Feasibility of Biogas Production on Small
Livestock Farms

Dr. Andrew Trivett and Matthew Hall
UPEI Department of Engineering
April 9, 2009

This project was supported by funding from the RBAPT Council to the Environmental

Coalition of PEI
Prince Edward Island ADAPT Council Y
The Envirommental Coalition =
of Prince Edward Island

UPEI Department of Engineering 550 University Avenue  Charlottetown  PEI C1A 4P3



Feasibility of Biogas Production for Small
Livestock Farms

Table of Contents

SUMMARY .ttt etttk o Rt e e 4Rt R e R R e e R et e e Rt e e n R et e e et e e n et e s nn et e nnee e e e e a 1
RECOMMENDATIONS ...ttt ettt st e sttt e s st e e sa e e s me e e sk et e satne e e s bn e e e nnre e e snnreeennneenns 2
l. INTRODUGCTION ...ttt mm ettt s et e s s st e e ame e e st r e e e asne e e e aann e e e nnrr e e e nnneeeennrneenas 4.
BIOGAS PRODUCTION ......ettiuttetesuttieestseeass et esste e e s sseeeesee e e sk e e e aat et e a4 s e e e e aaE et e aa b et e emne e e s s e e e s asReeeanneeesnnneeennreeenns 6
[ =1 L o1 PP T OPPPPPPRT 7
GAS YIELD ..eititiieeee e e et ettt ettt e e e e e 4o e oottt et et e e e e e e e e a b et ettt ettt e et e e e e e e e et e e n e e nnnne s 9
ENERGY CONVERSION. ....uutttttttieeitttttetteeteeeesaassssasssssasss sttt ettt et eeeeaaeaaessaa s s s e s s e s b e e b e s e e reeeeeeesaessessassaannsnnrarrnnneees 10
DIGESTATEUSES. ..ot iiiiiiiiiiie ittt e et e e s e e o4 e e e e et ettt et e et e e e e e s e e b b a b b e e e e e e ee et et e e e aaeaeeeeeeesanns 11
R o AN 1Y BV 1S S T PO UUPROUPN 12
SANDY RAE FARMS ...ttt ettt ettt e ettt e et e e et ettt et e e e e ae s s bbb n e e e e et e e neeeeeeas 12
PLEASANT VALLEY FARM L...tiiiiiiiie sttt sme e sttt e et e e et e st e smne e e s n e e e an et e e s e e s nnnnee s 12
CAMPBELL’ STFARM ...ciiitiietiittte stttk e s et e et e e st e e e st e st e e e bt e ek e e s amr et e e aE et e e e nn e e e n e e e e e nne s 13
M. PRELIMINARY DESIGN OF A BIOGAS FACILITY .ooiiiiiit et 14
EXPECTEDBIOGAS YIELD ....ttiieiuteiesittee e sttt e e st e st e sme e e sttt aste e e st e e ae e e e e e et e e sabe e e smne e e s nr e e e anr et e e nnnn e e e nnnnee s 16
MAJOR SYSTEM COMPONENTS.....ctetuteteetreeeestreeesasneeesssseeesaseesssneeesasseeesasreeeaanre e e s nneeesanne e e amneesnreeesnnneeennneeeas 17
Manure and FEedStOCK COIECLION ........... ettt e e e e e e e e e e ettt e e et e e e e e aaaaaaaeeaaeaaaaannnnnnrenes 18
Digester Tank and HEAtING SYSIEM ......... ittt e e e e e e e e e et e e et e e e aaaaaaaaaaeaaaaaaaannnnnnnenes 19
Biogas Cleaning and COMBUSHION .........u it oottt e e et e et e e e e e e e e e e e s e e s aaaannnnnneenes 23
Electricity Generation and DIStHDULION .......ccaciiuiiiiiiiiii et 24
Digestate Storage and Field APPlICALION .........oooi i re e e e e e aaaaaaeas 26
Process Monitoring, Control and Safety SYSIEMS.........ooi e 27
NOTES ONCOST ANDPAYBACK ....utteteiuteieeiirteessteteessteeesssseeesmeee s s e e e asnneeessee e e san s e e e asre e e e ssne e e anenesanneeesnrreeennnes 29
V. CONCLUSION ...ttt mme ettt e e e et e et e e e st e s me e e s b e e e s an e e sann e e e s n e e e nnnneeennnes 0.3
V. REFERENCES ... ..ottt ettt ekttt e st e e e e s ane e e s s et e s s et e e sane e e s nnne e e s nnre e e e nnreas 31
APPENDIX A: ANAEROBIC DIGESTION. ... .cetiiiiiiiiiteiiiite sttt sttt essn e e e 35
APPENDIX B: SITE VISIT DATA ..ottt ettt ettt ettt e s amn e e e s e e s nsn e e e s r e e e s nnneeenanneeeeaes 42

UPEI Department of Engineering 550 University Avenue  Charlottetown  PEI C1A 4P3



Summary

This report discusses the feasibility of biogasedtgn on a small PEI dairy or beef farm.
Conventional wisdom in the agricultural industryhat biogas production from dairy farms
smaller than 60 milking cows, or equivalent numladrseef cattle in a barn are not practical.
Commercial manufacturers have been installing aysiea Canada and the United States for on-
farm biogas that handle manure, but augment it aghibstantial amount of non-manure co-
substrate materials. A preliminary review of locatsubstrates is presented based on published
data.

There is no technical limitation, nor regulatoryedor the establishment of a small on-farm
digester which could generate sufficient electyittt supply the farm’s average electrical needs.
The technical challenge in building a small biogkst will be in finding suitable small-size and
price components for such system that can be accolat®d in a reasonable capital budget. The
business/policy challenge will be to ensure theilegry climate helps to make small-farm
systems economically attractive. These issues disoeissed and potential risk factors are
identified.
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Recommendations

General

1.

5.

The potential payback from a well-designed biogasystem for 60 heard of cattle
could be over 10,000% per year, and would be attriee based on current
electrical rates. This should be further pursued byPEI farmers.

An effective small demonstration biogas system shtuube built that supplies
only the average annual energy from a single farnput is not intended to supply
farm peak demand

Site selection will need to be considered for anynefarm biogas systems: is it
acceptable to use existing manure storage tanks build on a new foundation ?

Avalilability of potential co-substrates need to bevaluated, including farm- and
non-farm waste sources

Costs and shipping distance for potential co-substte needs to be determined

Regulatory

6.

8.

9.

New policies to encourage on-farm biogas should ilgle potential for producers
to earn money for electricity produced in excess dheir demand.

. Grouping of electrical meters for small communitiesor farms with several

electrical meters should be allowed to be includeith the net-metering calculation
Emergency flaring or venting regulations will haveto be determined

Local regulations for application of digestate ondrmland need to be determined

10. Local regulations for electrical safety of small bhgas generators need to be

verified by the utility, occupational health agences, and local fire departments

11.Requirements for automatic or manual grid intertie need to be clearly

established.
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Technical
12.Potential co-substrate energy content needs to beatuated.

13. Optimum digester tank size will require a detailedanalysis of influent and
digestion process in a demonstration biogas system.

14.1deal operating temperature needs to be determineffom testing.

15.Heat loss calculations are based on theoretical @stes, and these need to be
properly verified by experimental testing.

16. Start-up heating procedures need to be established.

17.Seasonal variability in the digester heating will le needed for correct heat system
sizing and design.

18. Materials compatibility should be investigated, andmetal, concrete, plastic, or
fibreglass tanks will need to be considered in fifalesigns.

19. Shipping costs of completed tanks, or onsite codis construction on the farm
will need to be evaluated.

20.Digester maintenance and cleaning requirements fdhe heating surfaces will
need to be established.

21. Suitable engine/generator models and manufacturenseed to be found for
single-phase installations, spark-ignited, 20kWe fyical size.

22.Gas cleaning requirements specific to the target gme must be verified.

23. Alternatives for H,S removal from the gas will need to be evaluated.
24.Engine reliability and cost needs to be evaluated.

25. Generator control, emergency shutoff, and protectin needs to be determined.

26.Detailed control system designs for temperature cadrol need to be developed,
and the heating systems tested.
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Introduction

According to the 2006 farm census by Statisticsadanthere were 360 dairy farms in PEI,
down from 435 in the 2001 census. In additionelveere 475 beef cattle farms, including
feedlots, down from 575 in 2001. These farms raveventory of 76,000 head of cattle as of
January 2009 (down from 80,000 in January of 20082,800 of these were listed as milk cows
in January 2009, down from 13,500 the previous.y€brarly the business of farming has been
tough in the livestock industry.

