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PROJECT SUMMARY

Energy is a high cost, imported commodity to most communities. Biogas digester
systems, which take organic material into artigint tank, where microbes break down the
material under anaerobic conditions and release meti@nbiogas, may offer an altnative
energy solution. Biogas can be burned as a fuel for cooking, heating, generating electricity and
powering lights; and the liquid effluent can be used as organic compost. Whilessaiell
biogas digesters are being used by thousands of househbid&, Egypt, Costa Rica, and
other warraclimate countries, seasonal limitation to biogas production is experienced in colder
climates due to the shdbwn of mesophilic (warm loving) microbial communities in winter.
This project set out to improve tlefficiency of biogas digesters under cold climate regimes by
inoculating digesters with activeaethaneproducing psychrophiles (coldlerant microbes)
readily available in Alaskan thermokarst (thawing permafrost) lake mud and the natural mud in
ecosystemsf other regions characterized by seasonally cold temperatures. Psychrophilic
methanogens, despite a temperature optimum of 25°C, still actively produce methaioeiryear
at temperatures as low as 0°C in Alaska, unlike conventional microbes.


https://www.facebook.com/pages/Onkosel-Biyoteknoloji/705492872801362?ref=br_rs
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The objeawes of this project were to:

0 Improve the efficiency of existing smaltale methane biogas digesters, including by
using coldadapted microbes to increase es&hson biogas production
Produce a renewable and alternative fuel
Reduce the release of harmfiieenhouse gasses
Implement dwellingsize and communitgcale applications to evaluate their acceptance
and sustainability for widespread application in the United States, Germany, Egypt, and
other locations
Test the technology to help fight deforestaitioi\frica by using biogas to replace
firewood

O« O« O«

O«

This project was carried out in three phases. Phase | and Il were accomplished through
collaboration with a Denali Emerging Energy Technology Grant obtained by Pl K. Walter
Anthony; results were previouslyperted to the Denali Commission Alaska. In Phase |, we used
an experimental approach to compare biogas production rates from psychrophilic (lake mud) vs.
mesophilic (manure) microbial consortia in six small, 20d@busehold scale digesters under
two relatvely cold temperature regimes @5and 2%C) in Cordova, Alaska. Phase Il research
focused on the utilization (the capture, compression, analysis and usage) of biogas produced
during the project and assessment of this technology for widesgpphdation in coleclimate
boreal and arctic communities. Phase Ill involved implementing knowledge gained from
experiments in Alaska in other regions of the world where utilization ofaxdghted microbes
could improve biogas efficiency during cold seas.

In Phase I, we found that digesters containing psychrophiles were more robust to
temperature and pH fluctuations. Among our experimental digesters, tanks containing
psychrophilerich lake mud produced more biogas (275 + 82 L gasrant standard
deviation) than tanks inoculated with only mesophith manure (173 + 82 L gas’)yj however,
digester temperature appeared to be the overarching control over biogas production among all
tanks. Extrapolating the linear relationship between biogas piodwstd mean digester
temperature observed among our study tanks [Production (L'yas3#.35*TemperaturexC )-

432] to the temperatures typically used for biogas production in warmer climaté@x@5 it is
possible that our digesters would havedourmed 776040 L gas d, a rate similar to that reported
for warm climate digesters. Without knowing the temperature response from the microbial
communities in our specific digesters, it is not possible to extrapolate these results with a high
level of cetainty; however, we can conclude that psychrophde lake mud is a viable source

of microbialinoculumsfor producing biogas at cold temperatures, albeit at on¥yG?8 of rates
typical of warmer temperature regimes. Other benefits of the psychromhlake mud

digesters included reduction of foul odor and a source of nuti@mtliquid organic fertilizer

for growing plants.

Combining the observed biogas production rates with thetirmg mean methane
concentration of biogas collected from thgesters (~67% Clby volume), biogas had an
equivalent BTU rating of 3,956,270 BTU per digester per day (mean) and 12,750 BTU per
digester per day (maximum).

In Phase Il of the project, we designed and implemented a new gas collection system
suitablefor smallscale applications. The system, based on a telescoping holding tank principle,
is simple and easy to assemble in areas where elaborate mechanized storage and gas delivery
systems are not available. The gas was collected from the primary digestey the telescoping
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storage system and delivered for use in a variety of applications to demonstrate biogas utility as a
source of combustion fuel. The most notable demonstration projects included the use of biogas
as a cooking fuel with a cast iromgle-burner stove, powering of adycle lawn mower engine,
production of electricity using a converted gemsvered generator and use of digester effluent as
liquid fertilizer in a student greenhouse project.

A BenefitCost Analysis and Sensitivity Analiggo assess the economic feasibility of the
project showed that small scale biogas digesters are negftestive at the current prices of
displaced fuels and electricity in Alaska. While replication of the small, houssbale biogas
digester technolgy is unlikely in Alaska due to the heat and energy requirements of maintaining
digesters above freezing in winter, the time required for building and maintenance, and the
relatively low energy yield; this technology could be economically viable in reguith
different economies.

In Phase Il we implemented knowledge gained in Phases | and Il to help improve small
scale biogas digester efficiency in various other regions of the world where seasonally cold
temperatures challenge biogas production. Th&sp of the project involved strong
collaboration among the project participants and collaborators in the United States and other
countries (see Collaborators). This phase provided the opportunity for collaboration among
various National Geographic, Blatkee Ranch, and other national and international partners to
establish a foundation for climate friendigusehold and communiscale energy independence.
We observed in Phase Il that the benefits of biogas technology are global. The collection and
utilization of methane, one of the strongest greenhouse gases, prevents its release into the
atmosphere. Waste streams often present a liability to communities by filling landfills and posing
environmental hazards; however, biogas technology offers otheranseadte streams. The
overall impacts of biogas technology include protection of the environment and the potential for
reduced energy costs, even when implemented at small scales in some regions.

Keywords: Biogas, anaerobic digter, reactor, psychrophiles, mesophiles, methane,
methanogens, Alaska, cetdimate, thermokarst lakes.



1. Introduction
la) Background

Anaerobic digester technology has been in use for hundreds of years for the making of
high energy, methangch gas, known as biogas. Modern implementation of the technology is
wide-spread throughout urban and rural communities in India and China, witgiegefforts
in Africa and Europe gaining popularity in recent decades. The technology is based on the
biological production of methane Imacterial and archaean microbes, particulargthanogens,
which naturally break down organic feedstock to produnethane in anaerobic conditions
(without oxygen). This process can be observed in nature in bubbling methane seeps from lakes,
peat bogs, and other orgamich oxygen deficient environments (Walter et al., 2006).

The basic concept behind a biogas digieist to create an ideal environment for a
methanogenic microbial community, and then harvest the methane which it produces over time.
As the microbebs needs are minimal, a relatiwv
organic, watetogged, foa substrate, the anaerobic microbes produce methane which bubbles
out of the substrate into a collection vessel. This is opposed to aerobic microbes which consume
oxygen and produce carbon dioxide as a byproduct of respiration. By collecting the gasgs vent
from a biogas digester, useful work can be performed by diverting and combusting the gas in
variety of conventional gagowered devices.

Temperature is a major restricting factor in biogas technology (House, 1978, Massé et al.,
1997, Gerardi, 2003). @ditionally, ungulate manure containing mesophilic (wéowing)
microbes is used as a source of both methanogens and substrate. Each addition of manure to
anaerobic digesters simultaneously supplies microbes and organic material, allowing conversion
of organic matter to methaneh biogas. However, the metabolism of mesophiles slows or shuts
down at cold temperatures (usually below2ZRC). This requires that digesters employing
mesophilic microbes be stored indoors, heated, or retired in the cold.season

If solutions to this temperatutamitation were achieved, biogas technology could prove
an excellent alternative energy source for communities, especially those which face particularly
high fuel costs and have a high per capita energy consumptisrdrege¢o cold climates (EIA,

2011). It is already known that psychrophilic (cold tolerant) methanogens thrive in cold lake
bottom mud across Alaska and Siberia, producing methane year round. These microbes have
been shown to produce strong methane segpeimokarst (permafrost thaw) lakes even in the
middle of winter, at temperatures close to freezing (Walter et al., 2006, 2007). With this in
mind, this project set out to test the capacity of psychrophilic microbes collected from Alaskan
thermokarst laé& sediments and sediments from other natural ecosystems that experience
seasonally cold temperatures to improve biogas production in existingssral@ldigester
technology under cold temperatures.

