
1 

 

 

Blackstone Ranch Institute Innovation Challenge Grant  

 

Final Report 

 

  

Improving cold season biogas digester 

efficiency for global energy solutions 
 

Report by Katey Walter Anthony
1
 and Thomas Culhane

2 

 

 

 

 
1
Water and Environmental Research Center, University of Alaska Fairbanks 

2
 Solar CITIES   



2 

 

Table of Contents 

 

Participants...............................................................................................................................3 

Collaborators............................................................................................................................3 

Project Summary.......................................................................................................................5 

Keywords...................................................................................................................................7 

Introduction...............................................................................................................................8 

Methods.....................................................................................................................................9 

Results......................................................................................................................................14 

 Phase I - Small-scale digester experiment with psychrophiles [Cordova, Alaska]......14 

 Phase II - Biogas collection & utilization [Cordova, Alaska].......................................26 

Discussion.................................................................................................................................28 

 Phase III - Global implementation...............................................................................35 

Conclusions...............................................................................................................................51 

Public outreach and dissemination............................................................................................51 

  



3 

 

 

PARTICIPANTS  
Dr. Thomas H. Culhane:  Principle investigator; Expert in biogas production; 2009 National 

Geographic Emerging Explorer; Solar CITIES, Mercy College Dept. of Health and 

Natural Sciences and Social and Behavioral Sciences Visiting Faculty Researcher, Joint 

Appointment.  Email: tculhane@ucla.edu; Tel. 49-177-6924030/001 917-592-5922 

 

Dr. Katey Walter Anthony:  Principle investigator; Associate Professor of biogenic methane, 

arctic systems, and climate change; 2009 National Geographic Emerging 

Explorer; University of Alaska Fairbanks (UAF), Email: 

kmwalteranthony@alaska.edu; Tel. 907-378-9587 

 

Dr. Peter Anthony: Senior personnel (UAF); Assisted in experimental design and 

implementation of small-scale, cold-temperature biogas research in Alaska and 

Botswana 

 

Sybille Fruetel Culhane; Senior personnel (Solar CITIES); Assisted with logistics and 

implementation of small-scale biogas digesters in Egypt and Germany 

 

 

Capitalizing on interdisciplinary synergies, these Explorers used an innovative way to harness 

the power of the Arcticôs cold-tolerant methane-producing microbes by introducing them to 

affordable equatorial-derived biogas digesters to simultaneously battle global climate change, 

slow deforestation in tropical forests, and meet the energy needs of households and communities 

worldwide that experience cold seasons.   

 

 

COLLABOTATORS  (alphabetical by region) 

 

Alaska, USA - Clay Koplin (Cordova Electric Cooperative) and Adam Low (Cordova High 

School science teacher); Cordova High School chemistry class (students); Laurel 

McFadden (UAF technician); Casey Pape (UAF technician). Collaborated with PIs K. 

Walter Anthony and TH Culhane through a parallel Denali Commission Grant on 

small-scale biogas digester experimentation with temperature and microbes in 

Cordova, Alaska. 

 

Botswana - Dereck and Beverly Joubert, (Great Plains Conservation & National Geographic 

Explorers in Residence); Pete Unwin (Selinda Reserve); Katherine Mackinnon and 

Marijn Letschert (Zarafa Camp); Dave Pahl and Gobusamang Mokopi (Selinda camp). 

The Jouberts hosted K. Walter Anthony and P. Anthony for cold-temperature 

improvements to biogas digesters at the Selinda and Zarafa camps in the Okavango 

River Delta. 

 

Brazil - Luis Felipe Vasconcellos (Architecture for Humanity, lead architect); Theresa 

Williamson (Catalytic Communities NGO, director). 

 



4 

 

California, USA - Alvaro Silva (Solar South Central NGO community leader); Mike Bonifer 

(Game Changers Director); Frank DiMassa (DiMassa Utility Consulting, Sonoma). 

 

China -  Dr. Jianan Wang (Puxin Biogas technologies, Shenzhen, CEO). 

 

Egypt - Mustafa Hussein (ICE Cairo -- Innovation, Collaboration, Entrepreneurship); Kareem 

Ibrahim and Naveen Akl (Architects, Aga Khan Trust for Culture); Dr. Laila Iskander 

(Roh El Shabab NGO founder, current Minister of the Environment); Hanna Fathy 

(Roh El Shabab NGO community leader). 

 

Germany - Sybille Culhane, Solar CITIES e.V.; Imbrahm Biogas, Essen, Germany; Dr. Martin 

Denecke, University of Essen, Engineering Professor and Biogas researcher. Dr. Sven 

Volkmouth, M.D.  (director, Chance for Growth NGO). 

