could be possible to create irsctentive
encourage the building of thRéACVINA digester (cheaper), so that their market share will incyease
alorg with their total potential to decrease the G&G

o0 Theabatemenpotential
This potential, as explained before, depends on 4 param@tersbaseline, the technical
applicability, the implied adoption rate, the efficiency to reduce the §H® new datahas been
found for the technical applicability for pigs and cows, but the 3 others parameters have been updated
(except the baseline enter@missionsbecause we are working on the maneraissiony The
following curves present the resulsr the abatem@ potential of each technology and the total
potential for the USA and Vietham

USA:
Because of their different distribution (share), the technologies do not have the same potential to
decrease the GHGBgure 18):
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Figurel8: Individual and ptal abatementpotential

We can see that, the 1/n assumptiofir& not realistic,and thencould have givercredit to
technologies that doe®t play an important role in thebatemenpotential (fixed film digesters) and
underestimatéhe number of other technologies and soahatemenpotential of these technologies
(plug flow digestes with engine for dairy farms and covered lageamthout engine for hogs
farms)This is why a discussion will beevoted tothis assumption inpart Il.D.a. As note, the
observedistribution of each technology @010 is used to determine the allocation of digesters in
the country.

We can see that the shape of the incremental abatement potential curve is not a linear curve,
unlike the incremental cureased on th& SEPA (2006) resultswhich distribute theshare ofeach
technology homogenouskgee ApendixXIlV ITRU 86 (3$ V. Uhis\sidy Woivhd tha23.27
MMtCO.eq couldhave beeravoidedin 2010 (which is a little bit less than the agricultural £H
emission of Venezuela in 20Q5)hereagshe USEPA found tha8.42 MMtCQeq can be avoided
thanks to the technologies (which is a little bit less than the totake@litsion of Germany in 2005).

The difference is abol. 15MMtCO,eq(-18%), which almost orresponds to the total Glemission
from agriculture irDenmarkin 2005°. Thus, these differences are quite significant.

As mentioned,Hhis studyalsofound that 13.3% and 52.1% of the totalenteric and manurey
CH, manure only baseline couldave been reduced respectivelywhich is actually lower than
86(3%V UHVXOWYV 7KLV ODWWHU PD\ KDYH RYHUHVWLPDWHG W
2010.

% Source: World Bank visited on the 26/07/12
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Vietnam:

Figurel9: Individual andtotal abatementpotential

In Vietham too, some technologies do not appear in the USEPA marteldsite and
VACVINA) and some hee not really been foundh the reality (lagoon) or & not been taken into
account in this study (dairy sectoHere again,hte most interestinglifference is the adoption rate.
Indeed,the technologies considered here are not the saméhandurvespresented in figure 19
represent the sharof each technology in realitysmall role to the compositand VACVINA
digesters but the curveshow the real potdial of the dome and the plastic bag (eveit is
underestimatedbr the plastic bag especiglly8 6 (3$1V PRGHO IRXQG WKDW WKH 9LH
in pig farms could have reduced34 MMtCO2eq in 2010 (see AppendiX¥), which isvery similar
tothissWXG\fV UHVXOWYV

Finally, the results shows that 14.98% and 51.43% of the total (enteric and manure) or CH
manure only baseline could have been reduced respectively in 2010, which is also lower compared to
86(3%TV UHVXOWYV EXW KHUH eva#ly they sBbimi, Qe GCenddatistn 3 Widre Q R W
difficult.

D.Sensitivity analysisand more details about the model done in this study

This paragraph willfirst discuss the sbng assumption made by USEPZ006 about the
homogerous distribution of the digestead secondlyry to prove, with some examples, why
having precise data for each parameter is really important to build a model as close as possible from
the realityandto what exteha change in one parameter could affectrésilts.Therefore, we will
look closer to: the discount ratihe farm size, the adoption of the technology.
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a. Distribution of the digester: the 1/n assumption

i.  Share of the digesters

USA

In the USA, only 191 digesters are cuthgrworking (2012) whose 175 havan engine for
electicity or heat generation. Among them, 157, 23, 4, 2, 5 are in dairy, pig, poultry, beef and mixed
dairy-pig farms respectively. In this study, we will analyze the situation in 2010 for dairy and pig
farms. At this time there were 134 digesters in the dainmys and 20 in the pig fariis Thus this
technology is for the moment not very well spread in this country, even if it has proved its efficiency
and if many new projects are predicted or have alretaiyed about these digesteffie maket
potential tomplement thens quite big.

Again, avery strong assumptiomade inUSEPA(2006)concerns the repartition of the digesters
in a country. If n technologies exist, then each one of these technologies is assumed to be applied
equally, using a share equal td/n. Thus, the lack of precise data can be overcome and all the
technologies can be considered without economic consideration that could ksadstlection of
only themostcosteffectiveoption Theobservedshare of each technology in 2010 is the given
in figure 20:

Figure20: Share of each kind of digester in the US farms (source: USEPA AgSTAR 2012)

Thus the assumption 1/n is not realistic because most of the digesters in a dairy and pig farm are
plug flow and coveredagoon respectively (because plug flow digesters need a high solid content,
which can be provided only by daicpws and because lagoons are the cheapest technologies and
they need a low solid conterthe choice of a type of digester by a farmer depemds lot of
parameters which will be disssed beloyw Moreover, the fird film digesters currently do hexist
in a pig farm and we can find only a few of them in a dairy farm. This results also show that only
three typs of digesters exist for pigs wi¢HDV DW OHVV W\SHV H[LVW IRU GDLL
often batch reactors)inally, among the most common type of digesters for pigs,ctwered
lagoon, 77% of them do hdhave an engine to produce electricity, which implies that selling
electricty from a pig farm is not profitable and that farmers decide to build a digester for other
reasons than trying to make a benefit from the electricity selling, for example, save money from heat,

" sourcdnhttp://www.epa.gov/agstar/projects/index.htnjiisited on the 29/06/12
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odor control or using the digestats a fertilizer (45% of # digesterdound in thepig farmin 2010

have an engine). However, 90% of the most common digester for darglup flow, have an

engine (86% of the digestarin a dairy farm have an engine). So selling electricity appears to be
more profitable for diry farms than for pig farms which can explain why only a few digesters exist

in a pig farm. The manure production per day is 83.51b/1000 Ib of dairy cow and 67.3Ib/1000 Ib of
swine®. Werneret al. in 1989 claim that one cattle can produce abott3xg of dung (0.4nT gas)

per dayand one pig can produce 2kg of man(@el5n? gas)per day. Thus, not enough manure is
produced by pig farms to have an excess of electricity. Pig farms usuatigt ggwoduce enough
energy to sell the excess power out on the afria rate that could help them to be easily refunded or
even to exceed the investment, the compensation is not enough. However, dairy farms can produce
much more power than they really need in the farm and so, they can have an interesting energy
revenue osavings from the selling of the electricity.

Vietnam
The share of each kind of digester is also different, as explained in Zgjure

Figure21: Share of each kind of digester in the Viethamese farms (source: experts)

In Vietham,as explained part II.B, the techologies are not the sanfseeAppendix XI for
information about the Viethamese digeste)st of the technologies in this country are dotdé4
in the North or KT2 in the &ith due to their affordability Indeed,they represent 837% of the
digesters. However, wmentionedthat the polyethylene bagaimberis difficult to quantify, thus
they arevery likely to bemore numerous than the domes. The value here corresponds to what an
expert and a researcher who isrking for VACVINA (which install the digesterd)as conveyed
The compositeand the lagoomepresent only @9% and 0.11%of the total digesters in the country
respectively The rest (0.01%) corresponds to another type of digestieich will not be studid
here.Another estimations that, while taking into account the many plastic bags that there could be
in the country, the number of digest@r the pig farns would be about 2 million (but of course it is
impossible to check)Spurce La Van Kinh from he Vietham Academy of Agricultural Sciences).

Thttp://www.nrcs.usda.goviwps/portal/nres/detailfull/national/technical/nra/rca/?&cid=nrcs143_014}kdited
on the 29/06/12
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Therefore,it is quite important to uretstand what drive these figuresdéed, if the assumption
1/n isinaccuratethe alternativeassumption that the cheapest technology is the most applied is not
really relpful neither.Similarly the assumption that the observed distribution for current adopters is
representative for the entire country, as assumed in this study, is also imperfect. bitealhysical
parametersand other adoption constrainteed to beaken into accountThe potential impact of
selected biophysical factors on adoption is discusseditasection 11.D.a.iii

ii. Effects on the MAC curves

USA

Figure22: Comparison observed shard/n distribution for each techndogy in the USA
CM = Complete Mix, PF = Plug Flow, FF = Fixed Film, CL = Covered Lagoon, w/ = with an

engine for electricity production, w/o = without an engine for electricity production.

The change in the share of each technology will have an impabeatatemenpotential but
not on the breakven price, thus the classificatiohtbe technologies will not changedeedwe do
a oneby-one comparison of options without taking into account the economic applicabiiey.
options infigure 22 have bee classified in an ascendant order of brea&n prics.

Many differences can be observed betweerotiservedshare and the homogeneous distribution
of the technologies assumption&e can see that most of the time, the reduction potential of each
digeste is overestimatedith the 1/n assumptioand that the total incremental value of the reduction
potential is lowerwith the realdistribution (13.46 instead of 14.%, or 23.27 instead of 24.61
MMtCO.eq). Thus the interpretation that we could do with hanogeneous assumptiaannot
always be applied in the reality. For examphe plug flow digesters with an engine for dairy farm
actually reduce much more GH@an whatcould bepredictedwith the homogeneous assumption
because the share of these digssie higher than the other &@9.25% in reality14.2%6 with the
1/n assumption On the contrary, the complete miigesterswithout engine in dairy farms
contribute less to the GHGnitigation because they are not often use in the US (0.75% inyrealit
14.2%90 in the model). Thusve can discuss the efficiency of a global model at a country scale
because of the need to takéoimccount the fact that farnsewill prefer one type of digester because
it is more efficient or less expensive for example
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Vietham

Figure23: Comparison observed sharé/n distribution for each technolay in Vietnam

For Vietnam the same kind of analysis can be doexcept that the technologies considered here
are not very numerous (only four) ana arot the same than the one found in USKP®@06) The
dome digester anthe polyethylene bagare technologies studied here and in USEP®B06) and
found inthe reality. But the composite aMACVINA arenew technologies. Moreover, the flexible
bag, coveed lagoon, anthe digesters for dairy are not taken into account here because of the lack of
data about these technolegi Thusthe MAC curvesin this studywill actually lead to more
abatement potential for the dome because of their share in theycandtlower ones for the 3 other
technologieqfigure 23). The total incremental potential however, is found to be almost the same if
we consider the 1/n assumption or teservedshare

iii.  Farm profile and scale
Whereas the previous section explaineddtiierence between the digesters distribution and its
impact on the MAC curvesspecially on the emissismeduction, this section wilprovide some
information to explain the different repartition of the digesters across the country (number of
animals, imate and digester distribution according to the states/regions characteristics).