In Phase |, we used an experimental approach to corbjggyas production rates
from psychrophilic vs. mesophilic microbial consortia in small, household scale digesters under
two relatively cold temperature regimes XCoand 2%C). Phase Il research focused on the
utilization (the capture, compression, anayad usage) of biogas produced during the project.
Phase Il implemented knowledge gained in Phases | and Il through improvements scateall
biogasdigestelin other regions of the world where seasonally cold temperatures challenge
digester efficieny.



1b) Project Goals and Hypotheses
The objectives of this project were to: improve the efficiency of existing methane biogas

digesters operating at cold temperatures by utilizing-ad&pted microbes from thermokarst

lake bottoms, produce a renewalhel @lternative fuel, reduce the release of harmful greenhouse
gasses, and implement dwellisge applications to evaluate their acceptance and sustainability
for wide spread application.

In experimental Phase |, we tested the following hypotheses:

H1: Biogas production will be greater at tepid (25 °C) temperature than at cold (15 °C)
temperature.

H2: At any given cold or tepid temperature, tanks inoculated withtotédant
microorganisms (psycrophiles) from thermokarst lakes will produce more lil@gas
tanks inoculated with wardoving microorganisms (mesophiles) in manure.

H3: Despite psycrophiles having an advantage over mesophiles at cold temperatures,
biogas production at cold temperatures-265°C) will not be as great as at warm
temperature§35-50°C).

Phase Il Objectives:
O1: Demonstrate the capture, storage and utilization of produced biogas to power
householescale appliances
02: Evaluate the technology with respect to the potential for its practical widespread
application in communities.

Phase IIl Objectives:

O1: Deploy temperature data loggers in sreadlle biogas digester systems in other
regions of the world to quantify daily and seasonal temperature fluctuations

02: Consult with national and international collaborators to help wepefficiency of
existing smaklscale biogas digesters

03: Utilize knowledge gained in Phase | and I, particularly thatadblpted microbes
collected from local naturacosystem sediments can be used to sustain biogas
production during cold seasons

O4: Establish a social network mstworkfor climate friendlyhousehold and community
scale energy independence through sisedle biogas utilization. See
https://www.facebook.com/groups/matiogens/

and http://solarcities.blogspot.com

2. Methods

Phase |

2a. Experimental design.Figure 1 shows the experimental design of the anaerobic digester
experiment conducted under the leadership of Pl Walter Anthony in Colag&ain Phase.l

Six 10006L Sorbitol HDPE containers (tanks), obtained from local Cordova fish processing
facilities, were converted into singtentinuous feednaerobic digestion reactors and inoculated
with methanogenic microbial cultures obtained from thermokarstdakiments in Fairbanks


https://www.facebook.com/groups/methanogens/

(psychrophiles) and manure from Northern Lights dairy farm in Delta Junction (mesophiles).
The reactors were placed inside of afd@t Conex, which we lined with-20 Owens Corning
foam board insulation. We built a wall with acilan the middle of the Conex to create two
separate rooms. Three tanks were placed in each of the two rooms that were maintained at
approximately 15AC (cold) and 25AC (tepid).
since numerous other studies éahown that warAoving mesophiles prefer temperatures
closer to 37°C. Temperature was controlled with 180@adiator heaters.

Within the separate rooms, each of three tanks was inoculated and labeled with one of the
following microbial treatments: dke mud only (psychrophiles; 48 L mud per tank); Manure
only (mesophiles; 60 L manure per tank); and Mixture of lake mud and manure (48 L mud + 60
L manure). Crushed rock (~8 L per tank) was spread over the bottom of tanks to provide surface
area for micrbial growth. Tanks were filled 7/8 of the way full with warm tap water.

Cold Room: 15C Warm Room: 254

[ Paychrophiles Psyohrophiles
tdtxiod Poychrophifos Mixed Poychrophites
sl Miesophiles andd Bdesophiias

I M“W | paesanhiies

Figure 1. Phase | experimental design to compare biogas production efficiency of different
combinations of psychrophilic and mesophilic methanogen communities und:aid 2%C
temperature treatments.
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Figure 2. Schematic showing thdahk digester and water pressure system. 1) Feeding tube 2)
Effluent pipe 3) Primary gas outlet 4) Flame tester 5) Gas inlet 6) Water transport 7) Pump
bucket 8) Water inlet 9) Final gas outlafter experiencing considerable drawbacks of the water
storage tanks and gas pressurization system, we removed compefiemtd Bither exhausted

biogas outside or collected and pressurized biogas in a secondary, telescoping holding tank that
required ncexternal power source.

Hobo temperature data loggers (HOBO water temp pro v20022 were secured to the
feeding inlet tube in each tank. Tanks 1, 3, 4 and 6 had multiple loggers installed at the top,
middle and bottom of the tank in order to observiepital temperature stratification. Both
rooms within the Conex were monitored by Onset pendant loggers (HOB@DR}B4).

Cordova local area temperature data was obtained from online sources
(www.wunderground.com).

On February 19, 2010, the reaction véssesre sealed to facilitate microbiaj O
consumption in the tanks for the establishment of anaerobic conditions. Initial physical and
chemical data on starting conditions were recorded.

2b. Tank chemistry measurements.

We measured pH, dissolved oxygen (DO) and oxidation reduction potential (ORP)
initially three times per week, and later weekly, in-bOD samples collected from each of the
six digesters. pH measurement were initially quantified by visual assessmerlasimgyey
Nagel litmus paper (used until April 16, 2010) and with a more precise electrode (Oakton
PC510) from April 17, 2010 through June 6, 2011. ORP measurements were performed with an
Xplorer GLX Pasco P2002 Multi-Datalogger from January 210 April 9, 2010, before more
accurate instrumentation was available (Oakton PC510 ORP meter). Dissolved oxygen
measurements were recorded with an Xplorer GLX Pase20B3 MulttDatalogger until
March 24, 2010, and later with a Hanna HI9142 DO meter.
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2c. Feednhg digesters

Once it was established through chemistry measurements that the tanks were mostly
anaerobic and through positive flame tests that biogas production had begun (within 2 days to 2
weeks, depending on the tank), we began feeding tagtevae substrate to fuel
methanogenesis. In accordance with conventional vwamperature, smaficale biogas system
protocols (SamuchitEnvikd e ch  Pv t . Ltd.), students from Cor
class fed each tank akg organic slurry consimg of 1-kg wet food weight plus-kg water.

Food scraps from the school lunch hall were collected daily and processed in large batches by

way of an industrial sink disposal (Appendix 1). The processed food scraps were then divided

into measured-kgpot i ons, | abeled and frozen in a | arge
science classroom. Each day, individual portions were removed from the freezer, thawed, and

fed to digesters through a 20 PVC (sodowdul e 4
into the reactor vessel, into the water liquor. At the time of feeding, reactor gas valves were

closed off and equivalent volume of effluent was removed via a 1 inchdled located mid

level in the side of each tank. After each feeding treatmasatperformed, the students re

opened the reactor gas valves and capped the feed inlet tube. Effluent was disposed of through

the local storm water sewer system, located near the project site.

2d. Gas flow measurements

Gas flow was measured in re¢ahe from February 18 December 11, 2010 using mass
flow meters installed wine with the gas outlet valve on each reactor vessel (Sierra flagik
820 Series). For better quality measurements, later gas flow data were obtained using the same
flow metersput on different, labemtensive sampling intervals. As of December 2010, all
monitoring of biogas production was performed by closing off tank gas outlet valves for 6
hours to allow the reactors to build positive pressure. As the tanks began td,giséssure was
relieved by partially opening the valve and allowing biogas to flow past the mass flow meters at
a higher rate, which was in the range of the flow meter calibration.

2e. Gas composition analysis

We sampled biogas from the outflow pipggseach digester over the course of the-two
year study. Samples were collected intenfiglass serum vials, sealed with butyl rubber
stoppers, and stored under refrigeration in the dark until analysis in the laboratory following the
method described inetkail by Walter et al. (2008). We measured the concentration of methane
(CHy), carbon dioxide (C¢), oxygen (Q) and nitrogen (B in samples using a Shimadzu 2014
gas chromatograph equipped with an FID and TCD at the Water and Environmental Research
Cente (WERC) at University of Alaska Fairbanks (UAF).