 

Hungary -- Esther Kovach (Director of Gypsy Development NGO Vedegylet  

http://www.vedegylet.hu), Mester Attila (Engineer for Vedegylet). 

 

Israel and Palestine - Yair Teller, Oshik Ofrati  (Ecogas Israel Home Biogas CSO and CEO); 

Mike Kaplan and Alex Cicelsky (Kibbutz Lotan Green Apprenticeship Program 

Directors); David Lehrer (Arava Institute for Environmental Studies Director). 

 

Iraq - Taha Majeed (Iraqi Ministry of Science and Technology - Engineer), Karin Mayer (Chief 

Humanitarian Officer, United Nations Assistance Mission in Iraq, UNAMI); 

Jacqueline Babcock (Director General UNAMI); Frank Finver (US Embassy Iraq, 

Chief Cultural Affairs Officer). 

 

Kenya - Dominic Wanjahia Kahumbu (Simply Logic Flexi-Biogas, CEO); David Redmond, 

Henry Okayao and Adam Masava (Mukuru Slum Art Center Teachers and Students); 

Kakenya Ntaiya and Salenta Ntaiya (Kakenyaôs Dream School, Enoosaen), Dereck 

Joubert and Dorian Hoy (Ol Donyo Was Nature Reserve). 

 

Kurdistan - Jennie Lee (US Embassy Erbil, Public Affairs Officer). 

 

Minnesota, USA - Zach Spangenberg, (middle school student and farmer from South Africa, 

experience with biogas production in dairy farming in Minnesota); Assisted K. Walter 

Anthony in biogas research in South Africa and conducted an internship supervised by 

K. Walter Anthony and middle school science fair project studying winter-time 

methane production beneath an ice-covered lake in Minnesota. 

 

New York, USA - Dean Joan Toglia, Dean Mary Kelley, Associate Provost Saul Fisher, 

Facilities Director Tom Simmonds (Mercy College, Health and Natural Sciences and 

Social and Behavioral Sciences); Gail Richardson Ph.D. (Executive Director, Solar 

Cities Solutions), Andrew Faust (Permaculture Design Institute), Diana Juettner Ph.D 

and Tom Madden (Greenbugh Town Council); Anne Jaffe Holmes (Greenburgh 

Nature Center). 

 

http://www.vedegylet.hu/


5 

 

Nigeria -- Former President Oluwasegun Obasanjo (flew us to his country and had us stay with 

him in his home in Abeokuta and provided drivers to take us to build and train people 

in biogas digester construction at his home, at the Bellôs High School, at a University 

and at a Hospital and introduced us on stage in presentations at churches and schools). 

 

Philippines - Bernard Pierquin (Director, Alouette Foundation, Pasay City and Palawan Island, 

Philippines), Sven Volkmouth M.D. and Christian Kories M.D (Chance for Growth 

e.V., Germany, which supports the Alouette Foundation). 

 

South Africa - Dr. Sonette Marx (North West University), Piet Lodder (AgriEden), Yvette and 

Zach Spengenberg (farmers), Duwig Everson (Earthship, S.A.). Consultation about 

potential for widespread biogas technology in South Africa. 

 

Tanzania - Grace Gobbo, National Geographic Emerging Explorer and Ethnobotonist, Joram 

Samoan (assistant to Grace Gobbo, volunteer with Jane Goodall Institute). 

 

Turkey - Melisa Eyiakkan (Fox Television, National Geographic Channel, PR and 

Communications Director), Kursad Fendoglu (Director of IT at Onkosel 

Biyoteknoloji);Mohammed Ansarin (Koc University Dept of Engineering); Yaĸat 

Hacēbaloĵlu (Marmara University Dept of Engineering).  

 

Slovakia -- Mgr. J§n Grenļ²k (programovĨ koordin§tor Dobrej noviny Catholic Mission) 

 

Washington DC, USA - Carsten Binsner, Mohammed Nouristani, Vivianne Forrester 

(Washington Math Science Technology School Science Teachers and Curriculum 

Coordinator). 

 

  

 

PROJECT SUMMARY   
Energy is a high cost, imported commodity to most communities.  Biogas digester 

systems, which take organic material into an air-tight tank, where microbes break down the 

material under anaerobic conditions and release methane-rich biogas, may offer an alternative 

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. While small-scale 

biogas digesters are being used by thousands of households in India, Egypt, Costa Rica, and 

other warm-climate countries, seasonal limitation to biogas production is experienced in colder 

climates due to the shut-down of mesophilic (warm loving) microbial communities in winter. 