USA

0 The number of animal
The total number of animathat digesterscould be applied tin the USAis estimated tde 4
898 789 dairy cows and 55 360 530 pigs. Indee@0it0 there were 9 117 500 dairy cows and 64
778 500 hogs in the USA AgSTAR estimated that only the pig farms with more than 2000 pigs and
the dairy farms with more than 500 cows have the technical requirements to build a digester
(affordable constructio costs, energy price, management practices), which actually corresponds to

'® Source: USDA NABSp://quickstats.nass.usda.goluisited on the 24/07/12
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only 12.3%° of the pig farms and 3% of the dairy farms. 56.6% of the dairy cows and 86% of the
pigs are in such farmis This observation shows that considering all the farms inUBA as a
potential farm to implement a new digesteunrealistic It doesnot mean that the little farms caot

have a digester, it means that it is not advised to build a digester in such farms. Thus 5 160 505 dairy
cows and 55 709 510 pigs are in thems suitable for a digestdf.we put apart the number of farms

(and so anima)sthat already have a digestdr398 789 dairy cows and 55 360 530 hogs should be
considered in the motland study.The largest farns could afford a breakven price lowethan the
smallest farms. However, if we take into accotie AgSTAR results, then we do tnake into
account the small farms that could have a digester even if it is not advised. Moreover, distinguishing
the smallandlargefarms requires enough data abthe capital costs and revenues dach kind of

farms, for dairy and piggndfor each type of digester with and without an engine. If this difference
can be made for dairy farms, it is not possible for pigs. Indeed, 90% of the digesters in thepig far
are fed by more than 2000 pigs. So there is not really case studies for the little pig farms. Finally, we
could wonder what will be the aim of this study if we only take into account the farms that are
DOUHDG\ 3IHDVLEOH " IRU W&matiexvhat & lth@ dafadn Pridsol WweH I\Weep)

the total number of animal for the general st(égs the farms that already have a digester, even if
their number is quite lowwill discuss the difference between the small andldihge farms in the

US dairy sectom part I1.D.d., andgive an example of a cost analysis for a 940 hogs faéne mean
numberof pigs in a pig farm in the US &bout940-960 according to USEPA databaseAppendix

XV. Thus, the farm size plays a role in the digesteroghand distribution.

A lagoon is less efficient than another digester to produce electricity because it is not heated. So,
to be efficient, itcould firstneed more animals than the plug flow and complete (mithout any
consideration of the climateThis can explain why, according to the distribution of the digesters in
the USA and the cow and swine inventory (#gmendix XV 1), we can observe that most of the
lagoors in the dairyand swinefarms are in Californiaand North Carolingsee below), the leker
states for dairyand swindlarmsrespectivelyand where we can find very larfgrms (91%and75%
of the milk cows and pigs are in farms with a herd size of at i¥itowsin Californiaor 5000 pigs
in North Carolina in 2007 respectivglyHowever this observation is an assumptjaro real figures
or a minimal number of anim@ahave been found about this. It is even more true for the pig sector,
which produceless manure per head per day. Thus, the lagoam be found in North Carolina, the
leaderstate for pig farms and where 75% of the farms had more than 5000 heads (2007).

o The digester distribution
We saw that the share of the digesters is not the same for all technologies in the USA, but
actually, not every state has the required conditiomiild such a technology. Indeed, it appears that
more digesters can be found at the Eddhe USA andabove the 40th parallel, no lagoon can be
built for energy production because of the low ambient temperature (the more the temperature is high
the mae CH, can be produced) [AgSTARO daté. Indeed, the table8 and7 show how each type
of digester for dairy and pig farms is spread among the states:

2 s0urce: Pork Checkoff 2012
L Source: USDA NASS
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Plug flow

Covered lagoon

Complete mix

X Wisconsin (23.29%)
x New York (15.07%)
x Vermont (12.33%)

x California (46.67%)
x New York (33.33%)

x Pennsylvania (22.22%)
X Wisconsin (19.44%)
x New York (16.67%)

Table6: Dairy digester spread among states

The covered lagoons need less than 3% of solid, a warm climate (because it ibeatedn
technobgy) and low water intake. California is the first state in the US for dairy production, has a
quite high electricity price compared to the other states (13ctf®Wand we can find large
operations (more than 500 cows) and a warm climate. Finally, therlagoe cheaper than the other
digesters. Thysnost of the lagoons for dairy farms are in California.

Wisconsin is the second state for dairy production, the electricity price is 9.78ctlikeé/thé
mean price in the USA) antthe climate is not really wen (so buliding a lagoon is not possible)
Finally, the plug flow is supposed to be cheaper than the complete mix and needs a high solid content
(more than 10%, which is possible to obtain only with dairy manure). This is why a lot of plug flow
can be foud in Wisconsin especially.

Finally, Pennsylvania has a high electricity price (10ct/kWh) and is especially rural, which can
lead to odor issues. Thus more complete mixed will be found in this state.

A company that provides thegdisters (RCM internationalyill not install a lagoon in New
York unless for odor control and biogas burn to have a carbon credit. New York has a cold climate so
the digester will have to be heated during the winter, which is why the plug flow and complete mix
digesters are the maitypes of technologies built in New York. Moreover, the manure has to be
collected as dry for the complete mix. So this company would only consider building an anaerobic
digester system in New York farms which have dry manure collection systems (Scregoeiam).

In the situation where a farm in New York uses a lot of water to collect manure (flush manure
collection), a covered lagoon would be appropribté,the manure would be too diluted to be kept
warm in the winter and the digester would not produceh biogas in freezing winter. So, a covered
lagoon system in New York would not be productive or profitadbleould only be installed if the

farm wanted to flare the gaslowever there are no grants for projects that do not produce electricity
and tle value of carbon offsets will not help to pay for the capital investment of this kind of project.

So it appears that the climate zone will be an important factor to take into account for the
implementation of the technology (ség@pendix XVII the climatic zones in the USA and the
digester distribution in 2012).

Plug flow Covered lagoon Complete mix

X Pennsylvania (100%) x North Carolina (30.77%

x Texas (15.38%)

x  Wyoming (40%)

Table7: Swine digesters spread in the USA

North Carolina ighe first state for pig production. They have a low electricity price (8.7ct/kWh)
but an important manure management program because of water quality and odor issues and a mean

2 sourcehttp://www.eia.gov/electricity/state/|visited on the 24/07/12 (athe electric rates come from tre)
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annual temperature of 15 C° (which is considered as warm). Moreover, coxgoets are cheaper

and they need only between 0 and 3% of solid content (possible with pigs). Thus a lot of covered
lagoons (without electricity production) can be found in North Carolina.

There are only two plug flow digesters and five complete mix dégedor pig in the USA, thus
studying their repartition is not really relevant.

So, for dairy and pigs, the temperature is an important factor for the implementation of the
covered lagoons which are not heated. Indeed, above theatallel, it is diffialt to run such a
digester in an efficient way because of the low temperature. Building a lagoon in the northern part is
possible but they cauat be built for economic reassifselling the electricity). So we could say that
the lagoon with electricity pradttion could be apply only in 50% of the US territory, whereas the
plug flow and complete mix could be applied everywhere (just comsglitre weather factor). Then
we have to consider the management of the famo(nt ofwaterused collecion of the manure...).

In a lot of states, no real incentives for electricity exist to helpderrio pay the investment,
which is a problem for pig farms becauseytde nd produce enough energy. Thus the digesters are
mainly based in the states where the elecyrigiice and the farm size are high (it is also the case for
dairy farms). And indeed, we can see that 87.6% and 90% of the digesters in the dairy and pig sector
in 2010are in farms with more than 500 cows or 2000 pigs respectively.

The choice of the diger typeand its efficiencyalso depends on the farm type (the bedding
type used at a daifpr examplecan affect the digester dgss that will work the best)he storage
type (solid, slurry, lagoon)}the type of manure storedhich aredifferent amox the statesThus, the
extrapolation of mean results for the USA is difficult because taegpat be applied to evefgrm.

Depending on the temperature variation, the repartitibthe animals in the countrgndthe
farm size new rules can benade abaut the impliedadoption rate. This time, it will nobe a
percentge of the whole quantity of technologies; it will be a percentagheohumber of animals
Here, we will build new rules to obtain a geographic distribution of the digesters that have been
studied within the modellhe methodology is presented in AppendiXIX. The aim is here use an
implied adoption rate based on {pbaysical parameters especially and to observe the difference with
the homogeeousdistribution assumption and the real shalbserved in 2010.

Thetable8 summarizes the new rules that could be taken into account:

Lagoon with Lagoon Plug flow Plug flow Complete mix | Complete mix
engine without with engine without with engine | and fixed film
engine engine without
engine
Dairy | Swine | Dairy | Swine | Dairy | Swine Dairy Dairy | Swine Dairy
33.6%| 21.3%| 7.1% | 10.1%| 23.6%| 7.5% 4% 23.6% | 61% 4%

Table8: Geographic share of the digestem the USA

Now, we can compare the resuits 3 case studiesising the real databaut the share of each
kind of digesters in 2010 (results of this studygjing the assuntipn of 1/n for each technology
using the geographical distioution explainedabove These 3 options will change the abatement
potential but will have no effect orhé breakeven priceof each individual optionFigure 24
represergwhat we can obsery@efore tax)
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Figure24: Comparison of theVIAC curvesinder 3 scenarios the USA

Here again, it appears that building new rules to considgeographic distribution of the
technologies a little bit more based on-ptoysical parameters such as the climate or the localization
of the animals, leads to many differences compared to the hoeoagafistribution assumptian
Indeed, the shape dié curves, and so the evolution of the incremental mitigation potential, and the
amount of gas reduced for a given breaken price are not the santéowever, the total mitigation
potential using this method appears to be almost the same than the onewiturttie 1/n
assumptionHere for example, if we consider a carbon price of $50/600we can see that the 1/n
assumption gives the lowest amount of gas reduced whereas the geographic distribution leads to the
highest oneThus, the implied adoption rasgpears to be really important to be able to predict the
potential of a technology to decrease the GHGs emissams to present correct estimasoor
predictiors to policymakers The fixed film has been represented here as a heated digester, quite
expensive, with a low solid content. Thus they could be spread over the country as the complete
mixed. However, the difference between these 2 technologies is the manure management. Indeed,
plug flow and complete mixed are not feasible for the flushed magstenss, on the contrary of the
lagoon and the fixed film. For example, in Florida, the manure is handled that way, so the best
technologies in this state will be the lagoon or the fixed film. However, as it appeared to be quite
difficult to do a geographidistribution of the manure management practices, this parameter (that
could be important), has not been taken into account here.