2f. Effluent nutrient analysis
Samples of reactor effluent were periodically collected from each digester over the course

of the experiment. Samples were stored imR0scintillation vials, sealed witparaffin tape,
and frozen ossite until being sent to the UAF WERC lab for analysis. Nutrient fractions were
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analyzed on a high pressure liquid chromatograph (Dionex LC 20) equipped with auto feed
sampler on April 18, 2010. Samples were run [unfilteredhwifive to one dilution ratio (1:5).

2g. Odor. Qualitative observations of odor from digester effluent samples were recorded.
Phase Il
2h. Biogas collection and storage

Initially, a gas storage system was constructed outside the project Congsedrtd
store biogas via a wat@ressure and pump system. The system was built by PI T.H. Culhane to
demonstrate to the project how biogas is stored and utilized in his projects outside Alaska. In
September 2010 this system, which was not appropriatddskan environments due to
freezing of water inside pipes and tanks, was disassembled, allowing biogas to vent from
digesters to the outside atmosphere. In June 2011, a telescopiggl®dd(approx. 200Q.)
HDPE tank was installed esite to collect ad distribute biogas produced inside the project
Conex container (modified from a 500 gal and 1000 gal tank, Greer Tank and Welding, Inc.,
Fairbanks, AK). The collection vessel consolidated and stored gas produced from active tanks 1,
4, 5 and 6nfusiogdivwi mgl and 1 0ai rvateartsli ng. St al
female flaring were used to make further connections down line of the storage vessel.

The larger 1000 gal containment vessel was filled with approximately 500 gal of water to
serve as aniaseal for the top galsolding tank. Pressurization of the gas was performed by
placement of a watdiled 1000-L HDPE tank above the floating tank (Fig. 3).

® ®

Biogas

Storage Tank

Figure 3. Schematic of a successful telescoping gas collection-disdrileution system. 1)
Feeding tube 2) Effluent pipe 3) Primary gas outlet 4) Storage collector inlet 5) Gas outlet valve.
The biogas storage container was filled approximately halffultin order to create an air seal
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for the collector vessel above. The top floating collection vessel was open at the bottom.
Additional weight was placed on top of the floating tank to increase biogas line pressure.

2i. End use testing

Biogas combuson demonstrations were performed using a converted simglesr cast
iron stove with 3/ 80 rmMaNGKITaPowaygeseratonnver si on Kk
demonstrations were performed using an ¥8bQenerator with €ycle Subaru engine (Husky)
withatriifuel car buretor conversion kit installed.
compression to female swivel flares for ease of operation.

Additional student science projects and demonstrations were performed with biogas
stored in car tire innertubes. Arose | i nes were connected to 10
used to fill the tubes. The tubes were then transported to a proper testing site in order to
distribute the contained biogas.

3. Results
Phase| results
3a. Temperature control in the Conex

Temperature fluctations inside the project Conex closely mimicked changes in ambient
outside temperature at the Cordova study site (Fig. 4). The average temperature + standard
deviation recorded in Cordova for the study period (January 15,i200@e 15, 2011) was
3.6°C.Though experimental room temperatures drifted from design conditions of 15°C and 25°C
throughout the course of the project, the average temperatures remained elevated above ambient
air temperature and were within close proximityrifial targets. Average standard deviation
of the recorded 6coldd and O6tepiddb room tempe
5.1 °C respectively.
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Figure 4. Ambient Cordova mean daily air temperature (grey) and mean hourly room
temperature in th€onexé c o(l kdlbue) and 6t epi dd (red) r ooms
15, 201G June 15, 2011.

The average temperature of digester slurry, recorded from temperature loggers located at
the bottom of each tank, varied by as much as 3.3 °C among tanks withioféhe two rooms
(Fig. 5). The average temperature + standard deviation in each tank was: tank 1 (15.9° = 6.7 C),
tank 2 (16.1 + 7.1 °C), tank 3 (14.8 + 6.0 °C), tank 4 (22.5 + 4.3 °C), tank 5 (22.8 + 4.3 °C), and
tank 6 (19.5 £ 4.4 °C). When availabtiiata from loggers placed in the tops of tanks showed
higher temperatures than loggers placed at the bottom of tanks (Fig. 6).
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Figure 5. Mean hourly temperature of the data loggers in the bottom of the digesters.-Fanks 1
were located in the cold rogmwhile tanks 46 were located in the tepid room. Digester
temperatures tended to track room temperatures, which followed the trend of outdoor air
temperatures (Fig. 4).

Tank 4 Tank 5 Tank 6

Temperature (°C)

4/22/10
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5/210
5/710 -
512110
51710
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Figure 6. Temperature at the top (dashed lines) and bottom (solid lines) of three digesters. The
temperature differences within individual tanks indicate thermal stratification in digesters.
3b. Digester chemistry

Measurements of pH, oxidatieeduction potential (ORP) and dissolved oxygen (DO)
were conducted to monitor conditions inside digesters over the course of the experiment, and to
alert researchers to potential conditions which could inhibit methanogenesis, such as low pH or
high DO or ORP.

We observed that the pH of digester slurries drifted significantly from neutral pH towards
acidic pH during the initial part of Phase I. On March 22, 2010, digester feeding regimens were
halted and chemical remediation treatments commenced using cakibonate (CaCg),
calcium oxide (lime, CaO) and sodium hydroxide (NaOH) in order to restore digester pH to more
neutral conditions. On June 6, 2010, chemical remediation treatments were stopped and the
feeding schedule recommenced. By September, 2dt@nks had recovered to a near neutral
pH, except tank 3, which remained acidic. The final pH values, recorded June 11, 2011, were:
tank 1 (7.71), tank 2 (7.49), tank 3 (4.82), tank 4 (7.52), tank 5 (7.49), and tank 6 (7.64) (Fig.
10).
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Figure 7. i of digester slurries in six anaerobic digesters from January 2010 until June 15,
2011.

The oxidatiorreduction potential (ORP) of reactor effluent, recorded throughout the
experiment, was appropriately low at the onset of the study. ORP increasdeleafiteg
commenced, in parallel to the decrease in pH. After pH stabilization, ORP decreased in all of the
digesters except Tank 3 (Fig. 8).
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Figure 8. Oxidation reduction potential (ORP) in anaerobic digester slurries.

Measured dissolved oxygen (D{@yels were low, but rarely zero, during the course of
the project. The Hanna instrument used to measure DO was reported to be improperly calibrated
on several occasions during the fall of 2010, resulting in slightly elevated levels of DO being
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recorded (dta not shown). After servicing in December 2010, DO measurements returned to
values observed earlier in the project (Fig. 9).
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Figure 9. Dissolved oxygen concentration measured in anaerobic digester slurries.
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3c. Gas production: Psychrophiles vanesophiles at two temperatures

52111

6/18/11

71611

Biogas production was observed throughout the majority of this project. Within two days

to two weeks after initial set up, all tanks were producing flammable biogas. The methane
content of the gas decreased when tanksfexldn winter 2010 due to ovdeeding; however,
flammable biogas production was again demonstrated in all tanks except Tanks 2 and 3 by
December 2010 (Table 1). Throughout the duration of the project we qualitatively observed that
anaerobic digesters the tepid room produced more biogas than digesters in the cold room.

Table 1. Results of flammability tests

Tank First positive Last confirmed flame
flame

1 1/31/10 6/6/11
2 NA NA

3 1/22/10 2/1/10
4 2/1/10 6/6/11
5 1/21/10 6/6/11
6 1/26/10 6/6/11
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After improving the method for quantitative measurement of gas flow rates, we found
that indeed, biogas production was on average 6 times higher in the psychoophdegester in
the 25xC room (Tank 4; 275 + 90 L gas éxpressed as averafjstandard deviation) compared
to the psychrophilenly digester in the 18C room (Tank 1; 46 + 23 L gas'yi(Fig.10).