According to the census data, the average PEI
dairy farm milks only 35 cows. Beef farms
(including feedlots) have an average of 130
head of cattle. The PEI department of
agriculture claims that PEI farms raise between
20-250 cows[1]. The reality is that there are
only a handful of large farms on PEI, with the
majority of farms having a very small number
of cattle. These small farms are financially
difficult to operate, with low revenues and high

operati_ng costs. The ObJ:eCtiVe of this report irigure 1: SandyRae farms from the farm driveway.
to provide some alternatives for farmers to  This site uses silos for feed storage, and as auét has

consider that would improve their a very large electrical demand.
environmental performance while reducing their ggemnd operating costs. Specifically, we
have focused on the potential for using on-farmtevé®m livestock as a source of fuel.

A remarkable amount of energy is contained in aigamste. Under the right conditions, this
energy can be extracted in the form of a combuestigtrocarbon gas, called biogas. The
biological process by which organic material carcbeverted to hydrocarbon gas is anaerobic
digestion. Anaerobic digestion is a natural predeat has been used in myriad applications in
the past, including for the production of biogasrgry from manure. It was thought to be
economically impractical for farms with fewer tha@0 head of cattle [2]. Using this yardstick,
biogas is feasible for almost no PEI farms. Thigqut is intended to evaluate the prospect for
anaerobic digestion on PEI livestock farms, anghpse a viable method for specific farm case
studies.

Anaerobic digestion and biogas have been usedltrgtime. There is evidence that biogas
from anaerobic digestion was used to heat wat@ssgyria in the 10th century BC and in Persia

in the 16th century BC [3]. The basic notion arimsthe Western scientific community from
observations of flickering lights in swamps. le th7th century the connection was made
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between decaying organic matter and the creati@m afiflammable gas, and Alexander Volta
observed that the latter was a function of the farm 1776. Through the 18th century, methane
was found to be the main constituent of the inflaabha gas, and a similar gas was observed
from decomposing cattle manure [4]. The first rded digestion plant was built in India in

1859 [3].

Currently, anaerobic digestion is used on a snealkesby families and communities in a number
of developing countries to generate gas for cookiogn animal waste. Community-scale plants
have been named one of the most useful decenttaizergy sources by the United Nation
Development Program. [5] In Canada, anaerobicstiigie is used in the majority of large
municipal wastewater treatment systems, and to tneay industrial food waste products.[6] In
the agricultural industry, there are only approxiehal10 on-farm digesters in the United
States, and over 2000 in the European Union.[7&Jmpared to the number of livestock farms
in these countries, the number of installationgely small indeed.

This report is the result of a feasibility studpt & detailed design. The sources that were used
in preparation of this work were published papprsject reports, and interviews with local
farmers. The authors of this report have not dedie information from any one manufacturer or
supplier, but have tried to collect informationrfraunbiased, informed sources. No analyses of
samples were carried out, but typical propertiesdtevant systems were compared and
reasonable estimates in the PEI context were m&dia:. goal was to determine from an
unbiased point of view whether or not a typical Bingestock farm on PEI could benefit from a
biogas plant on the farm.

There are some manufacturers currently producingkay biogas plants in Canada, the United
States and Europe. In general, they are focusguiading much larger installations than the
one that would suit our model farm. The final desand implementation of a small biogas
system on PEI should be done with input from bussee having a proven history of installations
in other jurisdictions, but will require adaptatsoto be suited to our local conditions.
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Biogas Production

When a quantity of organic material is left in atygen-free (anaerobic) environment, certain
bacterial colonies develop and begin digestingotiganic material. Some bacteria in the
populations break down solid organic material wader-soluble constituents, while some
bacteria convert the soluble organic componentsvaotatile fatty acids, and other bacteria
consume the fatty acids, creating methane gas ste wahis methane combined with carbon
dioxide and traces of other gases excreted bydhtha makes up biogas.

Since biogas production is a biological processrislges upon multiple strains of different
bacteria which perform separate intermediate stepgprocess is difficult to model, or to control
with precision. In practice, a warm, oxygen fre@ieonment is provided by a sealed vessel (a
digester). It usually takes around 15-30 daygHerorganic material inside a simple tank to be
fully digested by bacteria. The populations oftbaea which grow in the organic material are
influenced by temperature as well as feedstockmFan operational standpoint, digesters that
are maintained at ambient temperature are slowesse at a temperature of 35°C are
significantly faster, and ones at a temperaturg@03C are faster still, but energy-intensive to
maintain.

Usually about half of the available organic mategaonverted to gas in the digestion process.
The majority of the feedstock mass remains in igesdate. Of particular importance, the
organic nitrogen that was digested is converteal imbrganic forms, mostly ammonia.[9]
Inorganic nitrogen is more accessible to plantss the digested material is a more potent
fertilizer. The odor of the digestate, which iggely due to release of volatile organic
compounds, as well as organic pathogen levelgjraaly reduced during the digestion process.
Appendix A provides a detailed discussion of déf#rbiogas digester designs and processes.
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Feedstock

The quality and quantity of biogas is closely tiedhe type of feedstock that is available. The
fundamental feedstock on a farm is, of course, meafrom the livestock. This can be
accurately predicted per head of cattle. Howevemany on-farm digestion systems, it is
assumed that there will be a large quantity of @ikl organic material (co-substrate) available.
Our premise in this study is that the biogas platitbe a relatively small facility that augments
the operation of a working livestock farm and tthegt primary source of organic material will be
the manure. In some commercial systems, it is@rpehat a small farm of fewer than 100
head of cattle will supply manure for a digester, that upwards of 5-10 times the amount of
organic material supplied to the digester will coinoen some other source of organics, typically
imported from beyond the farm gate[10-12]. In thist of a system, the manure effectively is
the bacterial culture feedstock, while the bulklef energy comes from the co-substrate that
typically comes from an industrial or process waste

stream.

In some cases, this co-substrate is organic weste f
food manufacturing plants, newsprint, or any nundfer
other options. On PEI, as compared to other pom&nn
Canada, the availability of processing waste fgesiion
may be limited. There have been several reports
addressing the availability of biomass on the Id|28-
19], but none specifically for this sort of apptica.

Without a detailed assessment of the availability a

potential for possible co-substrates to PEI farmiers Figure 2: a calf at Pleasant Valley farms
difficult to give a definitive analysis of the optis. Itis settled in the calving barn.

certain that the potential co-substrates will mak®g difference on the payback period for any
biogas digestion system. Table 1 shows a proseltst of co-substrates based on other
published reports [15, 16, 18, 19].

It is essential for a digester to have a consigapply of co-substrate, so we have proposed a
ranking for each source of the expected reliabdityhe source. A low reliability source is one
that would be available only at certain times & ylear, and its availability may depend upon
many external factors. A source having high rdliighvould be one that can be reasonably
predicted to be steady for most of the year andrevtieere is a large potential supply. The
energy content of each potential source would intglguitability for use as a co-substrate.
Some of the material listed will need developmestd before being used in a system. The cost
of the material will depend upon demand for its msether applications. For example, wood
waste is currently in demand for chip burning ssweproduction of wood pellets, thus its cost
is shown as “high” in the table. This table isnmymeans definitive, but should be considered a
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starting point for considering possible materiattivould be effective if added to a farm
digester. The final column in the table labeledtgmtial” is our simple estimate of the prospect
for this co-substrate based on the other factors.

Feedstock Reliability Energy Cost Potential
of source content
Diseased grain low medium Low low
Fish plant waste medium high low high
Municipal sewage high high low high
Municipal solid waste | high medium low high
Potato culls medium high medium  medium
Potato processing waskdigh medium low high
Sea Lettuce high medium low high
Straw medium medium medium medium
Wood processing wasf high medium high low

It is important to recognize that, if on-farm bisgaystems are feasible for a small farm, then
they will be installed by farmers as fuel costs andironmental pressures continue to grow. If
many farms install on-site digestion, and theyadrsized for large co-substrate supplies, the
availability of the co-substrate will become lindteThus, it is important that we consider the
potential of a small digester system that will ggeronly on waste from the farm. While larger
systems that import organic waste may be attradiiney cannot be a solution that will work on
every farm.