This study has been done for the whole USA. However, with regard to what has been explained
above, the different charactercstiof each state (climate, electricity priggpograms for digesters
and of each farm (number of animal, manure management, budget, odor praitemevent the
extrapolation of one state profile to another one and thus, the general results fohedf8At may
not be aplicable to every states

Thus, it appears that the implied adoption rate of each kind of teclyndépgnds on a lot of
factors: the hel size, whichcontributes to define the digester size; the temperature or the weather,
which contibute to explain where some kind of digesters can onaade built; the environmental
issues, such as the manure management or the odor control; the digester effi@i¢noylleéction
efficiency), that appears to be 75% for the ih@ated digester (laga) and 99% for the heated one
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(plug flow and complete mix) [Lazarwet al., 2011]; the economic factor, with the capital sasit

the digestesand the electricity price. It is important to consider all of thesephissical parameters

in order to not cosider the fact that the cheapest technology will be the most applied. These
parameters will all contribute to determine an implied adoption rate for each kind of technology.

Vietnam

Much less information exists about the farm profile and the scale and #ite dairy sector in
general. The choice of purchasing a digester in a developing country depends on several parameters.
First of all, the investment castThe farms in Vietnam are small for most of them, thus thegatan
afford an expensive digesté&loreover, the farmers artdchnicianseed to learn how to operate and
maintain this kind of technologyl'he registration can be long $3months), which can discourage
some farmers to build a digester. The soil has to be good (a poor soil conditionnapobioiems
could lead to a fail of the digester). Finally, the farmers need to have enough manure to fill the biogas
plant (an excess of manure will also lead to a low efficiency). [Nguyen Quang Dung, 2011]

0 The number of animals

In 2010, the number of g& were 27 373 108nd they were especially in tiNorth Central of
Vietnam and in the Red River Deltd0(4% and 26% of the total number of pigs) respectivély
(seeAppendixXIX for the Viethamese regions).

Over the 6 331 941 households that raise [E§s/3% have 1 or 2 pigs, 27.64%ve between 3
and 5 animals, 189% rave between 6 and 20 pigs and5E6 have more than 21 pi¢General
statistics office of Vietnam, 2007]. Thus for the pig farms, aofohouseholds camt use a large
scale digester ke the lagoon. Only thiargest farms can but they are only @00 and arong them
only a small number (8%) have such large scale digester. So, almost all large scale farms could
have a digester. And a lot of farms can only use the plastic bag digetiterdmme with a low size.
[Source Pham Van Tharh

Pig farms can be found especially in the North of Vietnam, where most of the KT1 and
composite are also found (10000 composite units in 2011 [Ngetyan 2012]). Small farmers have
80% of the pig popattion. Indeed 75% of the pig population is in a traditional pig productid® (1
head), which is a common practice everywheslaughter weight50kg/head). 145% of the pig
population is in a family farm (380 sows or 10 fattening pigs), which is pafar in Red River
Delta Slaughter weight70-75kg). And 10% of the pigs and -28% of the pork volume is in a pig
farm (more than 20 sows or more than 100 fattening pigs), whose number increases especially in the
Red River Delta, the South East and thekdley GSlaughter weight80-85kg) [GFA b, 2011].

6 pigs or 1 cattle are the minimum to produce enough cooking fuel for a 6 member. family
Indeed, a 50 kg pig produs@.27nT of biogas daily and one person need3nd.per day for cooking,
thus, a family of Gpersonsmaximum needs-8 pigs (518kg of manurg[Nguyen, 206]. If this
family hasless than 6 pigs, then it will have some cows (1 for dome, SA@VINA ). In 2009, the
households had an average of726igs and b cattle [Huu Luwetal., 2011].

# Source: General statistic office of Vietr{atp://www.gso.gov.vn/default_en.aspx?tabid=469&idmidwisited
on the 24/07/12
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o Digester distribution

According to the biogas user survey 2011, most of the digesteare in the North Vietham
(8886% among the regions studied) amdallscale but some of them are large scale. It is the case
for the covered lagoenHowever, those stalled in the North are not efficient and highly seasonally
variable (covered lagoon needs warm climate, but the weather is quite cold in the North Vietnam
during the winter, thus dhis period, the digesters does pooduce a lot of biogas) (ség@pendx
XX for a picture of a lagoon that doestnwork). According to the low carbon agricultural project
draft [GFA, 2012], the number of large farms in 2009 was 7 552 (36.3% of the total number of farms
found in the General statistic office of Vietnam), wbids186 had a biogas plant (15.7% of the large
farms). The KT1/2 anYACVINA digesters need between 10 and 30 animals, the composite need
10-15 animals, the plastic bagl® and the lagoon between 1000 and 5000 [expert judgment].

The distribution of theivestockdetermines the distribution oV KH G L J H \6¥¢ App&ndixk Q H
XIX for 3 Viethamese regi@rtomparison) As the weather condition in the North is quite variable,
the development of the lago@ption is not easy. However, it seems that the plastg could be
found everywhere.

Here again, the repartition of the digester over the country is heterogeneous because of
differences of climate, livestock inventory, availability of the matelsdsne are popular only in the
South) for the digester buildg, the choice of the farmers among the digester typesietimes
simply driven by the choices of other farmensthe area)the digester costélowever, not enough
information has been found to realize a geographic distribution like the one that eavddoe in
the USA. However, we can compdhe MAC curves between the 2010 share of the digesters and the
1/n assumption. As for the USA, the shape of the curves, and so the evolution of the incremental
mitigation potential, and the amount of gas reduleda given brealeven price are not the same
(see AppendixXI).

o0 The payback period and efficiency of the digesters

The choice of a digester instead of anotheealso depends on the payback period when many
options are availabldf this period is highr than the lifetime of the digester, then of course, the
building of this digester does nworth it. TheAppendixXXIl explains the financial analysis of the
technologies in pig farms available in Vietnalaven if the payback period is shorter in thesgila
bag case, this kind of digester is much less efficient than the dome according to the farmer and the
lifetime is much more shorter than the other digester types. MoreovelWAGY/INA digester
produce 4% more biogas than the dome2®.nt/day for thedome, 234 for theVACVINA ). [Huu
Luuetal., 2011]

b. The discount rate
The discount rate is used to depreciate a future value and to detétsrpnesent value. The
formula is this onefigure 29:

Figure25: Present value

With Py = value at the initial time, future value, i = real interest rate (or discount rate), t = time

52



It reflects the time value of money (theory of time preference, an investor would prefer having cash
now rather than waiting for some years), and tHe(tgcertainty).

This rate has been fixed (10%), but in reality, some countries could choose to have enkwe
(because it is an environmental study so they are expecting long term results with slow growing
benefits, which will increase the net presesiue), other would prefer a highene (to have a higher
and faster payback} lot of studies have been done about anaerobic digesisteffectiveness, but
not the same discount rate has been applied. The choice of this rate is an arbitrary dedision
depends on the vision the author has of the study he is doing. If the aim is to work on a social,
environmental study, then the discount rate should be low. On the contrary, if the financial
motivations are more important than the social ones, théghagt rate will be chosen. For the USA,
among many studies that have been done about carbon price and anaerobic digesterst(@Baylis
2011], [USEPA, 1999], [Bishowt al., 2010], [Mueller, 206], [Hurley et al., 2006], [Jackson,
2006]), we can see dh quite often, the discount rate chosen is quite low, whiggestshat the
social and environmental visioof such projects could bémportant. We can observe the
consequences of a change of the discount rate, fixed at 7% for example, in the MACshapees
(figure 26):

Figure26: Effect of thediscount ratechangein the USA (model left, change discount rate right)

The change in the discount rate willtnchange theabatemenpotential but will change the
breakeven priceP. For a same level of reduction the brealen price is lower with a lower discount
rate. Indeed, this can be explained with the formula exprgssedl.A.b. The discount rate DR
decreases so the net present vafl@ted to mcreases. The denominatocreases, so the breaken
price decreases (the other terms are fixgddoks like the assumptisrdone about the discount rate
could underestimate the cesffectivenes®f the mitigation options.

Moreover,when the discount rate changes, the oodeéhe most cosefficient technologiesill
change too. Indeethe first costeffective technology is still the samamd so ar¢he 3 last onegut
the rest of theoptionsare reordered In this casdor example the coveredlagoonwith engine for
dairy becomesmore cost efficient than the covered lagoon without enginehdgs Indeed, the
changes in the order of the most eeffective technologies depend on thalue of the other
parameters (the capitalosts possibleelectricity savings . Thus, he breakeven price could
become smaller foone type of lagoon compared to the other. @® it appears that the results and
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interpretations can change when the discount rate chahge¥ietnam, among studies done about
carbon price and anaerobic ditgs, it appears on the contrary that the discount rate is a little bit
higher than 10%In this country, the researchers and farmers may be more preoccupied by the
payback period than the social and environmental aspect. Thus, a discount ré&evofi 1 taken

to see what could be the consequences in this country in terms adffeativenesgAppendix
XXIII). Here the prices increaséagain, this can be explained by the formula) butilag the
technologies arelassifiedis the sameThus, the choke and the variation of this parameter will not
have the same impact according to the country.

c. Sensitivity analyze of the breakeven price P

Table9 givesthe breakevenprice ($/tCQeq) of the covered lagoon with electricity production
in USA pig farmsif eachparameter in its calculation chamsgeith a given percentagé&his table
also presents the changes relative to the initial value found in this study for this technology,-namely
21.84%/tCQeq This table could thus sholow robusthe breakeven pri@ is to uncertainties in the
parameters

-30% -10% +10% +30%
Change decrease decrease increase increase
ER -3120 | 42.86% -24.27| 11.1% -19.86| 9.1% -1680 | 23%
Change decrease decrease increase increase
CcC -2850 | 30.5% -24.06| 10.15% -19.62| 10% -1519 | 305%
Change decrease decrease increase increase
LC -22.60 | 3.5% -22.09| 1.16% -21.59| 1.16% -2108 | 3.5%
Change increase increase decrease decrease
R -7.88| 63.9% -17.19| 21.3% -26.50| 21.3% -3581 | 63.9%
Total
change | -21.84 | no changg -21.84 | no change | -21.84 | no change | -21.84 | no change

Table9: Effects of the change of each one of the parameters in the breakn price calculation

We can see that if the capital costs chabgeX%, then the breakven price will changby
about £X% top wheaeas the change in the labor costs leads to a lower change in theebeeak
price. Indeed, as explained before, in the USA, the capital costs have a bigger part in the total costs
than the labor cost#. the revenues decrease for example, then the lmeak price will increase to
offset the costsThe results observed for the change in the emissions reduction can be surprising.
Indeed, we could think that if the emission reduction decreases, then thechesakrice should
increase. But actually here,will depend on the value of the other parameters. Indeed, the value of
the revenue is higher than the value of the annualized capital costs (twice higher). Thus, for example
if the emission reduction decreasy 30%,the breakeven price could decreatmo.