The psychrophilenly Tank 4 (275 + 90 L gas®ihad the highest average biogas
production rate among all digesters, and producechigu®% more biogas per day than the
mesophileonly Tank 6 (173 + 82 L gas®in the 25xC room. Tank 5 in the 26 room,
containing a mixture of psychrophitech lake bottom mud and mesophileh manure,
produced biogas at a similar average rafaiok 4 (265 + 80 L gas™®, and exhibited the
highest maximum daily production rate among all digesters (559 L jatudng the period of
measurements.

It should be noted that these biogas production rates were approximate estimates on
several datesvaing to observed spills from the tanks during measurement on three days each for
Tanks 4 and 5, and on two days for Tank 6 (Table 2). Due to a lack of sufficient pressure (e.g.
low biogas production) in Tanks 2 and 3 we were unable to obtain flow ratene@asits in
2011.
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Figure 10. Biogas production, normalized to 1-006¥ slurry per digester, observed in Tanks 1,
4, 5 and 6 during winter 2011. Fluctuations in production are an artifact of the sampling method,
where tanks were sealed fe8éours to build pressure in between gas flow readings.
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Table 2.Daily biogas production values for winter 2011, normalized to 40060slurry volume.

The values represent average gas production within a 24hr period for each tank. On several
occasions, built up gas pressure contained in the headspace of the reastatgaizks to expel

some of their liquid contents from the tanks (indicated by *). Dates of occurrences of tanks spills
were both documented and undocumented as students may not have reported a spill during
several instances when researcher and teachgorswpas not available.

Gas Production Summary Data (L gas d” normalized to 1000-L of slurry)

15°C Room 25°C Room
Date Tankl Tank 2 Tank 3 Tank 4 Tank 5 Tank 6
12/11/2010 33 0 0 188 195 0.5
12/12/2010
1/17/2011 23 0 0 308 187 28
1/18/2011 25 0 0 382 210 32
1/19/2011 37 0 0 300 254 49
1/20/2011 56 0] 0 491 410 107
1/21/2011 32 0] 0 246 247 104
1/22/2011 46 0 0 353 361 244
1/23/2011 68 0] 0 514 413 310
1/24/2011 58 0 0 209 218 135
1/26/2011 53 0 0 532 559 390
1/29/2011 41 0 0 *260 236 170
1/30/2011 41 0 0 260 236 170
1/31/2011 73 0 0 230 *218 160
2/1/2011 55 0 0 270 277 201
2/2/2011 54 0 0 266 304 176
2/3/2011 49 0] 0 *219 181 *¥120
2/4/2011 39 0] 0 343 298 259
2/5/2011
2/25/2011 32 0] 0 135 191 133
2/26/2011 1 0 0 222 *215 184
2/27/2011 32 0 0 209 235 183
2/28/2011 59 0 0 209 246 191
3/1/2011 25 0 0 246 271 212
3/2/2011 47 0 0 231 241 198
3/3/2011 32 0 0 203 225 185
3/4/2011 28 0 0 *215 *211 192
3/5/2011 37 0 0 217 238 189
3/6/2011 21 0] 0 226 254 194
3/7/2011 38 0 0 217 235 194
3/8/2011 45 0] 0 241 262 *¥172
3/9/2011 43 0 0 247 256 185
3/10/2011 41 0 0 319 343 300
3/11/2011
6/1/2011 47
6/11/2011 105
6/12/2011 116
6/13/2011 86
Average 46 0 0 275 265 173
Standard Dev. 23 0 0 = | 80 82
Daily Max. 116 0 0 532 559 390
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Figure 11. The linear relationship between average daily biogas production and the average
temperature of digesters on days of gas production measurements.

3d. Biogas composition

Gas samples collected over the cowfsthe project map the internal environment of
each reactor during the experiment. In general, all tank headspace gases exhibited a large
increase in methane (GHconcentration from the start to end of the study (Fig. 12). Peak
methane concentrations weeeorded at one time during the experiment as high as 82% by
volume. The high concentration was likely due to a pause in feeding over the holidays leading to
increased methanogenic/acetogenic activity ratios (Massé, et al., 1997). However, subsequent
sampes collected during the second year of the project had an average methane concentration of
65% by volume, similar to most anaerobic digester operation6(#CH;,) (House, 1978).

Though the target, higinergy molecule in this experiment was methatieragases
also helped illustrate microbial activity as well as overall system health (Fig$)13
Atmospheric gases, such as oxygen and nitrogen, were found early in the study in significant
guantities (> 5% by volume) among certain tanks, but decréasathples collected later in
phase 1 and 2 of the project (Figs. 6 and 7) after discovered leaks were repaired. Several samples
with elevated oxygen and nitrogen concentrations were due to errors in sampling (atmospheric
contamination). Finally, a conisdated sample was collected from gas stored in the large biogas
collector installed on June 1, 2011. The sample was known to contain trace atmospheric gases as
the headspace of the containment vessel was not completely evacuated prior to collecting biogas

21



100 1

80 -
é 60 | /u\“.‘ ) /)3_
S 40
g

20 B 2

0 1 T T T T T

10114/09 1/22/110 5210 810710 11/18/10 2/26/11 6/6/11 91411
Sample collection date

—4—Tank 1 Tank 3 —a—Tank 4 Tank 5 Tank & e All Tanks

Figure 12. Methane (Cficoncentration in biogas samples determined on a Shimadzu 2014 gas
chromatograph equipped with FID and TCD. The concentration of gases is presented as percent
by volume. It should be noted that 70% Qi Tank 4 shown foAug. 28 and Sep. 5, 2010 was
calculated as a correction to lower concentrations measured in samples due to a leak in the
sampling system. Both the samples from August/September Tank 4 had the same
methane/carbon dioxide raticc4.4 Based on a review ofdlother biogas samples, this should

put the methane level of the biogas at-7686, after correcting for presumed dilution from air
contamination. The fact that the two samples had the same ratio of these gases, despite a two
fold difference in the metharlevel, is a good indication that the low reading is due to dilution

by atmospheric air in the sample collection stage.
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Figure 13. Concentration of carbon dioxide i digesters, presented as percent by volume.
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Figure 14. Concentration okygen (Q) presented as percent by volume. Air contamination was

known to be present in the samples witd > 2%, and was an artifact of sampling rather than
an accurate representation of digester headspacern©entration.
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Figure 15. Concentratn of nitrogen in digesters presented as percent by volume. Air
contamination was known to be present in the samples with>=N25%, and was an artifact of
sampling rather than an accurate representation of digester headspacedwtration.
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3e. BTU content of biogas

Using Equation 1 together with results of methane concentration in biogas samples we
determined the BTU content of biogas. The highest observed production rate of any given 1000
L tank within a twentyfour hour period was 558 d*(Tale 2). Combining the observed
production rates with the average methane concentration of biogas collected from the site (~67%
CH,4 by volume), gas collected at the end the project, had an equivalent BTU rating of
approximately 1,275 BTU dédyper digester Applying the average methane concentration to the
average production rates observed in the tepid room digesters, the average BTU production was
3,9506,270 BTU d" per digester. It is important to note, that this BTU rating is helpful in
calculating possile efficiencies of combustion across a range of gas powered devices, but should
not be viewed as a static number as the methane content of produced biogas changed over time
(Fig. 12) and should therefore be viewed only as a helpful approximation ofajasoheent.

Equation 1. Rating BTU content of biogas

Production Rate X Gas Composition % X Density of CH, @ 1bar
100

=g CH,

g CH, = moles of CH, per daily output

n Mols CH, X i—?ZJCH‘, = nkj per day*

1kJ] = 0.95BTUs - equivalent measure of gas energy content

* MSDS for Methane (source: encyclopedia.airliquide.com)

3f. Nutrient content of digester effluent

In addition to methanenergy, biogas digesters have the added benefit of producing
nutrientrich organic fertilizer that can be used in agricultural and horticultural efforts. Effluent
samples collected over the course of the experiment yielded mixdis reth regard to the
amount of available nutrients produced from each tank. Analyses were conducted to test the
relative concentrations of chloride, fluoride, nitrate, nitrite, phosphate and sulfates using High
Pressure Liquid Chromatography. Other téstsieasure concentrations of ammonia and
ammonium were not available. Samples were run after proper calibration tests were performed
to ensure accurate measurement and to track instrument performance during the analysis (Fig. 8).