UPEI Department of Engineering 550 University Avenue  Charlottetown  PEI C1A 4P3

Page 8 of 55



Gas Yield

The biogas generated by anaerobic digestion typicahtains 60-70% methane, with the
remaining gas volume consisting of carbon-dioxilles @ fraction of a percent of hydrogen
sulfide. [20, 21] Methane has a heating value?oM3/nt (994 BTU/ff), so a 60% methane
biogas has a heating value of just under 22 MJ&®0 BTU/ff). [22]. The gas is also fully
saturated with water vapour at the ambient tempegatin small applications in developing
countries, the biogas is simply burned directlyrfrthe digester with no pre-treatment. [5, 23]
In larger applications involving power generatitme gas may be filtered to reduce the
concentration of k5, which is corrosive to the combustion equipmet roduces S£gas in
the exhaust, a major component of smog and aaid44i

Healthy anaerobic digestion requires carefully calfed raw materials. Fortunately,
maintaining adequate levels in the feedstock isusatlly an issue with on-farm digesters;
manure generally has all the nutrients needed dpdcteria.[4] However, a wide range of
additional organic waste material ( referred aswbstrates) can be added to the mix and
generally have the effect of increasing the yieékdraw is a good example. Each 10g of straw
added to 1kg of manure will increase the methaalel Yoy about 10%, providing the straw is
adequately digested. [24] The balance of nutrieatsbe a concern when large amounts of co-
substrates are added to the feedstock. If manmokedes the bulk substrate material, the
nutrients will be suitable for healthy anaerobigedition and methane production.

There is a large amount of uncertainty in publismedhane yields. In several cases, the yields
reported from the digester operation far surpatisedevels predicted by the system designers
[12, 25-28]. This may be in large part to the effief various co-substrates added to the
digestion. Which ones are used depends on wheadly available at each farm, or what waste
material is brought in for disposal from other isttial processes. However, once a digester is
operating with a particular mix of feedstock, ibisst if the conditions of the feedstock are kept
constant in order to maintain the bacterial poporat

Published yields from healthy digesters range fA&@3/cow-day to over 100 ft3/cow-day. 70-
80 ft3/cow-day for dairy manure seems readily ot@thie with reasonable design and operation
of a digester, based on the published results feweral authors looking at a number of different
digester technologies [29, 30] . The simplest glay digesters have lower yields than the
more complex higher-temperature systems, but duetoff in higher capital investment should
be an important consideration in system desigmn.th@purpose of this feasibility study, we
have chosen to use a conservative estimate foaipgduction from cow manure as 13346
ft3) of biogas per cow per day. Using the typgas composition, and typical efficiency of a
small diesel-gas engine, this is enough to contislyoprovide 70W of electricity per cow, or 1.6
kWh of energy per day. One manufacturer (Genesyga3 Inc.) claims 2kWh of electricity per
day per cow, which is on par with the high estimaikyield from published data [29, 30].
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Energy Conversion

Gas, once produced and collected contains signifidaemical energy, but that energy must be
converted to a useful form to be of any value ofdrmer. The generated biogas can be burned
directly for heating in devices designed for natgess, or it can fuel a modified diesel engine
either as a stationary generator to produce etégtor as a vehicle fuel.

The specific use for which the gas is intendedahlsge impact on the feasibility of a biogas
digestion system. In principle, we would like &place the highest-cost energy form on a farm.
The trade-off is in capital cost of gas upgraditayage and combustion equipment versus the
value of the end-product energy that is replacelibgas. All gas-powered devices require
some upgrading of the biogas. The three major osk®gas on the farm could be:

a)

b)

Vehicle fuel Internal combustion engines are routinely operate natural gas or
propane. In theory, biogas could be used in a fisakdvehicle engine. In practice,
however, the varying load on vehicle engines aedithited storage capacity of onboard
fuel tanks means that the gas must first be treategimove the CO2, moisture and
corrosive compounds, and then compressed to dgatient natural gas in a small tank.
Thus, transport fuel is the most technically-denaga@pplication for biogas.

Generator fuel: An internal combustion engine that is shaft-cedgo an electric
generator can be fueled with biogas. The biogast tmeidried, with any 6 removed
prior to use. It need not have the @®moved if the engine is run at a steady loadifand
the engine controls (fuel/air ratio) are adjusteturn the methane/G®iogas mixture.

It need not be compressed, so long as there eadyssupply at adequate pressure for the
gas-fuel injectors. In some cases, spark ignisanrequired modification to diesel
engines.

Boiler fuel: Direct combustion in a gas-fired boiler requiliite, if any, upgrading of the
biogas provided the burner fuel nozzle is propsitgd. The boiler or burner can be
operated in the same way, using the same contsaistha other fuels once the correct
nozzle is installed.

The majority of stationary energy consumption omyniarge farms is electrical.[31] Part of the
work of this project was to look at three examméePEI farms to understand their specific
energy demands, and recommend the best way tditréiogas on a typical PEI farm.
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Digestate Uses

The digested slurry that is removed from a digestealled digestate. Nutrients in the raw
manure are retained for potential use as fertilizeyughout the digestion process. During
digestion, the organic nitrogen in the substratmisverted into ammonia, an inorganic form that
is more easily consumed by plants. [30, 31] Phospls and potassium levels are also
maintained.[32] In this way, the potency of thenn@ as fertilizer is increased by the digestion
process.

An important benefit of manure digestion is the ogal of organic compounds from the manure,
which are the main components in the smell of mamentilizer when it is applied to the field.
The digestate can be sprayed on a field with littlao offensive smell, reducing some of the
complaints against large farms in crowded areas.

In addition to the value of improved fertilizergetBolid matter in the digestate can be separated,
composted, and used as animal bedding. [33] Thdligortion (“filtrate”) contains the high-
quality fertilizer. There is some evidence to sgjghat filtrate from anaerobic digestion. can
give better yields than conventional fertilizer ]30

One cautionary note: some co-substrates that magiconorganic material that is not suitable
for field application. It would be important inlgeting a co-substrate to ensure that it will
produce a digestate that is acceptable for userszer. On PEI, we have already seen the
impact of not heeding this sort of caution with thenicipal compost facility. When the facility
was first built, it was expected that the agrictdtundustry would use the compost. Once the
plant was in operation, growers were barred fromgug when major potato buyers rejected it
for use on process potatoes [34, 35]. It wouldménportant step for the operator of a digester
that is planning to use any industrial or municipakte co-substrate to get confirmation in
advance that the finished digestate will be acd#ptmr use as a fertilizer.
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Farm Visits

In this project, we identified two example smalirgdarms as example sites, one with 70
milking head, and the other with 60. Based onatferage numbers, these are not uncommon
herd sizes on the Island. We did not look seriotmi smaller farms to include in the study
because the initial research showed that fewer@damilking head would be too small for a
biogas system [36]. For comparison, we also regtea similar sized beef calving operation.

The most important information that we collecteshirthe farm visits was regarding the current
operations with a special interest in current epeige on the farm. Since the operation of a
dairy farm is very energy-intensive, we comparesifirms on the basis of number of animals,
methods of manure handling, location, and otheectspf the farming operation. Equally
important is the timing and amount of energy use@ alaily and seasonal basis on each farm.
Appendix B presents the raw datasheets that wélectsd from farm visits.

SandyRae Farms

SandyRae Farms has a herd of 70 milking cows keptie stall barn. All of the farm
vehicles are diesel-powered, and the major rollitagk are leased. The owner, Danny
MacKinnon, has recently installed a new wood-bugrfurnace which heats the majority
of the farm including process water for the milkdse and space heating for the
farmhouse. There is a small propane-fired boilleictv augments an electric boiler to
boost the temperature of water for wash-down aauliging of the milk-house and milk
handling equipment.

Electrical demand is around 300kWh per day. Télistively high demand was due to

the extensive use of single-phase AC motors througthe feed storage, feeding,
cleaning, milk collection, milk storage and manhaadling. The feed is stored in two
large silos that with grain that is put up for ggaby an electric elevator system. Cows are
fed using a separate blower and auger systemowakipby AC motors. A scrape chain
collects the manure which is then pumped into geldrolding tank through a large-bore
buried pipeline.

Pleasant Valley Farm

Pleasant Valley Farm has 60 milking cows that ati Isetween two free stall barns at
two different sites separated by a few kilometé&ree original farm has been in operation
for more than 30 years as a dairy farm. The fasrhave purchased a former hog farm
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and converted one of the barns for use as a miliséavith a free-stall barn adjacent. 30
milking head from the farm have been kept at thgimal farm, while the new site can
milk 20 cows at a time but has housing capacitya®omany as 80 in the future.

When we visited the farms, the herd had not yehlmeeved to the new site, so the
details of operation for the future were still unkm. In its original arrangement, the
farm used significantly less energy per day thamdgRae farms with a similar sized
herd. The main reason for this was that PleasaliéyFarm relies on tube rolls for
feed, and these are wrapped, stored, moved ancdlito the cattle by tractor and skid-
steer. Thus, all energy used in the feeding ojmerabmes to the farm in the form of
diesel fuel. Electricity consumption was arounst jLOOKWh per day, but there is a need
for increased lighting in both sites so this nummesy increase. Farm heating is
accomplished with an old wood chip burner. A srabdctrical hot water heater is used
to provide hot water for the milkhouse during warmmenths.

In the original farm, manure is collected usingepe chain system with a piston pump
to deliver the manure to storage. Manure in the sigsvis collected by scraping with a
skid steer. A large cylindrical buried manure téimkt was used for the previous hog
farm still exists in good condition, and is nowrmgused for the cattle manure storage.