54



d. Distinction between small and largdarms in the USA

AgSTAR (no date)explained that the profitable fasthat coulddevelop a digester are the one
that have more than 500 cows more than 2000 pigs. Up twow, this study dichat take into
accountthese thresholds (whose value will be discussed later). Here we will explain the results if we
take them into account (only for the dairy farms because of the lack of information and data in the
pig farms).Figure 27 represents the MAC curves if we considaly the little farms (less than 500
cows, 11.9% of the reported dairy farms with a digester) or onlyatige farms (more than 500
cows, 88.1%), while selectirthe capital cost the energy revensand the production related to the
largest farms ortte smallest one

Figure27: Costeffectivenessof the digesters in the little (left) andarge (right) dairy farms

Globally, we can find more cheap technologies withinléingefarms. For example, if we look at
the digesters #t have been found in both casthe plug flow digester with and without an engine
for electricity generation, we can see that the bmadn price is lower in thiargefarms (economies
of scale) so the cost for abating an additional ton of emissidower. This is one of the reasons for
which such technologies are more suitable inldingefarms. Among the little fars) some could be
research centers so they could receive helps from the state or from some programs. Other may
produce biogas but if thelectricity pricefrom the grid exceeds the amount the local utility paid the
farm, then the electricity could be used to power the farm and the digester can be used for odor
reduction, selling the soil and compost, improve manure handling during thex wionths.

Now if we compare to what happens in reality we can see that among the little farms that have a
digester in 2010 (14 known digesters), 42.86% have a complete mix with an engine, 28.57% have a
plug flow (3 farms with and 1 without engine), and43BP%6 have a covered lagoon (2 farms with and
1 without an engine). Thus, here according to our results, the cheapest technology is not the most
applied among the small farms. In tlaegefarms (114 known digesters), 61% have a plug flow (63
farms with and without an engine), 26.55% have a complete mix (29 farms with and 1 without an
engine), and 10.62% have a covered lagoon (half of the farmesamaengine, the other half dot).

Here, on the contrary, the order of the most cost efficient technolisgiee same than the one we
found on the fieldand the share of each digester type here is consistent with the allocation made
before (implied adoption rate in 2010)us, the little andargefarms do noreact the same way and

their motivations t@hoo® a digester type is not the same.

As explained before, this study, distinguishing the little krge farms, for pig farms is not
possible because only 2 farméh less than 2000 animals aeduipped with a digester are known
among the pig farms that Ve a digesterand not enough information is available about these farms
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to build other MAC curvesHowever, we can observe theBdarmsboth have a plug flow, among

the 5 farms that have between 2000 and 4999 head, 80% have a lagoon, among the &tfaaves th
between 5000 and 9999 heads, 57% have a lagoon (the rest have a complete mix), and finally 83% of
thelargest farms (rare than 1MO00 heads, 6 farméave a lagoon. Thus we can see that the smallest

pig farms have a plug flow and the largest oneehalagooft.

e. Progressive adoption rate

8S WR QRZ ZH GLG QRW SD\ DWWHQWLRQ WR WKH DGRSWLR
namely the share of the digesters in 2018s been taken into account, but we supposed the full
adoption at this rate éhfirst year (over the 20 years lifetime). However, in reality, this assumption is
not possible. Indeedpr any carbon equivalent price, the adoption rate is likely to be progressive,
increasing gradually over time as farmers learn from others aboutetiefits of adoption and
participation in carbon markets. Thus, the MAC curves have been built again taking into account
both 5% and 10%adoption rate each year. As explained above, the brea&n price does not
change if we consider the full adoption tirst year or a progressive one, because this price is not
linked to the quantity of farm that use the technologyowever, theabatementpotential will
change. The methodologised to build these new curves is explaimedppendixXXIV. Figure 28
presets the results:

Figure28: Effect of the application rate inlie USA (left) and Vietnam (right)

Thus it appears that the full adoption assumption for the first year overestimatiatieenent
potential, for each technology anketincremental potentiallhe lowest rate we take, the lowest
abatemenpotential we have. Indeed, an application rate of 5% each year leads to about twice less
mitigation if we consider all the technologies together than a full adoption assumptiosttiyedir

* Source: AgSTARp://www.epa.gov/agstar/projects/index.htnjiisited on the 24/07/12

56



[1l. Discussion

A. Focusing on manure

Livestock manure is not actually the first kind of manure that raised some issues about climate
change. Indeed, Wilkinsoet al. in 2012 explained that according to their model and assumptions,
dinosaur manure, dnespecially their methane emissions, could have played an important role in
influencing the climate in the Mesozoic (from 250 to 65 million years ago).

As explained before, manure is an important source of GHG. Thus, focusing on nmatinise
study provides results that are relevant to a significant share of antjgomoemissionsHowe\er,
quite often, the farmers do nhase only manure to feed the digester. Indeed, they can use plants,
fruits, or a mix of different kind of manure (pig and dairy formayée). So, even if the digesters are
mainly fed with manure in this study, it is very difficult to know the exact share of manure in the
digester. In Germany for example, in 2011, there were about 7000 digesters. All use manure to feed
the digester but iappears that only 45% of the digester volume is excreta (animal and sometimes
human). Moreover, the plug flow digesters in the US need a high solid content, so, the farmers can
use other byproduct with the dairy manure to obtain this solid content. Iretdam, it is quite
common that the farmers have pigs and poultry or pigs and cows. So the manuhatypé feed
the digester will nocome from only one type of animal. But Vietham or developing countries
much more than in developed countriessihard WR KDYH SUHFLVH GDWD RQ WKH
the composition of the digéer is a parameter that we didtnake into account but that is quite
important to be sure of the efficiency of the digesters fed with manure.

B. Suitability of the data found

0 Sources
US data mainly come from AgSTAR and some official report (US dairy for example) and the
data found are quite precise (besides about the labor costs). However, in Vietham, the data come
from expert judgmestand new documents fromrecent prgct for pig farms The suitability of the
data found can be discussed. However, very few information exist in this area and the researchers
who are verking on this are not numeraus this study, the same efficiency of the digesters to
reduce the Cllhasbeenusedfor each kind of digester. Indeed, not enough information enabled us to
distinguish the different kind of digesterHowever, some studies have been done about the
characteristics of the Vietnamese digesters. From these studies, we can geedéfesmncsin the
efficiencies but no quanétive data couldhave beerioundfrom them. Nguyeret al. (2012)explain
that he efficiency of the options to decrease the amount Qfedtitted depends on:
- The hydraulic retention time (HRT): the lower id, the less efficient the treatment is.
According to this study, the HRT of the KR is higher than the one fdine plastic bag,
which is higher than the one for the composite digester.
- The ratiomanuréwater: the standards are 1:1, 1:3. It is the case¢hie composite and the
KT1/2 but not for the plastic bag.
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- Thegaspressure: if it is low, the gas qaot be used for something else than cooking. This
pressure within a composite digester is higher than within a KT1/2 which is higher than
within a plastt bag

Moreover the plastic bag is not very robust, is geesio the sun, people, animals and objects, so the
leakage risk is higher, the temperature is not constant so its efficiency will vary according to the
climate or the season. Thus, accordinghese parametgrwe can guess than the plastic bag is less
efficient to reduce the CHhan the other digesters. However, it is not really possibtavefigures

on the difference of efficiency between the digestpes This is why the same one hashdaken

in this study.Finally, the figure found for the leakage (10%) comes from one single source. It is
possible than other studies find another figure.

The data collected in the USA for the capital segtre quite precise for some technologies, but

much less for those who are not used a lot. Indeed, the capitebt@s dairy farms have been used

for the plug flow digester, but only 7 dairy farms have been taken into account for the complete mix
digester. Indeed, no additional information has Heend about the other dairy farms that have this

kind of digester. Thyswe can wonder if these data are very representative of the realitgst
estimate for a mean dairy farm for the lagoon and the complete mix has beefttmeemparison
between tts cost estimate done for the complete mix (in New York and Pennsylvania) and the mean
cost per head found in the syushows that this difference is not really important (the estimate gives

a higher amount, but it depends on the possible grants the falch @atainfrom the state or any
program related to the installatiorFinally very few information have been found for the lagoon,
especially with a digester in the dairy farms. Thus the capital cost per head from the cost estimate
done by RCM internatial has been usetdhe values used for the capital cost, labor costs, revenues,
DUH 3UHSUHVHQWDWLYH" RI D PHDQ IDUP DFFRUGLQJ WR WKH L
are for the country. Thus, wassumedhat the values taken for the costs aedenues can be valid

for every farm in the whole country, which is obviously not true (distingngstie farmwith more

criteria than their siziss possible but require more time atatg.

0 Assumptions
AgSTAR declared that the digesters are profitabléhe farms that have at least 500 cows or

2000 pigsRCM, a company that install a digester, would apparerdtyinstall, or at least would ho
advise to set up a digester, in the small farms.

Having a digester is profitable if the farmer can be paik bac his investment within the life
time of the technology, namely 20 years. Thus the payback period should be 20 years maximum. So,
the number of animalhas been calculated so that the farmer will be refunded 20 years after the
building of the digesteiThis quantity of animalwill be the minimum number of aninstequested
in the farm to run the digester because the more asith@afarmer have, the less time he will have to
wait before being paid back. Indkef the revenue per head doeds wbange,the cost per head
decreases when the number of ansnatreases (economy of scale).