Concentrations of onlghloride and phosphate measured above the detection limit of the
instrument used during the analysis. Chloride is commonly used for potable water treatment and
showed a strong absorption signal in all samples. This is explainable through the projekcts use o
tap water during the course of the experiment. Phosphate concentrations were observed in most
samples in low to moderate concentratioii(sgtween 55 ppm (Table 3).
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Table 3. Phosphate concentration in liquid organic fertilizer sampled on n wiiffiztes. All
samples were run on a Dionex LC 20 chromatograph with Chromeleon data processing software
package.

Phosphate (ppm)

Tank n mean stdev min max
1 1 9.0
2 4 9.0 6.7 5.0 19.0
3 4 17.3 7.4 12.0 28.0
4 1 42.0
5 1 30.0
6 5 36.8 10.6 28.0 55.0

3g. Odor

Qualitative measures of relative odor among tanks were noted during the research phase | of the
project. We found that digest containing lake mudnly had a more agreeable odor than

digesters containing manure. Tanks inoculated with psychrophilic methanogens from the

thermokarst lake were said to exhibit a smell much like that of a pond or bog. The odor was

found to be an ethier and less unsettling smell than that of mesophilic tanks, which smelled of

ani mal manure, -tihleedradot i oommombyrrmsed t o de:
facilities, commercial and smadcale. Upon wafting, even the lakeud-only tanks exhibited a

strong ammonidike smell. Analytical instrumentation was not available for quantification of

ammonia, though ammonia is commonly observed in other biogas digesters (Brock, et al. 1970;
House, 1978; Gerardi, 2003).

Phase Il Results
3h. Biogas storage

Phase Il efforts to collect, store, distribute and demonstratesndpplications of the
biogas technology were largely successful. We designed and implemented a new gas collection
system suitable for smadicale applications in Alaska and other boesal arctic communities.

The system, based on a telescoping holding tank principal (Fig. 3), is simple and easy to
assemble in areas where elaborate mechanized storage and gas delivery systems are not
available. Gas pressurization was accomplished bynglaaiditional water weight above the

500 gallon (~2000L) holding vessel, though brick or other weight equivalent could be used in
areas were water resources are scarce. During the phase 2 experimental stages, the gas was
collected from the primary digesgein the Conex using the telescoping storage system, and
delivered for use in a variety of applications to demonstrated biogas utility as a source of
combustion fuel. The most notable demonstration projects included the use of biogas as a
cooking fuel witha cast iron singkburner stove, powering of acycle lawn mower engine,
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production of electricity using a converted gemsvered generator and use of digester effluent as
liquid fertilizer in a student project greenhouse.

3i. End use testing

Demonstating smaHscale applications of biogas technology was the primary goal of
Phase 2. Through a variety of projects utilizing combustion, conversion, and transduction
capabilities of biogas energy as well as provided educational opportunities for sintéeatted
in alternative energies. Phase 2 demonstrations took the form of the continuous powering of a
combustion engine and electrical generator, use of biogas as a stove fuel, and application of
organic liquid fertilizer obtained from digester effiue These demonstration projects enhanced
the curriculum of Cordova High School students who worked with and presented their findings
on the project in multiple appearances at conferences around the state. The following section
addresses each of the phHgaroject results:

Generator. An 1850 Watt electrical generator (Husky) was operated solely on biogas collected
from individual project reactors in June 2011. By augmenting the engine carburetor and
installing a trifuel gas conversion kit, this gase powered generator was adapted to run on a
variety of gaseous fuels, including biogas. Initial efforts to start the generator were unsuccessful
due to limited gas availability and generator requirements for ignition. After raising the pressure
of biogas delivery to approximately @i and injecting small amounts of ether starting fluid,

the generator fired on the first draw of the gilrt cord. At pressures below {S&i the engine

was able to maintain idle, but could not achieve sufficierglugns per minute (RPM) in order

to sustain 120V 60Hz AC power. Generator performance was monitored with a 3500K 23W
CFL light bulb which maintained continuous luminous quality during generator operation.

We achieved increased gas pressure by addieg@nd tank on top of the telescoping
collection vessel used to store gas and filling it with approx. 175 Gal of watgey@15°C =
1000kg/n? or 8.34 Ib/US gallon). The resulting water weight (approx. 1500 Ibs) was enough to
increase the pressure in th&s line to about 0-psi, sufficient to operate the generator. To this
end, the 1850 Watt generator was rated at a consumption rate of approx. 300 gal/hr or ~1,100
L/hr.

Cooking fuel The primary application for smaticale anaerobic digester techrgyl@round the

world is in production of biogas for use as a cooking fuel. With minimal amounts of positive
pressure, biogas from the Conex digesters sustained a continuoudjuwisag flame once

ignited by local spark and/or flame. By adapting a cast singleburner stove with natural gas
conversion Kkit, the project was able to boil water and fully cook a variety of foodstuffs using gas
collected from project reactors. Using biogas to fuel the stove, 4 liters of water were bgHed (T
15°C, placed ira covered pot) within 20 min of exposure to flame. The stove sustained a
continuous flame throughout the demonstration despite being in an open, outdoor environment.
The stove was used to cook a meal consisting of hot dogs and carrots, consuming @ughly 3

of biogas per hour (~80 Gal/hr).
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Liquid fertilizer. In addition to nutrient analysis confirming reactor effluent benefits as a liquid
fertilizer treatment for nutrient poor soils (Table 3), Cordova High School students tested
samples of reactor siy in a controlled greenhouse experiment to provide further evidence on
nutrient qualities of digester effluent. To duplicate sets of plants, students supplied either the
liquid fertilizer from the tank 4 digester, or water as a control. Tank 4 effixénnbited

considerable nutrient values when applied to several different plant species within greenhouse
trials. Nutrient analysis of all tanks later confirmed elevated levels of phosphate as high as
55ppm (Table 3), indicating potential use as a fertilimatment to soils lacking in sufficient
nutrient content (Swift, 2009). Students contend that there was a noticeable difference in height,
leaf fullness and health of several plant species treated with effluent over those which only
received water adddns. The largest differences in growth were observed among the flowering
plants,Lilium Pumilumand Asiatic Pink Pixies, which responded very well to effluent
treatments; however, others likdium Regalesand Asiatic Orange Pixies hardy grew at all
whengiven effluent treatment. Less of a difference in size was noted among the food crop
plants, but it was observed that plants fertilized with effluent tasted better on many occasions
during blind taste tests. One exception was the root and carrot plhitis,were said to not be
very appetizing when treated with effluent fertilizer, though no note was provided on whether
this was due improper washing/preparation of the crop or if the undesirable taste came from
flavors incorporated into the plant rooteimselves. No quantitative biomass or root/shoot length
measurements were taken.

Curriculum enhancement Studentled projects were a major component of Phases | and Il. In
Phase |, students from the high school chemistry class and science club wged @hth daily

food processing and feeding during Phase | of the study. The students came together on several
projects intending to streamline the process which resulted in a number of useful innovations
including construction of an industrial sink withilt-in insinkerator and improved feeding

practices. During Phase II, students and teacher Adam Low took the lead in design, setup and
maintenance of a greenhouse experiment to test effluent nutrient characteristics (with assistance
from Clay Koplin at @C). Low and students purchased and converted an 18506gased
generator and-dycle lawn mower engine to run on biogas using inflatable tire inner tubes to
transport and deliver the biogas from project reactors. Several students went further into
performing purification test of biogas by bubbling and collecting gas run through a saturated

lime water column. Others still, conducted calorimetry tests in order to approximate the heat
value and BTU properties of biogas produced compared to other kmalavailable fuetypes.

With these and other demonstrations, students used the biogas project as a platform for state
science fair projects in both 2010 and 2011 conferences, held in Anchorage, Alaska. In addition,
students presented on the project bst of difference conference meetings and alternative

energy forums.