Campbell’'s Farm

We visited a similar-sized cow-calf farm to compaith the example dairy farms.
Glenn and Rhonda Campbell run a 115-head calf-eom.f The number of cattle in the
barn at any one time is similar to that from the tairy farms. Cattle are put to pasture
when not calving. Calves are sold to a feedlotmiey reach the desired weight.

The manure is collected roughly once every threekaeluring the winter and most of
the cows are in pasture during the summer. (6@ weide when we visited, which is
comparable to the number of cattle in milking bashthe two dairy farms above).
Notable about this farm is that the electricity (ilom several separate meters for
different areas of the farm) is only around $100menth. With the current net-metering
electrical policy, this means that the electriealanue can be no more than $100/month.

A farm of this size has adequate manure to feedadl sligester, but without a large
existing electrical load, the farm could not eaaclfrom the electric utility any more
than their monthly bill on one meter. This woulddmajor obstacle to a biogas system,
but it also presents an opportunity to build supfmrlobbying to have the net-metering
policy changed.
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Preliminary Design of a BioGas Facility

This feasibility study is intended to determine tee a small biogas plant could be viable at a
typical PEI livestock farm. In order to answer thie will go through a prospective conceptual
design of a biogas plant, selecting sizes and sfmpwajor system components.

Through each specific section, we will highlight sk or questions that will point to
significant risks or unknowns.

There are a number of alternatives to considdnerdesign of a farm biogas facility. Decisions
made at the beginning of a design must be basedctear design philosophy, or set of guiding
principles to ensure that the final system fulfittspurpose.

Our guiding principles for this proposed design are

- The system must be an add-on to an existing lickderm,

- Minimum capital investment for the farmer is a pityn

- Operation of the biogas plant will improve the eommental footprint of a farm.

- The finished system must not take up a major poritthe farmer’s labour to operate, so
maximum reliability is a priority.

- Manure from the livestock on-site will be the prifeedstock. Transport of manure from
other farms will not be accommodated by the system.

- The co-substrate will be waste straw, and will eaation of the manure mass.

- The system will not handle imported industrial armicipal waste material.

In light of our guiding principles, the first disssion to have is over the size and complexity of a
biogas plant on the farm. The US department atafjure’s AQSTAR program recommends
that on-farm biogas systems are suitable for mmaa 200 milking cows. If we follow this as a
guide, then we need to look only at large farmsy@emeed to consider small farms and justify
the system by using imported biomass for the btitigestion. The cost and complexity of such
a system is large. For example, a system descbhpé&tknesys Biogas Inc would require an
initial investment of between 750,000-1,000,000CCA¥# could generate 100-500kW of
electricity. If the power could be sold to theatteeal grid at 0.12%/kWh, this could provide
100,000-500,000%/yr in revenue, assuming the régyl@nvironment permitted the owner to
sell power to the grid.

Due to the investment magnitude, the system wilehta be managed aggressively in order to
provide an acceptable payback on investment. derdo keep the system operating, a steady

supply of biomass would be essential. The optfonthe farmer will be to either import waste
material from beyond the farm-gate, or to grow erepecifically to feed the digester. The
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former alternative will require the farmer to maaagsupply-chain of waste material. If there
are many large digestion systems nearby, this quuidarmers in a competitive environment for
waste, each trying to secure a steady supply oh&és. The latter choice could force the farmer
to take land out of production for food crops, lemtima which has been controversial in the food
versus energy debate. At the very least, it wéamthe farmer will be locked-in to growing
biomass to feed the investment instead of othgrs;reo the incremental revenue from a large
plant could be very small, even though the capwahmitted to the plant is large. The
recommendations from manufacturers and from AgSTARbe summed up by the expression
“go big or stay home”. While there may be an eceoiegustification for a large system that is
designed to digest imported waste or purpose-gmanganics, the plant could overwhelm the
existing farm.

Ultimately, there certainly is a need for indudtsaale on-farm biogas plants. However, there is
also a need for more modest biogas plants thastaygy the organic material that is produced

on a single farm as a waste from the main actofitiarming. The small farm digester is this
application that we are addressing in the curresigh.
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Expected BioGas Yield

Estimating a farm’s potential biogas productiostrsightforward. First, the rate of manure
available must be determined on the farm. The eaination of volatile solids in the manure
should then be estimated based from either labgratwalysis of a sample of manure or from
typical published values for similar manure. Next,appropriate Volatile Solids-to-methane
conversion efficiency should be selected basedheptoposed digestion technology and on
properties of the manure. Different digester tedbgies, operating conditions, bacterial
populations and other factors will influence th&due dramatically. From published data,
efficiencies have been reported from 30-65%. FReek-designed and well-run plug-flow
digester 35-40% efficiency is attainable [9].nd&lly, the ultimate yield for the type of manure
can be found in the literature. Multiplying thdsar values together gives the methane
production rate:

_E.MVY
S 100

Where:
M = manure output in kg per day
Vs = Volatile solids mass (kg) per mass of the maitkgg, ideally from lab
analysis, but typically
E; = conversion efficiency (%) of the available vdtasolids in the manure that
is converted to methane by the digester, assumied 8%-40% for plug flow
digesters
Y = ultimate yield in cubic meters of methane pgokVolatile Solids ,
assumed to be 0.35°wf methane /kg of Volatile Solids
Bs = daily production of Biogas Methane irf m

Based on the above calculation using published da&cow will produce 1.3#{46 ff) of

biogas per day. Assuming a 60% methane conceonirattithe biogas, this translates into 1.54
kWh of electricity per cow per day or revenue of $&r cow per year at an electricity price of
$0.12/kWh. Published reports of practical operatbdigesters have shown these numbers to
be conservative. If the value of straw beddingealdit the digester is included, the estimated
biogas yield increases to 1.9m3/cow-day, which warkt to 2.4 kWh/cow-day of electricity and
potential revenue of $105/cow per year.

Using the quantity of available manure is a moracexay of calculating yield, but the per-cow
figure is useful for comparison. 54/ttow-day is one published estimate, and the very-
successful Haubenschild digester was designedanitixpected yield of 65fcow-day.[29]

The Haubenschild digester actually achieved aruasiog 139ft/cow-day before settling at
93ft}/cow-day, well above the design yield, which ilikdue to the co-substrates they added,
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notably newspaper.[37] It is worth noting that Wwehlnaged digesters tend to exceed the
conventional yield expectations.
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Figure 3: simplified Schematic of process diagramsed in this report analysis. The manure input is o the left, while
the heating system is shown with red lines. Biogdsel is shown in purple. Electrical output is show on the right.
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Major System Components

The main components of a small digester system are:
Manure and feedstock collection
Digester Tank and Heating system
Biogas cleaning and combustion
Electricity generation and distribution
Digestate storage and field application
Process monitoring, control, and safety systems

Manure and Feedstock Collection

Two of the example PEI dairy farms use scraped meacwilection systems that gather raw
manure plus straw bedding twice daily. The scid@en moves raw manure into a pit where a
piston pump transfers the manure through a buiigelipe approximately 50-100m to the
manure storage barn. The new site for Pleasaney&rms uses a skid-steer to twice daily
move manure to the storage pit. Any practical &goglant will need to be designed to work
with the existing solid manure collection systenorder to keep retrofit costs low. A liquid
manure system would require substantially diffexigéester designs.

It is most economical to use the existing manutkection system entirely unmodified. This
includes the scrape chain system, the piston panmgpossibly the pipe that carries the manure
to the storage building. The question is whetherdontents of the collection system are suitable
for digestion. Given that in both example dairgnia this is relatively fresh manure, a regular
amount of straw bedding, and perhaps a small anafuméater, this doesn’t seem to be a
problem. It is worth noting how well-matched agflow digester is to this type of system.

While other types of manure digesters can proviéatgr yield and shorter residence time, they
would all require significant changes to the marhaedling systems.

UPEI Department of Engineering 550 University Avenue  Charlottetown  PEI C1A 4P3

Page 18 of 55



Digester Tank and Heating System

Digesting this mixture of undiluted manure andwtculd be done effectively in a plug flow
rector tank. Plug flow systems are simple to hui#djuire no complex internal parts, and can
handle a widely varied mixture of manure and strdley typically operate at mesophilic
temperatures between 35-40C. The gas yield fr@setlype of digesters may not be as high as
more advanced digesters, but they are commonlyindadn installations. The retention time

is comparatively long, but given the simplicitytig flow digesters, this solution would be
suitable for on-farm operation with little attentirom the farmer. For a detailed description of
different digesters see Appendix A.