This project set out to improve the efficiency of biogas digesters under cold climate regimes by 

inoculating digesters with active-methane-producing psychrophiles (cold-tolerant microbes) 

readily available in Alaskan thermokarst (thawing permafrost) lake mud and the natural mud in 

ecosystems of other regions characterized by seasonally cold temperatures. Psychrophilic 

methanogens, despite a temperature optimum of 25°C, still actively produce methane year-round 

at temperatures as low as 0°C in Alaska, unlike conventional microbes.  

 

 

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

ǒ Improve the efficiency of existing small-scale methane biogas digesters, including by 

using cold-adapted microbes to increase cold-season biogas production 

ǒ Produce a renewable and alternative fuel 

ǒ Reduce the release of harmful greenhouse gasses 

ǒ Implement dwelling-size and community-scale applications to evaluate their acceptance 

and sustainability for widespread application in the United States, Germany, Egypt, and 

other locations 

ǒ Test the technology to help fight deforestation in Africa by using biogas to replace 

firewood 

 

This project was carried out in three phases. Phase I and II were accomplished through 

collaboration with a Denali Emerging Energy Technology Grant obtained by PI K. Walter 

Anthony; results were previously reported to the Denali Commission Alaska. In Phase I, we used 

an experimental approach to compare biogas production rates from psychrophilic (lake mud) vs. 

mesophilic (manure) microbial consortia in six small, 1000-L household scale digesters under 

two relatively cold temperature regimes (15хC and 25хC) in Cordova, Alaska. Phase II research 

focused on the utilization (the capture, compression, analysis and usage) of biogas produced 

during the project and assessment of this technology for widespread application in cold-climate 

boreal and arctic communities. Phase III involved implementing knowledge gained from 

experiments in Alaska in other regions of the world where utilization of cold-adapted microbes 

could improve biogas efficiency during cold seasons. 

 In Phase I, we found that digesters containing psychrophiles were more robust to 

temperature and pH fluctuations. Among our experimental digesters, tanks containing 

psychrophile-rich lake mud produced more biogas (275 ± 82 L gas d
-1

, mean
 
± standard 

deviation) than tanks inoculated with only mesophile-rich manure (173 ± 82 L gas d
-1

); however, 

digester temperature appeared to be the overarching control over biogas production among all 

tanks. Extrapolating the linear relationship between biogas production and mean digester 

temperature observed among our study tanks [Production (L gas d
-1

) = 34.35*Temperature (хC )- 

432] to the temperatures typically used for biogas production in warmer climates (35-40хC), it is 

possible that our digesters would have produced 770-940 L gas d
-1

, 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 certainty; however, we can conclude that psychrophile-rich lake mud is a viable source 

of microbial inoculums for producing biogas at cold temperatures, albeit at only 28-56% of rates 

typical of warmer temperature regimes. Other benefits of the psychrophile-rich lake mud 

digesters included reduction of foul odor and a source of nutrient-rich, liquid organic fertilizer 

for growing plants.  

 Combining the observed biogas production rates with the long-term mean methane 

concentration of biogas collected from the digesters (~67% CH4 by volume), biogas had an 

equivalent BTU rating of  3,950-6,270 BTU per digester per day (mean) and 12,750 BTU per 

digester per day (maximum).   

In Phase II of the project, we designed and implemented a new gas collection system 

suitable for small-scale 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 digesters using the telescoping 



7 

 

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 iron single-burner stove, powering of a 4-cycle lawn mower engine, 

production of electricity using a converted gas-powered generator and use of digester effluent as 

liquid fertilizer in a student greenhouse project. 

 A Benefit-Cost Analysis and Sensitivity Analysis to assess the economic feasibility of the 

project showed that small scale biogas digesters are not cost-effective at the current prices of 

displaced fuels and electricity in Alaska. While replication of the small, household-scale biogas 

digester technology 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 regions with 

different economies.  

In Phase III we implemented knowledge gained in Phases I and II to help improve small-

scale biogas digester efficiency in various other regions of the world where seasonally cold 

temperatures challenge biogas production. This phase 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, Blackstone Ranch, and other national and international partners to 

establish a foundation for climate friendly household and community-scale energy independence. 