Some cost estimates for 500 and 1000 cows, and for 940 and 2000 pigs have been done by RCM
international. Thanks to these studies for dairy and pigs, it is possiblaltoudirhow many animals
will lead to a payback of 20 years with and without grants. The result of this test is presented in
AppendixXXV with the excel extract of the calculations.
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The results show that for a pig farm that would like to build a lagoon ithNBarolina (first state
for pig production and where many lagoons can be found), 1793 pigs will be requested to have a
payback of 20 year with grants from USDA (25% of the total cost) and NRCS ($760 for 1000 Ibs of
animal weight) and 2504 if the farmeeceives no grants. Thus the assumption of 2000 pigs
according to AgSTAR is feasible. For dairy farms, the study has been done for a complete mix
digester in Pennsylvania (one of the first state for dairy production and where many complete mix
digesters cate found). The results show that 583 animals are requested to have a payback of 20
years without grants from USDA or from CFA (clean energy program from Pennsylvania state
especially), and that any kind of farcould be profitable if the faxer receiveshese grants. Thus,
the assumption of 500 cows is feasible if we consider that the farmers could not have these helps
from the stateHowever again, this remark doeat mean that the littléarmscannat have a digester.
It just means that it is not advisdd reality, as explained beforeve can find some little farms that
have a digesteglmostnone in the pig farms but some in dairy farms.

C. Next steps

A couple of parameters hawet been taken into account in this study because of the lack of data
or time. For example, the transaction costs. Only a few studies exist about this and these costs could
change within a country. But these are costs that could be taken into account in the model because
they change between the situation where there was ndefigesl the situation where there was one.

Moreover, the fact that digested manure could be sold and used as a fertilizet lbeen taken
into accounteither because of the lack of time. Here however, studies, at least in the developed
countries such asurope or the USA, have been done about this. Thus, the benefits could be higher if
we consider this renue source. However, to havenefis from the digested manure sold or spread
in the land, the N and P contemtf the manure after the digestion hawebe higher than before.
Otherwise we could have opportunity costs.

In this study we just took to account the electric reventeelook at the effect of the electricity
savings on the breadven price if the digesters have an engine or not. But thesheatgs could
havealsobeen taken into account. keeld, even the digesters that do Imave an engineould use the
biogas to heat the buildisgor example, whereas the one that have an engine use the biogas for
electricity and heat. Thethe farmer wi save money from propane or natural ga& said that the
digester efficiency to convethe biogas in electricity is 25%lhe rest could be used as heat. So the
heat savings could actually be important if we consider a natural gas pri&1®&9/1000ft
($1.122*1045/Btuy>. However, this savings can bewered if we consider the efficiency of the
digester to use the heat and to transport it to the budlding

Finally, it could also be possible to do a dynamic analysis from this static one. Indeed, from a
starting date of 2010, we could have a look on the trends up to 2030. However, if the trends in the
emissions can be found, we need to find the relative trends in the animal number. This information
hasnat been found, this is why the dynamic part coubtl have been done in this studyoreover,
the technologiesanimprove and the pricesandecreaseUnder those conditionshis static study
could underestimate the abatement potential. This is also why, leading a dynamic study could be
interesting.

% sourcdhttp://www.eia.gov/dnav/ng/ng_pri_sum_dcu_nus_as(visited on the 16/08/12)
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Condusion

The objectives of thistudywereto express the potential of the anaerobic digesters in the USA
and Vietnam to reduce the greenhouse gases agstitoate the netoss of these technologies, and
to build the MAC curves,under a range of assumpi® This work wasnaot easy, especially in
Vietnam, because of the difficulty to find information about this technology in a developing country,
but also in the USA because sheptiors are still not well-adoptedin this country. However, the
results highight nevertheless the existence of some -effective technologies in both countries,
which have the potential to play an important role in the agricultural greenhouse gases mitigation and
in the fight against climate chande.the USA, the plug flow digster with electricity production and
the complete mix with electricity production appear to be quite-effsttive technologies in the
dairy and pig farms respectivelljndeed, they both have a negative breakn price which is also
lowest than for thether optionsMoreover, the model found that all these technologies could lead to
a total abatement potential of 23.26 MMt&Q, which represents 13.37% of ttaal nonCO,
emissions from livestock or 52% of the manure,@H2010. In Vietham, the VAC\NA digester
seems to be the most cedtective technologyin pig farms The model also found that 2.47
MMtCO.eq could have been reduced in 2010 thanks to these four technologies (under the
assumptions used in this model), which represents 15% ofotaénonCO, emissions from
livestock or 51% of the manure Glh 2010. Moreover, it shows the heterogeneity of the farms
situation within each country, the different concerns of the farmers and the mass of parameters that
actually have an impact on the choicka farmer for the type of digester to instatid on his
willingness to install it. Indeed, sometimes, the cheapest technologiestateays the most applied
andahomogeneous distribution of the technologies in the country or a geographic dmtrdiutie
options based on biphysical parameterkead to different mitigation potentials compared to the
observed share of the digesters in 2@iBtinguishing the small and large farms to take into account
the farm size is also an important parametetake into accountt gopears that these technologies
are mostly profitablén a deeloping country such as Vietnam acwlld also interest the developed
countries that try to meet their commitmeuntglerthe Kyoto ProtocolThus, the policymakers have
to deal with many factors while building new climate change politiegxample about anaerobic
digestes. economicone such as the price and the economic situation of the country or regébn,
bio-physical onesuch aghe climate effects or the loan. Finally, this study also proved the need
to have precise data and realistic assumptions. These latter are necessary while building a global
model, this is why its applitality at a country or county scale can be discussed.

If manure is one of the mainH& sources in agriculture and livestock, enteric emissions are also
very important. Moreover, as mentioned before, some measures on the animal diet could reduce
enteric GHGs and manure GHG hus, while this study has been done about a technology that can
only reduce manure CHdoing a similar analysis about some measures that will have ah @ffec
enteric GHGemissions could be also very useful for policymakers. Indeed, analyzing the effect
an option, whose aim is to decrease the enteric emissiongieomanure emissisrcould be an
interesting study to reduce GHGs from both sources. And then, the comparison of the MAC curves
could help to find the best mitigation options to decrease GHGs from livestock.
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Appendix I: GHGs origins

Methane (CH,)

Nitrous oxide (N;O)

ENERGY
T Coal Mining Activities
¥ Natural Gas and Oil Systems
T Stationary and Mobile Combustion
¥ Biomass Combustion

ENERGY
t Biomass Combustion
T Stationary and Mobile Combustion

INDUSTRIAL

Chemical Production

Iron and Steel Production
Metal Production

Mineral Products
Pdrochemical Production
Silicon Carbide Production

+H +H+ +H +H+ H +H
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1 Adipic Acid and Nitric Acid Production
¥ Metal Production
T Miscellaneous Industrial Processes

AGR

CULTURE
Manure Management
Enteric Fermentation
Rice Cultivation
Agricultural Soils
Field Burning & Agricultural Residues
Prescribed Burning of Savannas

o

AGRICULTURE
¥ Manure Management
t Agricultural Soils
t Field Burning of Agricultural Residues
T Prescribed Burning of Savannas

WASTE
1 Landfilling of Solid Waste
I Wastewater
1 Solvent and Other Product Use
¥ WasteCombustion

WASTE

Human Sewage

Fugitives from Solid Fuels
Fugitives from Natural Gas and
Oil Systems

Solvent and Other Product Use
Waste Combustion

H

Source Christa Clapp, U.S. EPA (200TJimate Change: Tackling NosCO, Greenhouse Gases




Appendix Il : GHGsemissions calculation

A study has been done by McGiatal. in 2006 in a feedlot with a capacity of 22 500 catitte
Canada. The aim of this study is to quantify thez;Ndissions with the Lagrangian stochastic
inversedispersion technique (nmameteorological method). An atmospheric dispersion model has
been used tfind the source of an emissioA 3.4m tour has been built in the middle of the farm to
measure the Nfconcentration (with a laser) and the air speed (with an anemometer). Agdatalo
could determine the wind and heat flux every 15 min. Thus the laser calculatesstberdehtration
and gives a result every 15 min. Some periods were ignored (too low wind, too much or not enough
stable atmosphere, too high values that could bes3rr§o during the study period, 1307-rhin
intervals have been collected after the data were filtered. And the averagmidntration can be
determined. Average emissions have also been estimated and this value can be compared to the other
studies doa in other US states like Texas (the value found is higher than the one found in Texas
during summer). The difference between the studies can be explained by the different weather
conditions. Moreover, for this study, a high coefficient of determinatioméat flux but a low one
for the wind has been found. The rain could also have an effect gnAFNHIQFHQWUDWLRQ EXW
obvious €ould decrease NE emissions). Finally in this farm, 63% of the feed N is lost. The
technique used in this study seemsceght to quantify the N lost as NHbut it could be interesting
to measure the Nf-€missions from several sources to have national data. [Ma&Bain 2007]

Another study made by EPA explains the calculation of the &@hissions. The quantity and
type d manure produced, the system for the management and the climate are the information
required. The sum of the emissions at the state level according to the animal type and the
management system leads to the national @hlissiors. So, the total amount @H, produced in
the USA depends on the total manure produced by animal type j in state i. For this manure, only the
percentage that has been managed by system k (always for the animal type j in a state i, MF (ijk)) is
taken into account. Then, for this mae in this system in this state for this type of animal, only the
percentage of manure that is volatile solid (VS (ij)) is conserved, and then find the maximum
methane potential of manure in this percent of volatile solids for a type of animal (Baugl, iy
ODERUDWRU\ UHVHDUFKHY )LQDOO\ EHFDXVH DOO WKH PDQXI
conversion factor for the management k in the state i (MCF (ik)). The foimula

CH, L M NPDQXUH LM 0) LMN

This study concludes that manure production in 2020 could beigiérhthan in 1990 and 20 %

more manure would be managed in liquid. So in 2020, @bduction in USA will be 8% higher

than in 2000. The uncertainty about this study come from the estimates of the amount of manure
managed by each type of manure systemarile CH, conversion factors for each manure system

(not enough data for farsize distribution), the amount of Glroduced which varies a lot between
farms, forecasts of future dairy and meat consumption and productivity because of possible changes
in the global market that will lead to a different demand for livestock exports. [USEPA, 1999]
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: Annex B of the Kyoto Protocol
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Sourcelhttp://unfcce.int/kyoto_protocol/items/3145.ghp




Appendix IV : Comparison of the GHGs mitigation potential
between 3 options in Thailand over time

Source: Kakwetal. 2008



Appendix V: Anaerobic digestion mechanism
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Appendix VI : Components of an anaerobic digestion system

Manure source and collection

v
Manure handling

v Digester byproducts:
Anaerobic digester > Effluent » bedding, potting soil, land
storage application, other
Y
Biogas handling _| Flare excess
system | gas

A 4
Gas use: heat, electtigi
generation, pipeline injection...