Rough sizing of the digester is accomplished bytiplying the volumetric flow rate of manure
by the desired substrate retention time. We hasaraed that 50 kg/cow-day as a reasonable
standard manure supply rate [9]. For a model BKimg cow dairy farm, this means a manure
rate of 3.1 mper day having a minimal component of straw begldin

The desired retention time is not absolute. & lance between yield and cost; both increase
with digester capacity, but at different rates.s&hon researched cases of mesophilic plug flow
digesters, 20 days is a good target; it seems tbebmost common design retention time for
plug flow digesters, including the Haubenschildedigr, and published operational retention
times seldom differ by more than a few days. [30] .

In both dairy farms we studied, the manure stokaglkling is a covered rectangular concrete
tank. Locating the digester inside or adjacenhé&oexisting manure storage structure makes use
of the existing manure pipe, reduces constructasts; and provides added thermal insulation
thanks to the enclosed roof. Using this 20-dag gaide, the approximate size of a digester tank
for our example farm would be 78nor  2.5m wide by 2m deep by 15 m long (or 8idevby

7ft deep by 50 feet long). A tank of this sizelddoe accommodated inside of one of the
existing manure storage barns on either SandyRae éiaPleasant Valley Farms with room to
spare.

Manure composition and co-substrate content cangghthe optimum retention time. The
optimum retention time is influenced by organicdmey rate, measured as the rate of volatile
solids added to the digester per unit of digesapacity. For pure cow manure the
recommended loading rate is 2.5-3.5 kg VS/m3-dalyweith the addition of co-substrates it is 5-
7 kg VS/m3-day [3]. Careful consideration shouddgiven to the future plans of the farm in
guestion when deciding on digester capacity.
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Significant Challenges:
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In order for the digester to operate properlys issential that the temperature be kept carefully
controlled. Itis a living system, and extremesemhperature will harm, or kill the bacterial
population which does the work of digesting organi@he standard for heating the digester is to
use heat recovered from the genset. Heat carcbeaed from the cooling jacket water and
also from the exhaust gas through a heat exchamh methods are used in systems on large
dairy farms.[37][38] There are few published detaVailable from cases on this. Also, most of
the farm digesters are located in warmer climdtaa PEI. The digester bottom, walls and top
will need to be insulated to prevent heat loss.

Manure, by the time it is collected by a scrapextisgistem has cooled to ambient temperature
of the barn. Heating the influent to digestion pemature (~35°C) before it enters the digestion
tank is one of the largest heat demands, with thietenance of temperature through the rest of a
well-insulated digester as a smaller demand. dfahly source of heat is from the cooling jacket
of an engine, the adequate temperature controb&ilh problem. To supply the heat required to
maintain the overall digester temperature, it ig/Vi&ely that cooling jacket heat alone will not
suffice. Thus, the exhaust gas heat from theegeaswell as the cooling jacket water will be
required to keep the digester at the proper tenyera

Theoretical calculations (Appendix C) for heat dachéo maintain the digester temperatures
yield a heat loss from the digester of 3kW of heditile the demand to pre-heat the inflow
manure will be approximately 4kW of heat. A 10k@énerator could supply this amount of
waste heat if running continuously.

Cooling jacket heat from an engine is easily rectd by simply routing the cooling water
through pipes in the digester tank walls. Reclagnwvaste exhaust gas heat is more difficult.
The heat exchangers required to reclaim heat freexhaust face highly corrosive conditions.
H,S condensation inside the exchanger can resuieiformation of sulfuric acid on the
exchanger walls. There may be an opportunity éaus/thing from a simple water-jacket
exhaust pipe to a small wet-muffler for direct @mtbetween exhaust gas and water. This
system could be in series with the cooling jackater, or in some cases it may need to be a
separate fluid loop. The design of the best alterador the heating system will require
dedicated effort, but there are a number of siroplens that are possible.

During digester startup, on very cold days, ohia ¢tase of problems, a backup heating system
capable of warming the digester to a suitable teatpee will be required. Such a system would
be in series with the regular heating loop. Theliog jacket loop would also need to run

through a radiator before returning to the enginertsure the engine is adequately cooled during
warm months.
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Significant Challenges:
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Biogas Cleaning and Combustion

Given that the largest and most costly non-trartsprogrgy uses on dairy farms are electrical,
running a biogas genset to create electricityesniost attractive option. It is one of the more
cost-effective choices, as mentioned earlier reqmiittle to no gas cleaning before combustion.
There is also more experience with using biogasefsnfrom our literature research, the
majority of existing farm biogas plants are destjfer this type of use.

As it is produced, biogas will build up under tlower of the digester. With an inflatable cover,
there is potential for a small amount of biogasagie — something like 5 hours of retention time.
This would hopefully provide enough capacitancéhmsystem for a smooth biogas supply. A
pipe under the digester cover would the biogas aviBgcause the biogas is originally nearly
saturated with water vapor (up to 50mg/L), condgasawill occur as it flows through the pipe
and cools. [39] A condensation trap to collec thould be important to avoid the formation of
sulfuric acid inside the pipes.

Treatment of the biogas for further moisture renhoidaS removal, or C@removal seems to be
unnecessary as far as genset operation is concefitesdmajority of case studies make no
mention of gas treatment, and according to [40]ifrextiCaterpillar and Waukesha diesel
gensets are known to handle unfiltered biogas witpooblems if engine maintenance such as
oil changes are done at frequent intervals.

A pressure relief valve is required along the bgogapply pipe relieve pressure if any problem
occurs with the combustion equipment, or if theieageeds to be shut down for any reason.
This valve would ideally lead to a self ignitingufé. This seems to be a standard feature on
large biogas systems, but the size of the systésuoagbed in this report may be sufficiently
small that a flare is not required in all casebe Tow methane concentration, high moisture and
low flow rates may make the use of a simple veatlsall that is required. Local fire regulations
and provincial environmental policy will govern fué installations.

Significant Challenges:

$
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Electricity Generation and Distribution

An engine/generator running on biogas could be eegeto convert around 20% of the heating
value of the fuel into electrical power. For trdume of biogas that can be produced on a
small farm, there may be enough electrical enesmerated to supply the farm average
electrical demand. In theory, this could allow themer to operate off the grid, but the trade-off
between equipment costs to supply peak electrimalashd versus the cost of equipment to
supply only the average load is significant.

There are fundamentally two choices for system. sidee first choice might supply a peak
demand through the day for activities such as mgkfeeding and cleaning twice per day. Dairy
farms have very large cyclic demands for elecirithiat has been reported in the literature [36,
41]. For the farms studied in this project, a-160kW system would be needed, depending on
the timing of different loads for cattle feedingdamilking. A system in which the genset is
matched to the farm’s peak power demand and opktateoincide with those peaks will require
significant biogas storage to satisfy the demarakpe Such a system could supply the farm’s
power and sell excess back to the grid during tioidsw demand, or simply store gas onsite
until peak load. A system could provide potengigictrical self-sufficiency. However, the
greater capacity and need for gas storage wouldh taeger capital costs, and the intermittent
operation could increase system monitoring, coranal safety requirements. This option would
also require that a supply contract with the eleatwtility be negotiated if there were any
surplus electricity to be sold to the grid. Thgulations currently have a break point for energy
producers at 100kWe. Producers larger than thig$ tian sell electricity to the grid at a
wholesale rate, currently 7.75c/kWh. Smaller pomata fall under the net-metering regulations
that effectively pays the retail market rate of @pmmately 12-15c/kWh, but the utility is not
required to purchase more than the customer uestieely allowing the farmer to, at best,

zero their bill on a monthly basis, but not be daidnet positive power generation.

The second option would be a constant-output sysiestich the generator is matched to the
average biogas output of the digester and opecatgsuously; feeding all produced electricity
to the electrical grid at a steady rate. It isama@nt to know that an engine’s capacity when on
biogas can be 20% less than its rating due tootlverl energy fuel [40]. Thus, for a typical 60-
cow dairy farm, a system based on a generator snthin 20kWe rating would be appropriate.
The capacitance provided by the digester cover avbalall the storage required. Such a system
would deliver power at a consistent rate and woetpiire that a contract with the electrical

utility be negotiated with a separate demand-miastalled by the utility. The billing would be
based on the net difference between the two meteessmonthly-average basis, according to
current regulations, making the electricity genedlaworth the retail rate of 12-15c/kWh.

Advantages of this second option are minimal systests and minimal complexity of the
biogas system and generator; the equipment cagmeitid capital cost will be as small as

possible and the operation will be constant, essdgngetting as much energy as possible out of
the investment. However, the peak energy dematigediarm would be essentially unchanged,
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and the electrical feed to the farm would be ong-fkam the grid. The biogas system would
have its own separate hook-up to the grid withntertie to the farm load. This is the energy use
selected by the majority of North American farmesiters. This means there is a considerable
amount of experience with this method, so it shdwalde the lowest risks, as well as the lowest
capital costs.