4. Discussion
4a. Phase | hypothesis testing
Phase | results supported the Hypothesis 1 that biogas production will be greater at

tepid (25 °C) temperature than at cold (15 °C) temerature. Gas production rates were on
average six timekigher in the psychrophHenly tank 4 maintained in the tepid room than the
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psychrophileonly tank 1 maintained in the cold room. Similarly, no significant biogas
production was observed among caoddm tanks containing manure, while considerable biogas
was produced in tanks 5 and 6 containing manure in the warm room. At no time during the entire
study period did biogas production from cold room tanks exceed daily production rates of
adjacent tanksnithe tepid room (Fig. 10). The considerable divergence in daily gas production
rates observed in tanks between the cold and tepid rooms suggests a strong temperature control
on anaerobic digestion and methanogenic activity, such as has been found studiber
(Brock, et al. 1970; Metcaff and Eddy, 1991; Gerardi, 2003). When we plotted average biogas
production as a function of average tank temperature, we also found strong temperature
dependence among all tanks (Fig. 11).

With the exception of differg starting inoculate microbial regimes (psychrophidé
lake bottom mud vs. mesophileh manure), all tanks received identical quality of feedstock
treatments and were treated in a similar manner. At times the quantity of feeding was adjusted in
sometanks to avoid overfeeding, which can lead to souring, or acidification, of the slurry.
Remarkable similarity in digester chemistry among all tanks, except tank 3 (f@gsndicates
that experimental conditions remained relatively consistent among}, t@amé that differences
among tanks were likely due to microbial community and temperature.

High variability in biogas production is explained in part by temperature; however other
factors likely influenced the health and viability of methanogen papuoktn tanks. During the
early stages of the biogas production test period, we began to observe acidification in most tanks
(Fig. 7). We expect that acidification was the result of overfeeding. When the metabolic rate of
the methanogen community was iffgaiient to consume the large quantity of volatile fatty acids
(VFAs) and acetate intermediates created by acetogenic microbes within each of the reactors
(Gerardi, 2003), acid intermediates accumulate and effectively lower the pH to levels that can
further inhibit methanogens, leading to a negative feedback in methane production. When the
population and metabolism of methanogens is sufficient, simultaneous conversion of organic
feedstock to VFA and acetic acid intermediates to methane and carbon dicoudg and
acidification concerns are averted. Excessive feeding prior to adequate establishment of
methanogenic populations likely exacerbated the ratio of acetogenic/methanogenic activity and
tank acidification to a greater extent in the cold room tamds in the tepid room tanks,
potentially knocking down methanogens more in the cold room than in the tepid room.

Chemi cal remediation steps were taken to a
system and were largely successful within the first yéatualy. Additions of basic chemicals
(i.e. Lime, calcium carbonate, and sodium hydroxide) were used to help restore system pH to
optimal norms (6.8 7.2). These efforts regained digester activity among all tanks by early June
2010, with the exception ¢dnk 3 which continued to exhibit acidic conditions (pH 4.82)
through the duration of the project. Biogas production successfully resumed in all tepid room
tanks (25°C), but only within tank 1 in the cold (15°C) room. Biogas production apparently
ceased inanks 2 and 3 despite continued additions of feedstock. Low tank acidity for extended
periods of time undoubtedly weakened microbial communities within tanks 2 and 3, combined
with depressed temperatures whi crobiallcomknenityy r e s u
The decreased activity in tank 1 (psychrophiles only) and complete inactivity among tank 2
(psychrophiles and mesophiles) and 3 (mesophiles only) in the cold (15°C) room provides clear
evidence in favor of initial predictions about mestphctivity at depressed temperatures.
However, evidence from tank 2 suggests that perhaps acidic activity was the predominate cause
of tank(s) 2 and 3 becoming inactive as tank 2 contained psychrophilic cultures that would have
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been expected to continpeoduction even when mesophilic contributions ceased. Despite
acidification under depressed temperatures, no other cause can thoroughly explain why tanks 2
and 3 exhibited crash during the experiment as all tanks in the warmer 25°C room recovered
fully from acidification after sufficient chemical remediation.

Through one set of trials, we found that increasing the feeding rate did not result in
greater biogas production. However, increasing temperature in the cold room at the end of the
study, from 15°C d 35°C increased production in tank 1. It is likely that Since the digester had
not been fed in several months, we cannot be certain that there was enough remaining organic
substrate in the digester to demonstrate its optimal gas production rate. Hdleseresults
did suggest that increasing temperature had a positive effect on gas production.

Temperature conditions varied substantially over the course of the experiment.

Digester temperatures were lower during colder winter months and warmerriresumough

on average, the temperatures of the cold and tepid rooms were on target: 15.4°C and 25.6 °C
respectively. A large effort was put forth during the initial experimental setup to properly
insulate the project Conex and keep both rooms at contetaperature; however, electrical
heating units and the initial electrical capacity of the site proved to be inadequate in order to
maintain proper temperatures (15°C and 25°C respectively) during extended cold winter
conditions. These seasonal temperatiwetuations are not unlike what would be expected in
many Alaska residences and other edichate communities.

Our results are inconclusive to support Hypothesis 2 that at any given cold or tepid
temperature, tanks inoculated with coldtolerant microorganisms (psycrophiles) from
thermokarst lakes will produce more biogas than tanks inoculated with warmoving
microorganisms (mesophiles) in manureWhile the gas production data alone suggests that
digesters containing lake mud had higher gas mtoolurates than the digesters containing
manure only in both temperature rooms, when average tank biogas production was plotted
against average tank temperature, the data showed a linear relationship between gas production
and temperature (Fig. 11). A &k reason for lower gas production rates in tank 6 (manure only,
tepid room) was that the average temperature of that digester was lower than tanks 4 and 5. Tank
6 was located next to two exterior walls, and likely lost more heat than tanks 4 and 5. It is
possible that a slight inhibitory effect of the mixed culture tank 5 (mud + manure) was observed
as the biogas production rate in this tank was lower than what would be expected based on the
trend line; however, there was too much variability in the tathaw a firm conclusion. It
should also be noted that several recorded slurry spills were noted that obscured flow
measurements during the study; however, the magnitude of these spills (<10 L per spill) was
small relative to other sources of variabikty they likely did not play a significant role.

Without genetic characterization of the microbial communities, we cannot say for certain
what the fate of true psychrophiles and mesophiles was in our digesters. While we have no
reason to think that crossmtamination of the microbes from the lake mud and manure occurred
in the digesters, we cannot rule out that this did not happen. It is very likely that the temperature
and chemical fluctuations in the digesters benefited some types of microbes anddrditts,
and that the microbial consortium in the digesters at the end of the study was quite different than
what it would have been initially in comparison to the original lake mud and manure microbial
communities. Ideally, to confirm results of tegtidypothesis 2, microbial culturing and
analysis of microbial DNA would have been conducted on the initial lake mud inoculum, manure
inoculum, and each of the digester slurries at the end of the study period; however, microbial
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DNA work was outside the epe and budget of this project. Microbial analyses would be an
exciting direction for future work in this field to go in the future.

Phase | results supported Hypothesis 3 that, biogas production at cold temperatures
(15-25 °C) will not be as efficient & at warm temperatures (3550°C). The maximum daily
biogas production rate we measured was 0.559 L gas per liter of slurry per day (L/L/day).
Average values ranged from 0.046 (tank 1) in the 15°C room to 0.173 (tank 6), 0.265 (tank 5),
and 0.275 (tank 4)/L/day in 25°C room. These production rates were lower than those
observed in other household scale digesters in warm climates and in warm, temperature
controlled projects in Alaska. Biogas production from Alaskan fish waste was demonstrated at
1.0-1.1L/L/day in traditional mesophilic batch digestion scenarios at warmer temperature
regimes (35°C) (Hartman, et al., 2001). At the XQGale digesters, we measured up to-b59
of biogas production per day under relatively cold temperatures. In compayisical 1006L
household scale digesters in India and other countries are known to produdedf@d6gas
per day, but they are located in warm climates where temperaturd® (&) are more optimal
for mesophile metabolism (Karve, A. D., 2011). Egtiating the linear relationship we
observed between the average rate of biogas production and the average tank temperature in this
study [Biogas production (L/day) = 34.35*Temperature (°@32], then at 3810 °C, biogas
production rates in our digestamsuld have increased to 0:0794 L/L/day (776940 L d* per
digester), similar to warm temperature biogas digester production rates. However, without
knowing the temperature response from the microbial communities in our specific digesters, it is
not posible to extrapolate these results with a high level of certainty.