Source: AgSTAR|http://www.epa.gov/agstar/anaerobic/ad101/index.html
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Appendix VIl : AQSTAR

AgSTAR is a program created in 1994 to reduce, €Hissions from livestock, especially with
the use of anaerobic digestion, and depends on the USEPA, thepa8rent of Agriculture and
the US Department ofriergy. AQSTAR provides many information and tools to help producers to
evaluate and implement these systems, including:

Conducting farm digester extension events and conferences
3URYLGL QIR +RUIMRKEFMAN tools and industry listings
Conducting performance characterizations for digesters and conventional waste management
systems
Providing farm recognition for voluntary environmental initiatives

x Collaborating with federal and state renewabteergy, agricultural, and environmental
programs

AgSTAR helps farmers to determine if their facility can build a biogas recovery system and find
the best technology for a site (creation of tools the AQSTAR Handbook and FarmWare, which is
software fora prefeasibility assessment of anaerobic digestidm)js is a project development. This
program can also give information about strategies likeilderest loans, grants, and tax incentives
to help farmers interested in anaerobic digestion technologyex@ome financial barriers to project
development. Moreover, AG&R provides contacts in industry field (project developers, energy
services, equipmemanufacturers and distributors, eédmd market opportunities studies.

191 systems exist in the UniteBtates whose 175 produce electrical or thermal enevgyich
leads toimportant envionmental and energy benefits (6260 MWh generategher yea). This
increase in the number of digesters is due to financial incentives. For example, the USDA Rural
Devebpment through the Farm Bill gives grants and loans, which is important to partially fund
installatiors of livestock waste digestion technologies. These anaerobic digesters can reduge GHG
emissions with the capture and burning of CHW K XV L W apeRiiotie favmosplidre) from the
waste management system and while avoiding the emissions ot G%, CH,, and NO) and
other pollutants from the use of fossil fuels that otherwise would be used to generate energy.

AgSTAR works with state agencies, amgiiural extension offices, universities, and other-non
governmental organizations to promote the planning, deployment, anetelongsuccess of
anaerobic digester projects. The members of this partnership in the US receive technical, marketing,
and netwdking assistance in return for their commitment to identify and overcome barriers for
anaerobic digester projects, share information, and provide education to farms in their area.

This program also works with the Global Methane Initiative which reassei@bleguntries and
the European Commission for the £eapture and use in landfills, agriculture, underground coal
mines, and oil and natural gas systems. This partnership works especially on the biogas project
development in agricultural sector in the world

Sourcefhttp://www.epa.gov/agstgr/
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Appendix VIII : Results of the cost study

Farm Size

100 sows

500 sows

Swine
manure

Corn silage

Vegetalte
waste

Fat

% total
input

100

75

50

75

50

100

75

50

75

50

25

50

25

50

20

40

20

40

5

10

10

Economic
Aspects

Units

Energy
promoted
wi/o®

%

46

46

44

46

>100

54

50

52

49

Price W/O

Cent/kWh

115

11,5

11,3

11,5

12,1

116

11,9

113

Energy
promoted
w®

%

53

49

49

48

57

52

54

50

Price W

Cent/kWh

12,1

11,7

11,8

11,7

12,4

11,7

12,1

113

Investment
promotion
heat (total)

N Y4

46,9

56,3

Yearly
energy spare

N% \H

18,6

Investment
without heat
promotion

N ¥4

246

394

257

550

868

1647

965

2187

Investment
with heat
promotion

N Vs

293

441

304

597

924

1703

1021

2243

Sum of the
product WP

NvYs \H

57

96

47

133

215

511

272

665

Sum of the
product
w/oW

N¥% \H

30

87

38

124

192

488

249

642

Operational
costs

NvYs \H

34

85

19

43

154

417

82

201

IRT®

Without heat
promotion

With heat

promotion

Number
of year

190

13

23

23

62

128

11

15

18

@: without thermal energy promotion other than for the digester
@ ZLWK KHDW SURPRWLRQ KRXVH DQLPDO EXLOGLQJ«

@) total investment/(sum of the yearly produetum of the yearly operational costs)

[ ]:above 12 years

SourceLevasseuetal. 2007

VIii

[ ]: between 6 and 12 years [__] : below 6 years




Appendix IX: MAC curves examples

Source: USEPA a 2006



Appendix X: Annuity factor and break-even price

Without tax with P= breakeven price:

With a tax rate (TR):

!

!

—

Tax break



Appendix Xl : Description of the Viethnamese digesters

0 KT1-KT2

They are small biogas plantsade of concrete and bricks that can be found in Vietnam [Bockel
et al.,, 2011]. The KT2 model is dORSHG ZLWKLQ WKH SURMHFW 39LHWQDF
$QLPDO +XVEDQGU\ 6HFWRU"~ SUHVLGHG E\ WK-H9LHS\DQDNPRINQ W
Ministry of Agriculture and Rural Development in cooperation to the Netherlands Development
Organization (SNV). It appeared in the country in 2088guyenetal., 2012]

KT1 and KT2 are applied for low and high level water table respectively. The models have 6
main parts: mixing tank, digester (KT1: Vd=§mVg=14m®’, KT2: Vd=6n?, Vg=24n7?),
compensation tank, iet, outlet and gas pipe. These digesters look like a dome, whereas the mixing
tank has a rectangle shape. The compensation tank can have-ahdgeer a rectangle shape. All
three tanks are connected together by inlet and outlet pipes. These digestery aommon. Their
advantages are: the materials are easily available in Vietnam, the digesters have a long lifetime
(because of the good materials quality), they are underground so some space is available for an
animal shed, these technologies are ¢asyse, there could be quality controls, and they are gas and
water tight (no odor, good bislurry). But they also have some disadvantages: they need a lot of
space, the masons need to be trained, the damages are difficult to detect and to repaiK®hd the
FDQYW EH EXLOG RQ D ZHHN RU KLJK ZDWHU OHYFdge¢tRrLO >+DlI
need 50, 75, 100, 125, 150, 200, 250 kg of manure peredagctively The hydraulic retention time
is 30-40 days and the gas pressure is quite’AigNguyenetal., 2012]

Source: Hai Ant{2010

*The lower the hydraulic retention time is, the lower the treatment efficiency is. If the gas pressure is low, the gas
v[$§ pe Jv v}8Z €& Ju S$Z v }}I]vP ~0]PZS]vP (}E& A& u%0 *
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o Composite
This technology is originated from China and has been introduced in Vietnam in 2008.

Composite material made of synthetic fiberglass, carton fiber glass and polyester. The composite
materiak hawe to be imported outside of Vietham [Bocletlal., 2011].

It has 5 parts:

- Digester, Vd= 7 m

- Gas storage, Vg=1.5m

- Gas pipe

- Inlet for feeding material (with the dimension of 800mm)

- Overflow outlet (with the dimension of 900mm)

The tanksare designed in one block and buried underground.

This model is quite popular in the North and Central of Vietnam. Its advantages are: gas and
water tight, a high durability, a quite long lifetime (20 years), simple and fast construction and
installation GRHVQIW QHHG WR WUDLQ WKH PDVRQV LW LV VXSSRV
and high water table soil and the operation and maintenance works are easy to do. It can be installed
in areas where underground water table is high. The disadesntd this model are: the high cost
(supposed to be the most expensive digester besides the large scale one), the difficult transport, no
guality control, the technical problem with the gas pipe sometimes, the leakage through the pipes and
the fact that at a lot of sizes are available for this digester. The hydraulic retention time is 10 days.
[Hai Anh 2010, Nguyemtal. 2012]

Source: Nguyeetal. 2012
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0 Polyethylene bag

It was firstly introduced in Taiwan and then, some modifications have beenrdthris type of
digester to be implemented in Ethiopia and in Columbia. It has been introduced in Vietham in 1992
and is mainly use for cooking. The hydraulic retention time is 17 days. [Ngign2012]

This digester is made in PVC which is sold iamg localities. This model hasdigestion tank and

gas storage but no compensation tank. Gas pressure is created by quuttetbingheavy onthe

digester or tightening the gas nylon bag with an elastic hdyldn gas has the following parts:

- Digeder (3 nylonlayers) put in a prepared haed coverd with bamboo screens. The hohay be

constructed by brick or concreted. Vd =8iig = 2m*

- Inlet and outlefpipe: Porcelain or PVC pipe

- Gas bag (one nylon layer): hgion the roof of animal stadl

- Gas pipe

- Safety valve

- In some cases, a deposit sediment tank and slurry pit can be constructed. [Hai Anh ,2010]
7KUHH TXDUWHUV RI WKH GLJHVWHUYVY YROXPH DUH ILOOHG

and onequarter is reserved for exhauBiogas is accumulated at the upper exhausting space of the

digester and is flowing up through the gas vent into one gasholder unit. [Netaler2012]

This technology has a short lifetime-43years), is easily exposed to damages due to
environment oanimal bite, request a large space, has a low efficiency (because of low gas pressure)
especially in winter (too cold) and there is no quality control. However, it is not expensive (initial
cost of investment not so remarkable) so it is perfect for tm@rme household or for those which
GRQYW ZDQW WR LQFUHDVH WKHLU DQLPDO SURGXFWLRQ Wtk
construction is fast. It is popular in the South. [Hai Anh, 2010]

Source: Nguyeetal. 2012

Picture surce: Wageningen URvestock Research 17/08/12
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o Covered lagoon

This technology is a manure storage lagoon with a cover, which traps gas produced during the
manure decomposition. The lagoon is suitable for liquid manure with less than 3% solids and the
hydraulic retention time are from 30 days to 55 days. For this type of digester, an impermeable
floating cover covers all or part of the lagoon. A concrete footing along the edge of the lagoon holds
the cover in place with an airtight seal. The Qirbduced in the lagoon is cetited under the cover.
A pipe extracts the gas for use. Covered lagoon digesters require large lagoon volumes and a warmer
climate. Covered lagoons have low capital sdst the digester volume itself, but these systems are
not suitable for locations inooler climates or where a high water table exists. The membrane to
cover the lagoon is in HDPE (imported from Thailand or Taiwan). The disadvantages of such lagoon
are: it occupies a large surface area, sediments bloe48%0of the treatment volume aft&6 years
of operation (need a cleaning of the lagoon, which never happens so the efficiency is réabged) [
a, 2011].

0o VACVINA

This model has beeredeloped in Viet Nam in 1998. It is an innovative, lovaintenance and
easy to build model. Tasiting, smilar as all brick and carete fixed dome biogas plantgduces
land requirements to a minimum (available space is a npaginiemfor many households). On the
other hand, its hybrid nature (plastic bag biogas reservoir) helps keep the cost downgided av
design leakages of methane emissions in an open compensation chamber. Biogas is collected in a
separated plastic bag hanging in the stable or kitchen roof. The gas pressure increases by using a
rubber rob wrpped around the gas storage .belgereforegas burners used for this digester type are
the same as for each plastic bag digegtecording to Huu Luwet al. (2011) 20% of the Vacvina
users have less than 5 pigs, 43% have betwedhgs and 28% have between 11 and 20 pigs. 8%
of the fixed domausers have less than 5 pigs, 30% ha\ié pigs and 42% have between 11 and 20
pigs. It appears that the dog{&T1/2) could request more animals than Vacvina to be as efficient.
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Appendix Xll : Details about the digesters in the USA

The stiema at the end of this appendix presents the choice of a digester type for some kind of
manure handlings.