Regardless of which alternative is chosen, thetet hookup would necessitate appropriate
safety and isolation breakers as dictated by thettal utility. In a meeting with Maritime
electric staff in December 2008, we were told thatutility currently has no firm rules for such
hookups, and that the net-supply meter to moniterféed from the farm system would be
supplied by the utility. It was their opinion thather than routine switch gear for disconnects
and fuse protection, there were no additional mregoents.

Significant Challenges:
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Digestate Storage and Field Application

Storage of the digestate could likely be providgdh® remaining space in the tank on the
example farms. For a 6-month-capacity tank, a filug digester should only take up 12% of

the existing volume in the covered manure storageificluding space required for walls, etc.).
The solid digestate will be reduced in volume fritva original manure source by as much as
80%, with much of the lost volume in the form @juid digestate. The liquid can be separated
from the digestate solids using the same settlitsgip the current manure storage tanks, and this
liquid digestate can be applied to the fields. igh#icant advantage will be a reduction in smell
from the typical liquid manure spreading. The daligestate would be stored and applied to
fields or further composted for bedding after passirying.

In this situation, the digestate requires no trarsgpion, it goes directly from the digester to the
adjacent storage space. Several farm digesténg idS are enclosed by purpose-built buildings
or in at least one case a greenhouse, but thacensention of digesters built inside pre-existing
manure tanks[30]. The practicality of re-use fag existing manure storage in a digester/
digestate storage application would need to bestinyated further.

Significant Challenges:
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Process Monitoring, Control and Safety Systems

Control of the biogas system can be divided inte Bections: influent, digester, heating,
generator and electrical hookup. Each of theseesyswill need some form of monitoring and
control.

The existing method for controlling the manure ection should suffice to control the influent
entering the digester. The scrape chains aredwnend off by the farmer before milking and
the manure pump will be activated until the manarie milking barn pit is emptied. The
existing systems tend to collect and transportbhaure twice daily, which should be fine for
the digester. Potential difficulty could arise¢ht digester was full, and unable to handle thie ful
manure load, or if co-substrates are added sepafadm this main manure supply. Aside from
some indicator of the level of the manure in thgedter, the pre-existing standard manure
collection system would require no modification.

Control of the digester will be an important systevdhen manure is pumped from the barn to
the digester, it could, in the simplest systemdigectly into the digester. Unfortunately, this
new manure will be too cold to digest, so it widlad to be heated. This would be ideally
accomplished by including the maximum number otingacoils at the inlet stage of the
digester. A temperature sensor would be necessdlinys inlet stage of the digester, as would
some form of level indication, either electronicnoechanical.

In order to operate effectively, the digester terapge needs to be held at the desired
temperature with as little variability as possifteally, within a few degrees C). The main body
of the digester will need temperature sensors\agraépoints to operate efficiently. It will have
heating coils that these temperature sensors ¢matacthrough either solenoid valves in the
waste heat line of the generator, or, in the caAsgsiem startup, relays to activate electrical
water heaters. While there are many other fathans temperature that impact the biogas
digestion process (See Appendix A), none of theofaare practical to include in a
measurement/control system for a small scale plant.

The heating control system will be crucial. Itvas two functions: maintaining the digester
temperature, and regulating the engine/generatgpdeature. For the cooling jacket heating
loop, the engine water pump will circulate the @ogljacket fluid continuously. The control
system will operate a thermo-valve to regulatefling through the digester heater, or a radiator
connected in parallel to augment the engine cooligimilar system would be used for the
exhaust gas heating loop. If the digester requimede heat than could be provided by both
loops combined, the backup systems in either dr lmatps would be engaged.

The generator system would manage the power oafgbe generator and the rate of biogas

use. The main goal would be to run the gensetait pfficiency given the limits of the biogas
supply. A pressure sensor would indicate the amofbiogas in the system and the system
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would control the throttle of the genset. If thedas pressure dropped below a certain threshold,
the genset would need to be throttled back or sfiuintil the biogas supply regenerated. The
system would require an indication of the gas pnesand state of electrical output for the

farmer.

A decision would have to be made whether to rurggeset at a continuous rate matched to the
available biogas supply, or run it at its peakoséincy with occasional shut downs to allow the
biogas supply to regenerate. In either case, exmegas would need to be flared or vented,
depending upon local fire and safety regulations.

The electrical hookup to the grid will require awertie that can match the generator output to
the correct voltage and phase of the system. Mdmmaakers, and safety dropout breakers
would also be required. Similar equipment is usethiany photo-voltaic installations that have
a grid interconnect. There are numerous neweryatschvailable that are capable of handling
the size of supply that this system would prodbetween 10-20kWe. Larger systems than
100kW will require extensive safety and dropoutt@ction.

Significant Challenges:
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Notes on Cost and Payback

The simplest way to estimate system cost for aldarah biogas system based on existing North
American installations is to scale down the costai@er cow basis. There are several published
estimates of this per-cow cost. They range fro20®Icow down to $550/cow for the
Haubenschild digester.[29, 42] The largest probhath this approach is that we know per-cow
costs increase with smaller scales. If we usédidje end of this estimate without further

analysis, then we could predict a system capitstl fay a 60-cow milking barn of 60,000%.

Without a detailed design of the system, an acewast estimate can’t be reliably made.
However, if we start from the recognition of whaght be a reasonable target cost for the
complete system, we can make some general tagdtew to break down the total system:

/****

The goal for a biogas system is to provide the &uwith an acceptable payback on investment
while improving the environmental footprint of faimy. Given reasonable operation of a biogas
plant for 60 cows, the owner could generate anaaeeof 10-15kW (a very conservative
estimate) 24 hours per day, 365 days per year.tdthkenergy generated and supplied to the
grid per year would thus be 87,600-130,000kWh pary At a retail rate of 12c/kWh, this

would save the cost of 10,500-15,700% of elecyrititough the year.

The biggest problem with the above is that it isshudependent upon the individual farm
electricity usage. The payback will be only edwathe total electrical utility bill per year, dset
maximum under the current legislation. Thus, thigyiof on-farm biogas depends upon
electrical net-billing policy.

In the case of one of our example farms, the ojmgrabnsumes over 100,000kWh per year. In

this case, a 70,000$ investment in biogas coulteaela simple payback on capital investment
in less than 6 years.
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V. Conclusion

Conventional wisdom in the agricultural industryhat biogas production from dairy farms
smaller than 60 milking cows, or equivalent numldrseef cattle in a barn are not practical.
Meanwhile, tiny biogas production systems openat@any countries of the world on waste
from a subsistence farm including a single cow plimusehold of 4 or more people. There is
clearly a huge disconnect between our industridlemgricultural wisdom and experience in other
countries.

Commercial manufacturers have been installing syste Canada and the United States for on-
farm biogas that handle manure, but augment it avglibstantial amount of non-manure
additional materials. Doing so allows a large dtgm system, permitting economies of scale.
Such systems can continuously fuel electrical geoes larger than several hundred kW.

This report has looked at issues around the imphgien of biogas on a typical livestock farm
on PEI, whether for dairy or beef cattle. Theraagechnical limitation, nor regulatory one for
the establishment of a small on-farm digester whkmlld generate sufficient electricity to more
than supply the farm’s average electrical needse t€chnical challenge in building a small
biogas plant will be in finding suitable small-siaed price components for such system that can
be accommodated in a reasonable capital budget.
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Appendix A: Anaerobic Digestion

Anaerobic digestion is a multi-step process in Widdferent bacterial populations
decompose different substances.

The first step in the anaerobic digestion of a & is hydrolysis — enzymes from
certain bacteria break down large organic polynrgssmaller more usable substances.
In the next steps, acidogenesis and acetogenesisyanomers created by hydrolysis are
converted into volatile fatty acids, ammonia, hygio, carbon-dioxide, and acetic acid.
Finally, in methanogenesis, methane-forming baatesnsume the volatile fatty acids
and especially acetic acid, and give off methand @arbon-dioxide and water). [4]

The methanogens (methane-forming bacteria) arentig sensitive / slowest-growing
bacteria population involved in the process. Midghe concerns with feedstock
properties are aimed at supporting the methanogens.

Effects of Time and Temperature
There are many variables that effect the anaedib&stion and production of biogas, but
two stand out as the most essential: digestion &intetemperature. The time duration
for which a substrate is inside the digester ikedahe hydraulic retention time (HRT).
The longer it is, the more digestion will occur @hd more biogas will be produced,
although this eventually levels off. If the tingetoo short, there will be insufficient time
for the bacteria to keep up with the amount of salbes coming in, and very little biogas
will be produced. The optimum HRT for most digesyges is generally between 15 to
30 days.