4b. Lessons learned and recommendations for the technology

Through this project a great deal of information was gained regarding the benefits and
limitations of biogas technology at theaall-scale in Cordova, Alaska. Data on the relative
labor required to build and maintain sreatlale digesters, as well as the affects of temperature,
acidity, feeding and BTU rating/fuel offset characteristics of produced biogas from mesophilic
and psychophilic bacteria cultures were well documented.

Challenges of flow data measuremen®rior to this study, little information was available on

gas production monitoring techniques for sksalhle biogas technology. Approximate

production rates were estated at around 1,0d0gas per 1,000 digester fed 2kg food per day,

but this was not an analytical measurement. The inherent difficulty is due in large part to the very
low volume and pressures generated at the ssnale. Commercially available instnentation

is difficult to calibrate when flow rates are on the order of fractions of mL/sec. During the
project, several techniques were developed that answered this question and are a major
accomplishment of this study. First we achieved a kattensivemethod of allowing gas to

build pressure inside of the digesters fé8 Bours so that when the outflow valve was opened,

the gas flow rates were high enough to obtain reliable data within the calibration range of Sierra
flow meters. Second, we developetess expensive, less labor intensive method for measuring
lower flow rates using a submerged tipping cup coupled to an event data logger. Based on the
results of this study, two separate techniques now exist for testing and quantifying gas
production forbiogas digesters at the small scale.
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Limitations of the technology at the smaHscale Based on the findings of this study, several
recommendations for the future of biogas technology in cold climate communities, such as
Alaska, can be offered at thisie. It is clear, that of all variables which influence biogas
production, temperature still remains the most formidable obstacle for digester projects at the
smallscale. Though psychrophilic additions were demonstrated to improve digester conversion
efficiency at low temperature, the BTU quantity of gas produced was not sufficient to meet the
heating requirements of digesters at this scale. At elevated temperatureS)*86ther
climatic zones, househektale biogas reactors are used in millions of homes to produce enough
fuel to be used in practical daily applications, typically as a cooking fuel. In Alaska, however,
replication of biogas technology is not econaatiicviable because digesters require external
heat sources. In situations where excess thermal or waste heat can be diverted in order to heat
digesters, projects of smalscale (1002000L) may still be justifiable for the additional
products they offeby way of secondary energy recovery (i.e. the formation of a-tdearing
gaseous fuel), reducing waste stream and waste water treatment costs and production of liquid
fertilizer for seasonal crop production.

This study aimed to test the feasibilitysyhallscale biogas digesters in Alaska that are
typically intended for use by singfamily, traditionally lowincome rural peoples located within
the equatorial region. For homes in places like India and China for example, daily per capita
energy consuntpn is much lower than that of the typical Alaskan home of similar size and
therefore additional scalability would be required in order to meet Alaskan individual heating
and energy needs. Likely infrastructure and capital requirements to operatesealidisould
not be cost competitive with current alternative fiyples. For this reason, anaerobic digesters
intended for the individual famitgcale are not likely to catch on in great number within Alaskan
(or other U.S) communities; however, they hhigher potential for use in other world
economies.

5. Economic feasibility assessment of the project

UAF researchers worked together with the Institute of Social and Economic Research (ISER) to
perform a BenefiCost Analysis and Sensitivity Analyste assess the economic feasibility of
smalktscale biogas technology in Cordova, Alaska, make recommendations regarding the future

of the technology for Alaskans interested in installing a reactor of similar scale within an
individual home, and determineh e t echnol ogydéds | evel of market
at large.

The following section of this report was compiled by Sohrab Pathan, research associate at ISER,
and has not been edited by UAF and Solar CITIES researchers who wrote the Findl Repor

Introduction

The psychrophile bialigester in Cordova is a new technology that aims to produce low
cost biogas for the rural Alaskans who live in extreme cold temperatures. The production
of biogas varies significantly depending on ambient tempegatliree technology is in

its research and development (R&D) phase which makdspth economic analysis
challenging. This paper describes a preliminary economic analysis of this new
technology. In order to provide a comprehensive study at this earlyistagdnology
development, the analysis was prepared using a beostimethod and sensitivity
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analysis that show the impacts of variations in methane output, and diesel fuel, electricity
and propane prices.

Assumptions

(1) The analysis is based or@nceptual bialigester, not based on the actualbio

digester located at Cordova

(2) Project life of 10 years

(3) Real discount rate of 3%

(4) The biogas output at 30AC was not test
operation, it is an assumption based on literature review of the technology. Microbial
metabolic rates were tested at 15°C and 25°C in Cordova. There is no extensive data to
suwpport that at 30°C this particular digester will produce 1,000 liter of methane in one
day.

(5) The price projection of propane was done using propane prices as published by the
University of Alaska Fairbanks, Cooperative Extension Service Food SuAlegase

prices are for year 2010. The base price was $4.2275 per gallon for propane and was set
to increase over time at 4.64%, the average percentage increase from 2007 to 2010. The
electricity base price was $0.2942 per kWh, and the projection wasisetdase at

5.73%, the average percentage increase from 2003 t6. 20%0'after Power Cost
Equalization (PCE) adjustment’ electricity base price was $0.1824 per kWh, and the
projection was set to increase by 12.0%, the average percentage increasg0f$am 2

2010. Two diesel fuel price projections, medium and high were used, based on
projections previously published by ISER

(6) Cost for food waste is assumed zero since those can be collected from the
neighborhood with minimal effort.

(7) Labor costs assumed to be $10/hr, adjusted for the opportunity costs of unemployed
rural Alaskans (high estimate).

(8) O&M costs are projected to increase 2.53% per year, the average percent change of
Anchorage CPI over last twenty years

BenefitCost Analysignd Sensitivity Analysis

Methane production levels from a kdigester differ significantly depending on ambient
temperatures. Methane production levels determine the amounts of fuel potentially
displaced. Hence this analysis reviews benefit cost ratissdoon three different

ambient temperatures: 15°C, 25°C and 30°C, and fuel price projections for three types of
fuel: diesel ($ per gallon)medium projection, diesel ($ per gallerf)igh projection,

propane ($ per gallon), electricity ($ per kWhpefore PCES5 and electricity ($ per kwh)

- after PCE.

Estimates of displaced fuel quantities were based on the methane production at three
temperature levels. The following heat values were used6: Methane: 1 cubic feet = 1000
Btu, Diesel: 1 gallon = 138,638u, Propane: 1 gallon = 92,500 Btu or 1 cubic feet =

2,500 Btu, and Electricity: 1kwh = 3,412 Btu. Table A sholgplaced fuel quantities

for diesel, propane, and electricity at different temperatures:
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Table A. Estimated Fuel Displaced from a Psychiies BioDigester

Displaced Fuel Quantity
Diesel (gallon) 5
15°C Propane (gallon) 7
Electricity (kWh) 188
Diesel (gallon) 32
25°C Propane (gallon) 49
Electricity (kWh) 1.319
Diesel (gallon) 93
30°C Propane (gallon) 139
Electricity (kWh) 3,767

Benefitcost (B/C) analysis shows that B/C ratios for this developing technology are low
(Table B). At 1%C, the beneficost ratio is 0.01 for displaced diesel with the medium

price projection, 0.03 for the displaced propane, andl f@0displaced electricitafter

PCE. Higher ambient temperature assumptions yield highegasgroduction, hence

B/C ratios improve marginally. At 3@, the B/C ratios increase, but are still below one;
0.25 for diesel at the medium price projectiorfor propane and 0.96 for electrieity

after PCE. As Table 2 shows, the only scenario that yields a B/C ratio higher than one is
at 30C for electricitybefore PCE which results in 1.06. Table C shows the net present
values for each scenario.