0 The plug flow digester

These digesters have a long and narrow heated tank, often built underground. They request a high
solid content (1413%), socan be used especially in dairy farms. As they are heated, they stay at a
constant temperature all the year, and so can maintain a constant gas production. [USEPA a 2006].
They usually operate at mesophilic or thermophilic temperature and are workingithedl scrape
manure management system. The retention time-@0lgears. In theory, manure flows as a plug,
and move through the outlet when new manure is added. Then, it can be discharged over an outlet
weir, while maintaining a gas tight atmospheret B practice,a different process can occube
manure does not remain as a plug and some of the manure flow through the digester faster than
others and some parts stay in the digester. Then, the biogas produced is used to heat the digester. The
excesf biogas can be usddr the engine generator. Heat can also be recovered from the engine
generator and used for space or water heating for example. The excess of biogas can also be used to
produce electricity, using an engine generator, to offset theofqaurchased electricity, propane,
natural gas or fuel dil.

Source: USEPA AgSTAfhttp://www.epa.gov/agstar/anaerobic/ad101/anaerdigiesters.htnjl

0 The complete mixigester

These digesters have a mixing tank where manure accumulates before going into the digester.
Pumps and gravity are uskto move the manure in the system. These digesters are also made up of a
vertical cylinder, and are made of steel or concreth wigagight cover. As they are also heated,
they stay at a constant temperature all the year (can work at mesophilic or thermophilic temperature),
and so can maintain a consistent gas production. But they are more common in the warrmg climate
where mante is flushed with water, which lower the solid content up-i®%. They can be used in
dairy and swine farms. [USEPA a 2006]. The gas is trapped with-ighasover. Retention time is
10-20 days. The gas can then be used to heat the digester. Tke ekgms can be uséar the
engine generator. Heat can also be recovered from the engine generator and used for space or water
heating for example. The excess of biogas can also be used to produce electricity, using an engine
generator, to offset the dasf purchased electricity, propane, natural gas or fu#l oil

2" source http://www.bioqas.psu.edu/pluqflow.htﬂi/isited on the 25/08/12
?® Sourcefhttp://www.biogas.psu.edu/completemix.htnjfisited on the 25/08/12
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Source: USEPA AgSTA#http://www.epa.gov/agstar/anaerobic/ad101/anaerigiesters. htnjl

o The fixed film dgester

These digesters are usually heated (mesophilic or thermophilic temperature) tanks packed with
inert media on which the bacteria can grow as a biofilm (the wastewater goes through the media and
the anaerobic microbes attach to it, which create &lrhjoa layer of anaerobic bacteria). They
request a low solid content, for example when the manure is diluted with water. They could be used
in dairy and swine farms. [USEPA a 2006]. The microbes on the biofilm will contribute to remove
some materials ithe wastewater. When the effluent is dischdrdke bacteria stay attached to the
media and can be used again for the next influent. The retention tirie é&s. The gas can be
used to heat the digester. The excess of gas can bdousbd engine gearator. Heat can also be
recovered from the engine generator and used for space or water heating for example. The excess of
biogas can also be used to produce electricity, using an engine generator, to offset the cost of
purchased electricity, propane, matl gas or fuel off.

Source: USEPA AgSTAR

2 Source!http://www.bioqas.psu.edu/othertvpesmod.htnI\Iisited on the 25/08/12
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0 The covered lagoon

The methane is capture by the lagoon, which is covered by a flexible or floating gas tight cover.
The manure is storemhd the gas is pipealt to be flard or used orfarm. They request avosolid
content (less than 3%) and can be used for swine and dairy manure. They are not heated, so the
guantity of gas available varies over the year and less gas is produced when the temperature is low.
This is why the farms that have this digester arellacated in the regions that have a high year
round temperature, can produce biogas for energy (heat recovery can be used to heat swine nursery
for example), reducedors orincrease the nutrient content of the efflueritese digesterare not
expensiveand are considered to be a simple technology available in the developed and developing
countries (whereas the 3 technologies presented above are present in developed countries only).
[USEPA a 2006]. The retention time is quite long-@days) and the dition factor is high. They
are typically used with a flush manure management system. Sometimes, if they have enough biogas
SURGXFHG WKHVH GLJHVWHUV FDQ XVH DQ HQJLQH JHQHUDWR
is just flared for odor contt@nd GHGs reductiori’.

Sources: USEPA AgSTA#Rttp://www.epa.gov/agstar/anaerobic/ad101/anaerdigiesters.htnjl

Source: AgSTAR, no date

% Source!http://www.bioqas.psu.edu/coveredlaqoon.htl’,visited on the 25/08/12
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Appendix XIII : Consequencesfahe change of the capital cost (with
the inflation rate) in the USA (above) and Vietnam (below)
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Appendix X1V: USEPA (2006)results for the USA and Vietnam
before tax

o USAMAC curves

o USA mitigation potential
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o Vietnam MAC curves

o Vietnam abatement potential
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Appendix XV : Cost-benefit analysisfor a covered lagoon in a 940
pig farm (Payback method)

Costs Benefits Payback period
Tank 5302 Electricity sales| 5870 With grants:
Pumping and 21865 REC 4696 398651/8348 48 years
mixing 84375 Without grants:
Piping 126706 731535/8348 88 years
Digester 267233
Building 226054

Other

Total capital costs | 731535

- Possible grants 332884

Net cost 398651 | Yearly benefits | 5870+4696

o&M 2218 2218= 8348

Source: M international 2012

This costbenefit estimatdas been done for a farm siteg below the minimal number of animal
requested to run a digester in a profitable wegording to AQSTAR ifNorth Carolinathe first state

for pig production. Ths tablesummarizes the costand potential benefits of such a projdct this

case, the farmer will finish paying his initial investment after 48 years if he had helps from USDA
and NCRS for building the digester (which is not always the case and the amountgoéritse
changesrbm state to state). If he hadwo WKH SD\PHQW ZLOO EH 3UHIXQGHG’
This project is too expensive for the little amount of benefits that the farmer could have. This is why
a minimum number of animals in the faro produce a minimum amount of biogasuld be
necessary.
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Appendix XV 1: Inventory and digesters distribution in the USA

o Dairy inventory and farm size

XX



0 Swine inventory and farm size
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o Digester distribution

Source graphs: USDA NASS and AgSTAR
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Appendix XVl : Climate zones in the USA and the digesters
distribution

\ / 40" parallel

The digesters in the dairy farms are within the purple outline and the ones in the pig farms are within
the yellow outline. The more the outline is thick, the more digeaterfoundn this place.
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Appendix XVIII : Methodology used for the geographic distribution
study

We said that, because the lagoon is unheated, it will request to benksidtes where there is
low temperature variability, and a warm climate. Indeed, covered lagoons require large capacities to
treat the liquid manure properly at low temperatures (which is expensive and usually rot cost
effective). Therefore, covered lagmfor energy recovery (electricity and heat) are feasible only in
moderate to warm climates, where additional heat will not be required. Thus we consider that the
states above the %(arallel could not build this kind of digester. So the lagoon coulapptied to
50% of the territory. In the colder state, some lagoon could be built but only to solve odor problems.
As the aim of the study is to take into account the energy recovery, we will suppose that no lagoon
can be built in the states above thd'4f@rallel. Then, the lagoon is less efficient than the others
digesters, it will request more animals especially for the one that have an engine for electricity
production.The USA will be shared into 4 equal zones (NoAtkst, NorthEast, SoutiWest, and
South-East). The NorthWest part will go from Washingte@regon to NortfDakotaNebraska, the
SouthWest includes the states from California to KarnBasas, The Soutkast includes Missouri,
Kentucky, Virginia and the southern states, and the rest repsebenNorthEast part47.2% of the
dairy cows are in the NortRast of the USA, 33.6% are in the South West, 12.1% are in the North
West and 7.1% are in the South East, according to USDA NASS in 2010. Moreover, among 29 states
where the inventory couldalwve been found in 2007 (no data after 2007), half of them have more than
500 cows and they are almost all located at the west part of the USA. Thus, we consider that the
lagoon with an engine applies to 25% of the territory (low temperature variatiorigahdrt size in
the South West of the USAnd 33.6% of the dairy cows, and those without an engine apply to 7.1%
of the dairy cows (South East). For pigs, 61% of them are in the North East of the USA, 21.3% are in
the South East, 10.1% are in the SoutrsWénd 7.5% are in the North West and almost all the states
where the inventory per herd size could have been found have more than 2000 pigs. Thus we
consider that lagoon in pig farm apply to 50% of the territory. The one with an engine can apply to
21.3%of the pigs in the South East and the one without can apply to 10.1% of the pigs in the South
West. For the heated digesters (plug flow, complete mix and fixed film) in dairy farms, they do not
have the problem of the temperature variation, and they are efiicient, so they could be applied
to the whole territory and all types of farms.