Temperature is probably the most important enviremtal variable. Both biogas
production and bacteria growth rates tend to irsgesith temperature. There are three
temperature regimes that are considered optimal:

. Passive / Psychrophilic: This is an unheatgeéstier. The temperature is at or
slightly above ambient temperature.

. Mesophilic: Temperatures of 35-40°C providergased conversion efficiencies
and speeds over passive digesters. This is theaowsnon for farm-scale digesters.
Some degree of pathogen sterilization is pres@wlor reduction is maximized.

. Thermophilic: Temperatures of 45-55°C. Thightar temperature
approximately doubles the biogas production ratepared to mesophilic temperatures.
There is better sterilization of pathogens overaphsic, but the effluent has a
significant odour not present with mesophilic diges.[4, 20]
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The mesophilic and thermophilic temperatures réeflegximums of different methane-
producing bacteria. For that reason operatingtatrgoerature in between is not
advisable. However, It is possible for digesterbé switched between mesophilic and
thermophilic operation as long as the transitioppeas slowly enough for the required
bacteria populations to grow. [3]

The methanogens need a pH range of 6.8-8.5. [#] nf&in danger is the pH falling
beneath 6.8. Acetate and fatty acids producekaritst phases of digestion (and
consumed by the methanogens) act to lower theRiearbonate from dissolved CO2
acts as a buffer that resists this. There arent@thods to raise the pH:

1. Stop the influent — this stops further acid andtate production by the acidogens
and acetogens, while allowing the methanogensrtrage digesting these pH-lowering
substances.

2. Add an alkaline substance to raise the pH withderrupting digestion. Lime
and soda ash are both options. Lime leaves agitael but soda ash is more expensive.

It is unclear whether a low pH is a result or aseaaf methanogen problems. [4]

Nutrients
Maintaining enough nutrients in the feedstock isusually an issue; manure generally
has all the nutrients needed by the bacteria. T balance of nutrients is generally
more important and requires management for optirbiogas production.

C:N:P
One key balance is the carbon to nitrogen ratidlOA to 23:1 ratio is often cited as
optimal for bacteria digestion. Higher nitrogemdks result in raised ammonia levels,
which help maintain a higher pH but inhibit methameduction at higher levels.
Ammonia concentration should generally be keptweé0ppm. [4] Anhydrous
ammonia (NH3) rather than ammonium (NH4+) seentsetoesponsible for inhibiting
methanogenesis. pH (which changes the balanceebetiWH3 and NH4+) is significant
in the degree of inhibition. A maximum NH3 congatibn of 0.7g/L was found to apply
for thermophilic digestion. [3] As-excreted maauypically has a C/N ratio of 10. [9]
Cow dung has a C/N ratio of 25, higher than thavahe and poultry. [4] The carbon to
nitrogen ratio should always be kept below 43. ifiry, the carbon to phosphorous
ratio should be below 187. [9]

F/M ratio and Loading

The food to microorganism ratio is a key factodigester performance. It is controlled
by changing the loading of the digester (i.e. houcimfood is added). Loading is
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measured as the mass of volatile solids addedgyedigided by the digester volume. [9]
Lower ratios (more microorganisms) result in mairéhe influent being converted to
biogas. Higher ratios result in reduced conversiigiency of the volatile solids to
biogas. [9] At the same time however, higher satesult in higher methane outputs for
a given digester size. [43] Higher loadings cao @hcrease the temperature variation
tolerances of the bacteria. [4]

Digestion Control
As methane formation is the most sensitive stefpigastion, control processes aim to
prevent inhibition of methanogenesis.

The important parameters (other than temperatuost commonly measured in a
digester are pH, biogas composition, and volasitg/facid concentration. pH can
indicate when a serious problem is occurring, lmadalise the substrate is so highly-
buffered, serious imbalances can occur withougaifitant change in pH. Similarly,
biogas composition indicates when inhibition isweing, but the response is too slow to
indicate issues before they become serious probl&is

The concentration of volatile fatty acids (VFAs{licates the balance between acidogens
and methanogens because VFAs are an intermedataqir When methane production
is inhibited, the methanogens consume less of th&sycausing the pH to drop, which
further inhibits methane production.

Measuring specific VFAs can give an indicationlod stability of the digestion.
Unfortunately, even the VFA measurement is notaasjye enough to help avoid system
failures. [4]

Productivity
The amount of volatile solids in the substratecdatis the potential for biogas creation.
Not all volatile solids are digestible however.rtiRalate solid matter (much of which
may be filtered out before digestion in non-plugifldigesters) contains the higher
portion of indigestible volatile solids. This meathat filtered influent will have a higher
conversion or treatment efficiency than unfiltenefluent. [43] It is important to note
that this efficiency is measured as the percentdgelatile solids inside the digester
converted to biogas. It is efficiency based orct@aoad, not the total available
biomass, because some has been removed from #sidigstream. Fifty percent
conversion is a reasonable average value.[9] ré&thection of chemical oxygen demand
is directly linked to methane production. 0.35 ai3nethane (equivalent heating value
of 12 000 BTU) is created for every kg of COD deg#d.[43]
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Methane vyield is a per-unit measure of methaneumrtieh. Theoretical yield (BU), as
the name suggests, is a calculated value basdteaomplete conversion of organic
matter to methane. Itis measured in L CH4 / kgi®&&S (Theoretically, all the VS are
destroyed, so it could be per VS loaded, but usides allows the number to be applied
to actual systems where the VS reduction can beuned.) Ultimate yield (BO) is
measured per VS loaded, and it is an experimeesaltrbased on how much methane is
produced if retention time is essentially infinitie.is often measured in L CH4 / kg
VSload. The proportion of VS consumed in a diges({the treatment efficiency or
biodegradability) can be practically found by divigl BO by BU. [24]

Manure Handling Systems and Total Solids Levels
The concentration of solids in the manure is tlagnnariterion for digester selection.
The total solids (TS) level reflects the liquiddfthe mixture, as well as the
concentration of organic matter available for digggs These parameters determine the
size and type of digester that can be used.

As-excreted manure generally represents the higiodigs concentrations available to a
manure digester. Manure from dairy cows has aeV8l lof around 12%. Such solids
levels would be seen by a digester if a scrapesystas used to move the manure,
providing no water was added. A scrape systemlgisgrapes the manure into a sump
from which it is then moved into the digester sgs{@] If some water is added to the
manure but a scrape system is still used, the iigesght see TS levels of 5-10%.[31]
In pit recharge or pull-plug systems, the manumdiliged to less than 3% TS. In a flush
system where the water flows down the manure chanifie solids concentration is
reduced to less than 2% TS. [31]

Digester Types
There are many types of anaerobic digesters. dllening are the basic types
applicable for small farm use.

Covered Lagoon

Covered lagoon digesters can are formed by covariagoon with either a flexible
cover spanning the entire lagoon or smaller modidating covers. The covers contain
and pipe away the generated biogas. Advantagie dhgoon digester are low cost,
minimal installation effort, and the flexibility pvided by modular covers.

Lagoon digesters are suited for flush manure systesithey need influents with 0.5% to
3% TS. [44] Lagoons operate in the passive / psyatiilic temperature range and have
retention times of at least 30 days, due to théecdemperatures and relatively
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uncontrolled environment. Lagoons can produceuldgébgas in warm regions, but in
cooler climates (such as Canada, according to Ag9Te intermittent biogas
production is only suitable for flaring. [31][45]

Plug Flow

Plug flow digesters are relatively simple. Thdueht enters at one end, and as the
biomass flows through the digester, effluent isn@asout the other end. The main
requirement for plug flow digesters is that thdugaht has the necessary level of solids
(10-13% TS) to flow through the reactor tank asugprather than mixing or stratifying
and settling. [46] Only scrape systems for daegflimeet this criterion, pig manure
cannot normally give the required solids levelowdver, there is a possibility of
increasing the solids content by adding straw, megettc. Sun drying is not
recommended due to decomposition of volatile solf8is]

The simplicity of the plug flow idea has made tiyeet popular on two very different
scales: large cattle farms and individual househwoidleveloping countries. In the case
of large farms, the digesters take the form ofaegtlar in-ground covered concrete
tanks with capacities in the range of hundred$iofisands of gallons. [47] For
individual families mostly in regions in Africa amsia, —the digesters are inflated tubes
of flexible polyethylene bag material with capaestiusually less than 10m3. [48]

Farm-scale plug flow digesters have standard retetimes of 15-30 days and operate
in either mesophilic or thermophilic temperatureges. [33, 45] Family-sized units are
unheated (psychrophilic), with consequently longgention times of 20 to 60 days. [4]