Table B. Benef#Cost Ratios Estimated for a Psychrophiles-Bigester

Benefit-Cost Analysis Scenario B/C Ratio
Diesel - medium projection 0.01
Diesel - high projection 0.02
15°C |Propane 0.03
Electricity - before PCE 0.05
Electricity - after PCE 0.04
Diesel - medium projection 0.09
Diesel - high projection 0.13
25°C |Propane 0.18
Electricity - before PCE 0.37
Electricity - after PCE 0.34
Diesel - medium projection 0.25
Diesel - high projection 0.38
30°C |Propane 0.53
Electricity - before PCE 1.06
Electricity - after PCE 0.86
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Table C. Net Present Values Estimated for a PsychrophileBiB&ster

Displaced Fuel Cost 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021| NPV of Benefit
Diesel - medium projection 15 17 17 18 18 18 19 19 20 20 21 $168
Diesel - high projection 17 21 25 27 28 29 30 31 32 33 34 5254
15°C |Propane 31 32 34 35 37 39 40 42 44 46 48 5356
Electricity - before PCE 59 62 66 69 73 77 82 87 92 97 102 5716
Electricity - after PCE 34 38 43 48 54 61 68 76 85 96 107 $579
Diesel - medium projection 106 116 120 123 126 129 132 135 139 142 146 $1,178|
Diesel - high projection 117 147 173 188 196 203 211 218 225 231 236 $1,775
25°C |Propane 215 225 236 247 258 270 282 296 309 324 339 $2,490
Electricity - before PCE 410 434 459 485 513 542 573 606 641 677 718 $5,010
Electricity - after PCE 269 302 338 379 425 476 533 597 669 750 840 54,539
Diesel - medium projection 302 332 343 350 359 367 376 386 397 407 418 53,367,
Diesel - high projection 335 421 495 536 560 581 602 624 642 659 675 $5,073!
30°C |Propane 615 643 673 704 737 771 807 844 884 925 967 $7,113
Electricity - before PCE 1,172 1,239 1,310 1,385 1,465 1,549 1,637 1,731 1,830 1,935 2,046 $14,315
Electricity - after PCE 770 863 966 1,083 1,213 1,359 1,523 1,706 1,912 2,142 2,400 $12,969|
Conclusion

Operating a bialigester in an arctic environment remains challenging. In order for a
psychrophiles bialigester to be cost effective, a number of factors are necessary such as
higher ambient temperatures X80, higher prices of displaced fuels and/or electricity,

and lower cost of construction or labor. Therefore, according to this pratiyn

economic analysis, the psychrophiles-tigester is not yet a cost effective system to
produce energy and/or to reduce energy costs of rural Alaskans. However, changes of the
factors previously described could improve the cost effectiveness oé¢hisology.

1 University of Alaska Fairbanks, Cooperative Extension Serk@®d Survey. Survey
data is available at http://www.uaf.edu/ces/hhfd/fcs/

2 The average price increase for propane was calculated using prices for 2007 to 2010
due to limitations in available data.

3 Fay, G. and Villalobos Meléndez, A. and Pathan, S. 2011. Alaska Fuel Price
Projections 201-2035, Technical Report, Institute 8bcial and Economic Research,
University of Alaska Anchorage, prepared for the Alaska Energy Authority, 13 pages.
4 Consumer Price Index for Anchorage Municipality & State of Alaska Department of
Labor and Workforce Development. Data is available at
http:/www.labor.state.ak.us/research/cpi/cpi.htm

5 The Power Cost Equalization program is State assistance program that lowers
electricity rates for eligible rural customers.

6 Conversion factors as published by the U.S. Energy Information Administration at
www.eia.gov

Phase llI

In Phase III, we took the knowledge gained from Phases | and Il to help improve small

scale biogas digester efficiency in various other regions of the world, including where seasonally
cold temperatures challenge biogas produc#dter building and testing biogas systems in

Alaska and at his home in Germany, where he could monitor, work on the systems and use them
on a daily basis, Pl TH Culhane led the effort of Phase Ill to travel to the sites of other National
Geographic Socigtexplorers to train teams and budldjestes there. During this project period,
Culhane has trained communities in developing countries and personally built a total of 52

biogas systems around the world. Pl Walter Anthony assisted with outreach amatiornert

expansion efforts in 2013. We chose sites around the world where the immediate environmental
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challenges created a need for biogas as a solution and where warm season temperatures were
high enough to create great instant enthusiasm for biogagydhérseup period but where cold
season lows would require later improvements to encourage year round operation. Activities and
results are reported in chronological order.

Egypt
P1 TH Culhane traveled tégypt in 2009 and 2010 to develm@xpensive lmgasdigester

systems out of ubiquitous local materials that could be found in every country in the world.
There are two basic kinds of biodigesters in the wiotlte Chinese fixed dome system and the
Indian Floating Drum digester. Neither seemed suibedeimperate zone climatic zones or for
small scale builders with limited resources. In Egypt, Culhane developed a low tBst do
yourself biogas system based on the ugsatdttebased 1 cubic meter International Bulk
Containers (IBC Tanks) that areatlely easy to find on thaftermarke{normally they are

used for shipping liquids and other amorphous materials around the world) and can be sealed and
insulated for use in cold climates. We knew that the traditional Indian Floating dgester
evenwhen built from local plastic water tanks, and the Chinese fixed ditgestey built using

local bricklayers, both of which we were experimenting with in Egypt, would not be appropriate
for colder climates or situations where space and land use pemsiggoe limited. The IBC

Tanks were used (and modified) in Phases | and Il of this project in Alaska.

Germany
At his home to EsseGermany, from 2009 until the present, Pl Culharperimented with
small scale biogas on his porch. Pl Walter Anthony €etfitane a bottle of lakleottom mud
from Alaska containing psychrophiles which Culhane successfully bred in a tank on his porch
and introduced into a mixed 1 cubic meter system identical to the one they built in Alaska. He
also gathered mud during the &emn winter from a local duck pond and proved that the
psychrophiles in that mud were also effective at producing biogas and that one need not depend
on exotic bacteria to exploit some of the lower temperature regions of the tanks (although the
extremophiés from the arctic seem to have higher rates). Culhane also gathered sediment from a
small frozen pond at Mount Everest base camp that seemed to be producing methane, brought
the sediment back to Germany and proved that it contained biogas producingogetisafthis
has implications for climate change as it appears that psychrophiles at high altitudes as well as
high latitudes are now releasing methane into the atmosphere as the glaciers melt). It is now
established that almost every cold region has takéand sediments that contain cold
temperature methanogens which can be used for biogas, but that the bacteria from the most
extreme regions seem to have higher production rates.

P1 Walter Anthony and senior personnel, Anthony visited Culhane in Gerimany
January 2013. They observed and consulted about Culhane's home diessédied
temperature data loggers in his tanks, greenhouse and ougdidEig. 16)andvisited a local,
larger scale biogas operation on the Imbrahm farm, just outsideaf E€gsmany, where
restaurant food scraps arenverted to produce commercial biogas.see http://www.bioerergie
ruhrtal.de/

On his home porch Culhane was able to create a reliable system that provided about a
half hour of cooking (and occasional gas langpting and electricity generation) most days of
the year, including winter. Innovations such as using solar heated shower and bath and grey
water to keep the tank temperatures above 20 °C helped. In addition to using psychrophiles
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gathered in the winterdm local duck ponds Culhane started ndigesters in his bathroom

using his baby's diaper wastes. He also demonstrated that in cold climates we could use PVC
bags for reliable gas storage rather than a water based system, eliminating the need for anti
freeze or heating as long as the digester itself were kept at 20 °C or higher.

Figure 16. Temperature measured using pendant Hobo data loggers placed outside on the
Culhaneporch, in a greenhouse on the porch, and at the top and bottom of-ha dig@3ter on
the porch outside the greenhouse.

Findings related tdHobo temperature data loggers in Germany

The Culhanes 'feed' very warm water with feedstock into theistigperiodically near the top

of the digester. The periods of feeding are seen in Fig. 16 as periods of elevated tempaeature.
data also show thagmperature in top of digestfluctuated far more than temperature at the
bottom of the digest (bottomdigestertemperature was most stable). On average, the top of the
digestemwas 1.6°C warmer than the bottom of the digester. During periods of digester feeding,
the top of thaligesteiwas up to 28C warmer than the bottom of the digegsSince optimal

biogas production occurs under stable temperature regimes (not dramatic fluctuations), our
recommendation is to use mixing or some other mechanism to stabilize digester temperature
throughout the whole tank. This experiment also showed thatekalyppuse was on average 2.3
°C warmer thathe ambient outsidéemperature; however, the greenhouse temperature also
fluctuated dramatically on diurnal time scales.

Botswana

P1 T.H. Culhane visited the Selinda Reserve in 2010 where he and the stdivédiifferent
digestrs ou of locally available materials. In Zarafa and Selinda lodges d&ewas to build
systems similato but larger than thosg/stemsised in the Cordova experiments. Since IBC
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