So, the information given above enables us to have a geographical distribution of the
technologies according bjohysical parameters, without any consideration of then@wodcs.
However, we need to use the results of this study to be able to distinguish the heated digesters that
could be applied everywhere. Thus, we need to take into account the price of each technology among
the region where we could find many technolsgie avoid double counting effects. For the pig
farms, the complete mix with an engine appeared to be cheaper than the plug flow and the North East
part has the highest amount of animals, so we will suppose the complete mix will be especially
applied in ths part and will concern 61% of the pig population. Thus the plug flow with engine will
be supposed to be especially applied in the N@fést part of the country and will concern 7.5% of
the animals (here we suppose the farmers can obtain the high sotehtcrequested for this
technology while adding eproducts). For dairy farms, most of the animals can be found in the
North-East part and the cheapest technologies are the plug flow and the complete mix with an engine
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(this also the part where most bettechnologies in 2010 have been adopted). Thus, we will suppose
these 2 technologies will be the most applied in this part of the USA and will be adopted equally.
Thus, each one of these options will concern 23.6% of the dairy cows. And finally theses opt
without engine and the fixed film digester will be assumed to be the most applied in the North West
part of the USA and they will also share the same amount of anifitals, each one of them will
concern 4% of the animals.
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Appendix X1 X: Viethamese regionsand comparison of 3 regions

Source: Eastern Research Group (2010)

A comparison of 3 regions (Northern Mountain, North Central and South Central) in Vietham
and 2 digesters has been done by Huuétal. in 2011. Inthe mountain area, tr@imal husbandry
represents 38% of the activies, the mean temperature isZZ, 1500 digesters can be found in
2008 (there are not a lot of pig farms in this area). In the North Central region (more than 1 million
pigs, with anaverage of 1&nimalsper households, 66% of the biogas users have beti@and 20
pigs), 896% of the households are rural, the mean temperature-24°Z3 8000 digesters can be
found (especially domes), the humidity is8%%. Finally in the South Cé&mal region, we can found
even less pigs than in the mountain area, thus the number of digesters is also lower (800), especially
the dome digesters, the temperature is 26,7°C, and the humidity is 79%.
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Appendix XX: Picture of a failed lagoon

Saurce: Mattew Carr, Advisor Renewable Energy, SNV, 25/06/12
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Appendix XXI: Comparison of the MAC curves under 2 implied
adoption rate assumptionsin Vietnam
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Appendix XXI1I: Financial analysisfor Vietnamese digesters

The following payback period have been calculated while using a forecast escalation rate of fuel

price of 2% per year [Hai Apl2010]

o Nylon (plastic or polyethylene) bag pigs

year 0 1 2 3
total investment cost US$ | -199.9
total benefit substitution
fuel USs$ 0 103 105 107.1
total USss$ -199.9 | -96.9 8.1 115.2
payback year 2
o KT1/2 pigs
year 0 1 2 3 4 5 6 7 8
total investment
cost US$ | -492.4
total benefit
substitution fuel US$ 0 98 99.96 | 101.96| 104 | 106.1 | 108.2 | 1104 | 112.6
total US$ | -492.4 | -394.4| -294.4| -192.5| -885 | 17.6 | 125.8 | 236.2 | 348.8
payback year 5
o Composite pigs
year 0 1 2 3 4 5 6 8 9
total investment
cost US$ | -619
total benefit
substitution
fuel US$ 0 95 96.9 | 98.8 | 100.8 | 102.8 | 104.9 | 107 | 109 | 111.3
total US$ -619 | -524 | -427.1| -328.3| -227.5| -124.7| -19.8 | 87.2 | 196.2| 307.5
payback year 7
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Appendix XX111: Effect of the change in the discount rate in
Vietnam (10% above, 13% below)
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Appendix XXIV: Methodology for the MAC curves building while
taking into account a progressive adoption rate(5 or 10%) and
extract of the break-even price calculation(10% rate)

For one digester type, we consider that the costs and reverseel in this study are
UHSUHVHQWDWLYH RI DedRvel @ake a sam@Qld af HOa EathB (alv the same), and we
suppose the full adoption of the technology the first year (everything is multiplied by 100). Here
again, the emission reduction without implied adoption rate is calculated to be used for the break
even price formula. We can see that indeed, the beeak price, calculated with the same
methodology than before, is the same than with the single farm. Then, among these 100 farms, we
will suppose that only 10% the first year adopt the technology (a#@tB6 second year, 30% the
third, and so on100% from the 10 to the 20th year). So, the first year, the costs, revenue and
emission reduction found for the single farm will be multiplied by 10. The capital annuity (capital
cost/S, CA) is calculated bagse the S factor presented before applies only to the capital Abhsts.
the parameters asnnualized Then, for the following year until the #0the capital costs are always
the same because each year the same amounts of farms adopt the technologgitalrennuity is
thus, the total capital cost of these 10 extra farms divided by S plus the capital annuity of the past
year which is actually the same. So the capital annuity of the second ygar @®*2, the one for
the third year is C&3 and so onThe second year, the labor costs, revenue and ensssiiurction
are the one for the single farm multiplied by the number of farms that adopt the technology, namely
20, and so on until the 1@ear. The breakven price calculation is always the samd the amount
does not change over the time. Th& ¢8ar, we have the full adoption, then from thé& id the 26'
year, the capital costs are inexistent, and the capital annuity, labor cost, revenue, and emission
reduction are always the same than 168 \H D U ¢/ TReQtéaleven price never changes. The
following tablespresent an example of the breaken price calculation with this methodology for
the plug flow digester in the USA with an adoption rate of 10% per year. Then only the abatement
potential will change over time and its incremental value is not the same if we consider the full
adoption the first year, or an adoption rate (10% or 5%).
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Single representative farm
per t output
CC 423.3446
VC (labor) per yr 1.80
VC (labor) tot 36
Time period 20
Rev elect yr 91.08634
Tot rev 1821.727
ER per yr 0.605458
ER total 12.1
S 8.513564
Pnew ‘653
discount rate 10%
Capital annuity 49.7
ER per yr X axis 0.298188
ER per year X axis
(MMtCO2) 5.461476
year | year | year | year | year | year | year | year | year | year | year
1 2 3 4 5 6 7 8 9 10 11
CC 42 42 42 42 42 42 42 42 42 42 -
VC (labor) | 0.18 | 0.36 | 0.54 | 0.72 | 0.90 | 1.08 | 1.26 | 1.44 | 1.62 | 1.80 1.80
per yr
Time
period 20 20 20 20 20 20 20 20 20 20 20
Rev elect
yr 9 18 27 36 46 55 64 73 82 91 91
0.06 | 0.12 | 0.18 | 0.24 | 0.30 | 0.36 | 0.42 | 048 | 0.54 | 0.61 | 0.61
ER per yr
ER total 1 2 4 5 6 I 8 10 11 12 12
S 851|851 | 851|851 | 851|851 851|851|851| 851 | 851
Prew 65.3| 65.3 | 653 | 653 | 653 | 65.3| 65.3 | 65.3| 65.3| 65.3 65.3
No. farms
adopt: 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% | 100% | 100%
Capital
annuity 5 10 15 20 25 30 35 40 45 50 50
ERperyr | 0.03| 0.06 | 0.09 | 0.12 | 0.15| 0.18 | 0.21 | 0.24 | 0.27 | 0.30 | 0.30
X axis
ER per
year X axis| 0.55 | 1.09 | 1.64 | 2.18 | 2.73 | 3.28 | 3.82 | 437 | 492 | 546 | 5.46
(MMtCO,)
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Appendix XXV : AgSTAR assumption test (500 cows, 2000 pigs)

o Pigs
number of animals 0 940 2000 1793 2504
power produced (kWh/yr) 0 117404 | 249795
power produced per head
(KWhlyr) 0 124.8979| 124.8975| 124.8975| 124.8975
total cost (%) 0 731535 | 738614
cost per head ($/head) 0 778.2287| 369.307 | 448.982 | 174.8565
grants USDA ($) 0 182883.8| 184653.5
grans USDA per head
($/head) 0 194.5572| 92.32675| 112.2455 0
grants NRCS ($) 0 152167.2] 323760
grants NRCS per head
($/head) 0 161.88 | 161.88 | 161.88 0
net cost ($) 0 396484.1| 230200.5
net cost per head ($/head) 0 421.7915| 115.1003| 174.8565| 174.8565
eledricity sales ($/yr) 0 5870.2 | 12489.75
electricity sales per head ($/y, 0 6.244894| 6.244875| 6.244875| 6.244875
Renewable Energy Credit
($lyr) 0 4696.16 | 9991.8
REC per head ($/yr/head) 0 4.995915] 4.9959 | 4.9959 | 4.9959
O&M costs ($/yr) 0 2348.08 | 49959
O&M costs per head
($/yr/head) 0 2.497957| 2.49795| 2.49795| 2.49795
yearly benefits ($/yr) 0 8218.28 | 17485.65
yearly benefits per head
($/yr/head) 0 8.742851| 8.742825| 8.742825| 8.742825
payback with grants 0 48.24416| 13.16511 20 |
payback wihout grants 0 89.01315| 42.24115

Explanation of the calculations for a 20 years payback with grants:

—

The yearly benefits per head dot change, thus it is possible to know the value of the net cost for a

payback of 20 years.

Here again,hte grants NRCS per head da change (it is always $760 for 1000 Ibs of animal), so it

is possible to know the value of the total costs per head for a 20 years payback.
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The following graphrepreserg the evolution of the total cost per head accordinghéortumber of
animals

Then, the equation of the curves (approximation by a trend line) leads to the number of animal
requested (x axis) for the cost which correspond to the 20 years payback (y axis).
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o Dairy cows
number of animals 0 500 1000 583
power goduced (KWh/yr) 0 838690 | 1677381
power produced per head
(KWh/yr) 0 1677.38 | 1677.381| 1677.381| 1677.381
total cost ($) 0 1738463 | 2401771
cost per head ($/head) 0 3476.926| 2401.771| 3298.329| 4956.898
grants USDA ($) 0 434615.8) 500000 0
grants USDAper head ($/head 0 869.2315 500 0 1239.225
grants CFA ($) 0 209673 | 419345 0
grants CFA per head ($/head 0 419.346 | 419.345 0 419.345
net cost ($) 0 1094174 | 1482426
net cost per head ($/head) 0 2188.349| 1482.426| 3298.329| 3298.329
electricity saving ($/yr) 0 34905 | 69810.04
electricity savings per head
($/headlyr) 0 69.81 | 69.81004| 69.81004| 69.81004
electricity sales ($/yr) 0 27996.75| 55993.54
electricity sales per head
($/yr/head) 0 55.9935 | 55.99354| 55.99354| 55.99354
hot water savings ($/yr) 0 14260 29201
hot water savings per head
($/yr/head) 0 28.52 29.201 | 28.8605| 28.8605
Bedding ($/yr) 0 21900 43800
bedding per head ($/yr/head) 0 43.8 43.8 43.8 43.8
O&M costs ($/yr) 0 16773.8 | 33547.62
O&M costs per head ($/yr/hea 0 33.5476 | 33.54762 | 33.54762| 33.54762
yearly benefits ($/yr) 0 82287.95| 165257
yearly benefits per head
($/yr/head) 0 164.5759| 165.257 | 164.92 | 164.92
Payback (yr) 0 13.2969 | 8.97043 20
payback w/o grants (yr) 0 21.12658| 14.53355 20




Here we supposed that tyearly benefits per head dwt change to simplify thealculations(a

mean has been done between the yearly benefits for 500 and 1000 cows). Moreover, it appears that in
both case55.49% of the power produced correspond to savings (so that is the avhpomter the

farm needs) and that the rest (44.51%) is sold.

The same methodology for dairy has been used to calculate the amount of animals requested to have
a 20 years payback without grants. With grants, the quantity found is negative, which méaaréhat

is no minimum number; every kind of dairy farm could be profitable if there are these grants.
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