Modified, or ‘slurry loop,’ plug flow digesters adkstinguished by a central dividing
wall and U-shaped manure flow as viewed from aboanure enters and exits at the
same side of the digestion tank. In addition wvaing a more compact layout, it was
thought that this design would allow separatiotheftwo main bacterial activities,
acidogenesis and methanogenesis, into the two sfdls tank. [49] A comparison of a
conventional and a modified plug flow digester daded that differences in
performance were most likely due to influent diffleces, and that the ‘modification’
makes little difference to a digester’s performariga]

Complete Mix

Complete mix digesters usually use a cylindricatter vessel and feature a mixing
device that continually stirs the contents so #adling cannot occur. Gas is collected
under a fixed or floating top. Digesters in thagegory can handle influents with a wide
range of solids content from 3% to 10% TS. [45] Thiging action does consume
energy. Complete mix digesters have the advardhgeing a proven technology with
reasonable conversion efficiencies and shortentietetimes than plug flow and covered
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lagoon digesters. [9] Hydraulic retention times 40-20 days. The tanks can be kept at
either mesophilic or thermophilic temperatures] [45

Fixed Film

The above digester types have the same charactefisinseparated output in which the
effluent discharge has the same concentrationgeagthing in the reactor tank. This
means some of the bacteria population is beingruaaity flushed out, requiring an
equivalent level of bacteria growth at the influent to maintain steady-state conditions.
Because methane-forming bacteria are slow to gfos/Jimits the overall methanogen
population in the digester. A minimum HRT is alsgposed because enough time must
be left for the bacteria population to regrow beftive biomass leaves the system.

Fixed film digesters remedy this by providing agfixkmedium inside the reactor for the
bacteria to grow on and adhere to. The mediumgenshglastic or some other inert
material, is arranged to have maximum surface afé. bacteria adhere to the medium
and form a layer covering its surface(s) — heneentime ‘fixed film.” Because of the
packed nature of such a reactor vessel, solidsimfluent could easily cause clogging
and shutdown the reactor. Fixed film reactors medfiltering out of solids and dilution

so that total solid levels in the influent are ldssn 1%. Dilution generally means larger
reactor tanks are needed. However, because theriaastay inside the reactor and aren’t
flushed out, the HRT for a fixed film digester is @mazing 3-4 days. The short HRT in
turn means that the reactor vessel can be muchesrtten the equivalent complete mix
or plug flow reactor. Fixed film reactors are aged in the mesophilic or thermophilic
temperature ranges. Because of the extremely dtidsdevels, external heat exchangers
can be used. [50]

The most common layout for a fixed film reactoaisgertical cylindrical tank with arrays
of 3” or 4” corrugated polyethylene drainage pipe&aaged vertically as the medium.

The contents flow parallel to the pipes. [43, 5Blow direction is usually upward, but a
reactor at the University of Florida allows easytshing between upward and downward
flow. [32]

Upflow Anaerobic Sludge Blanket

The UASB reactor retains the bacteria by simpl#isgtaction. It uses a tall cylindrical
vessel with an inverted cone on the top leading iné gas outlet. The cone encourages
settling of the solids. Over time a layer of sladijing roughly half the volume of the
vessel forms on the bottom. The substrate entéhe dottom and flows out the top.
UASB reactors are very effective converters buncamandle particulate/insoluble
feedstocks, making them incompatible with manudg. |
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Contact reactor

Another way to solve the problem of escaping b&isrthe contact digester. The
contact system uses a digester tank similar targteie mix reactor, but the solids in the
effluent are piped back into the influent enteriihg digester tank. This means (1) the
bacteria tends to stay in the reactor rather timaplg being pumped out, and (2) the solid
matter goes through the reactor several timed)adlie solids retention time (SRT) ends
up being several times the hydraulic retention t{fBT). [9] This increases the
methane yield from a given feedstock.

Acid Phased Reactor

This reactor type splits the digestion into twokigrthe first for acid formation and the
second for methane formation. Methane-formingdyaeiare slower to grow than the
other bacterial populations, so whereas a single taquires a large volume to allow the
methanogens to regenerate, the phased approaats alleeduced size for the first tank.

[9]

Temperature Phased Reactor

This reactor arrangement consists of a thermoptahctor followed by a mesophilic reactor.
The first reactor destroys the pathogens and napidests part of the feedstock, while the
second reactor deals with the odour in the firatter's effluent and further digests the material.

[9].
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Appendix B: Site Visit Data
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Farm: Sandy Rae Farm, Brooklyn — Dannie MacKinnon
Date: June 12, 2008

Animals: 130-140 Dairy

Report by: Matthew Hall

Available
manure

130-140 cows total

70 milking at a given time (or 65??7)

10 ‘resting’
Others in pasture
Ensiled grass Meal mixture Hay
51 kg/cow-day 10kg/cow-day 4 bales/day
=277

Best harvested just before it  Mixture of barley, wheat corn,
heads roll roasted beans, protein

After 3 days in silo, pH supplement
drops to <5 17.5% protein

Mixture of grasses (incl.
Timothy) and alfalfa (to be
changed to clover?)

17% protein
Waste silage from barn is given to heifers and dry cows, applied to field???

Each silo holds 90 tons, which feeds milkers for 90 days

70 milking cows in barn full time — 100% of manure goes to handling system
10 milkers + the remaining cows (heifers):
summer: in pasture — manure is distributed on fields

winter: in building — manure builds up under foot and is periodically
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Bedding &
others

removed an put into piles on fields for future spreading

Wheat straw
360Ib/day

Goes into manure handling system, which operates twice per day

%
!

Manure
Handling
&

)

Manure, straw bedding
175 ft*/day
TS unknown

Water inputs: small drinking spills and occasional pipe-washing water

H* &

~12 hrs

Twice per day

Trench running behind cows contains ~1 ft wide belt/chain apparatus that
pulls waste into sump pit

18" piston pumps waste out of sump into pipe
Waste travels through 110 ft of 2 ft dia. Pipe into storage tank
$120 000 system??? System is very well suited to high-solids waste

Would probably be costly to change collection system

Chain is powered by 7.5 hp motor

UPEI Department of Engineering
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$ Storage tanks is rectangular concrete with tension fabric roof
Rectangular: 88’ long x 50’ wide x 8’ high walls
Fills 90% in 6 months
$ Emptied every spring and fall
Liquid portion is pumped out and applied to field

Solid portion is removed with front end loader and spread on field

Digestate
Yes, it would seem so
rol
| *
., H#Ho. Silage crops are fertilized entirely be dairy waste
Heating
( Wood Furnace
Outdoor wood furnace heats barn, main house, and preheats hot water for
both.
| # Preheats barn water to 160F
- 20 cords wood / year
, new
Heating
( Propane water heater
Inside milk / control room
Boosts water temperature for pipe cleaning system
| # 284 L, $125/6 wks

UPEI Department of Engineering 550 University Avenue  Charlottetown  PEI C1A 4P3

Page 45 of 55



(John Wood model JWS75-175P cat no. G7511)

Heating
( Electrical
Boosts hot water for main house and does all heating for Mother’s house

| #

Refrigeratio

n
( 2 x 4hp compressors runs refrigeration system
MILK PROCESS: 2000L/day milk comes at 90F, runs th rough heat
exchanger with drinking water and is cooled to 60-65F, runs through
refrigeration system and is chilled to 37F, enters 7700L milk tank
| #
Electrical
$) 300kWh/day
0 ! All electrical heating applications, milk chiller system
!
Vehicle fuel
1 ) JD 6430 JD JD 5425 Ford '83
6420 5610 Chev
Kodia
c
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(3208

cat
engin
e)
new 3 new 1984
years
Tractors are leased every 3 years???
500-600hrs 500-  500-600hrs 200hr 1000k
600hr S m

S

' # To be found

/] + #
2 # #
! !
& I 3 1 4
5 6
# * 71 I ! ! *
!
8 #
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Farm: Ryan Weeks, (current farm)
Date: June 27, 2008

Animals: Dairy

Report by: Matthew Hall

Available
manure
1,
9 3 ] | 4
I # 3# 4
( ) #H#
# | 1 |

) < !
#

1 6 : ] |

1 6 *%kk

|
8 ! =7+ #
I #
| #

#
)

> ?) 7

Bedding &
others
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Handling
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$ 0 #
% #
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T+ # #
# 3 A B 4
$ # # o A #
= # # #!
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Digestate
&# | *kk
Lo
1 *
, #
Heating
( ! !
#
, !
> 6
' %# . B
| #
- # # C)!
: $
3 ! # <<<4
Heating
( - #
D(
% %9
| # =
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Vehicle fuel
1 ) ""H1 7
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Farm: Ryan Weeks (old pig farm, not yet operatipnal
Date: 27, 2008

Animals: Dairy

Report by: Matthew Hall

= < ) ! # #
#
( #
& # #
% |
D # !
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