We observed in Phase III that the benefits of biogas technology are global. The collection and 

utili zation 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 other uses for waste 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 digester, reactor, psychrophiles, mesophiles, methane, 

methanogens, Alaska, cold-climate, thermokarst lakes. 
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1. Introduction   
   

1a) Background 
 

Anaerobic digester technology has been in use for hundreds of years for the making of 

high energy, methane-rich gas, known as biogas. Modern implementation of the technology is 

wide-spread throughout urban and rural communities in India and China, with emerging efforts 

in Africa and Europe gaining popularity in recent decades.  The technology is based on the 

biological production of methane by bacterial and archaean microbes, particularly methanogens, 

which naturally break down organic feedstock to produce methane in anaerobic conditions 

(without oxygen). This process can be observed in nature in bubbling methane seeps from lakes, 

peat bogs, and other organic-rich oxygen deficient environments (Walter et al., 2006).   

The basic concept behind a biogas digester is to create an ideal environment for a 

methanogenic microbial community, and then harvest the methane which it produces over time.  

As the microbeôs needs are minimal, a relatively simple technology develops: provided with an 

organic, water-logged, food 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 gases vented 

from a biogas digester, useful work can be performed by diverting and combusting the gas in 

variety of conventional gas-powered devices. 

Temperature is a major restricting factor in biogas technology (House, 1978, Massé et al., 

1997, Gerardi, 2003).  Traditionally, ungulate manure containing mesophilic (warm-loving) 

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 methane-rich biogas. However, the metabolism of mesophiles slows or shuts 

down at cold temperatures (usually below 20-25хC). This requires that digesters employing 

mesophilic microbes be stored indoors, heated, or retired in the cold season.   

If solutions to this temperature-limitation 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 consumption rates due to 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 seeps in thermokarst (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 lake sediments and sediments from other natural ecosystems that experience 

seasonally cold temperatures to improve biogas production in existing small-scale digester 

technology under cold temperatures.   

In Phase I, we used an experimental approach to compare biogas production rates 

from psychrophilic vs. mesophilic microbial consortia in small, household scale digesters under 

two relatively cold temperature regimes (15хC and 25хC). Phase II research focused on the 

utilization (the capture, compression, analysis and usage) of biogas produced during the project.  

Phase III implemented knowledge gained in Phases I and II through improvements to small-scale 

biogas digester in other regions of the world where seasonally cold temperatures challenge 

digester efficiency. 
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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 cold-adapted microbes from thermokarst 

lake bottoms, produce a renewable and alternative fuel, reduce the release of harmful greenhouse 

gasses, and implement dwelling-size applications to evaluate their acceptance and sustainability 

for wide spread application.  

 

In experimental Phase I, 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 with cold-tolerant 

microorganisms (psycrophiles) from thermokarst lakes will produce more biogas than 

tanks inoculated with warm-loving microorganisms (mesophiles) in manure. 

H3: Despite psycrophiles having an advantage over mesophiles at cold temperatures, 

biogas production at cold temperatures (15-25 °C) will not be as great as at warm 

temperatures (35-50°C). 

 

Phase II Objectives: 

O1: Demonstrate the capture, storage and utilization of produced biogas to power 

household-scale appliances 

O2: Evaluate the technology with respect to the potential for its practical widespread 

application in communities.  

 

Phase III Objectives: 

O1: Deploy temperature data loggers in small-scale biogas digester systems in other 

regions of the world to quantify daily and seasonal temperature fluctuations 

O2: Consult with national and international collaborators to help improve efficiency of 

existing small-scale biogas digesters 

O3: Utilize knowledge gained in Phase I and II, particularly that cold-adapted microbes 

collected from local natural-ecosystem sediments can be used to sustain biogas 

production during cold seasons  

O4: Establish a social network as network for climate friendly household and community-

scale energy independence through small-scale biogas utilization.  See 

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

and http://solarcities.blogspot.com 

 

 

2. Methods  
 

Phase I 
 

2a. Experimental design.  Figure 1 shows the experimental design of the anaerobic digester 

experiment conducted under the leadership of PI Walter Anthony in Cordova, Alaska in Phase I. 

Six 1000-L Sorbitol HDPE containers (tanks), obtained from local Cordova fish processing 

facilities, were converted into single continuous feed anaerobic digestion reactors and inoculated 

with methanogenic microbial cultures obtained from thermokarst lake sediments in Fairbanks 

https://www.facebook.com/groups/methanogens/
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(psychrophiles) and manure from Northern Lights dairy farm in Delta Junction (mesophiles). 

The reactors were placed inside of a 40-foot Conex, which we lined with R-10 Owens Corning 

foam board insulation.  We built a wall with a door in 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 15ÁC (cold) and 25ÁC (tepid). We did not consider the 25ÁC room to be ówarmô 

since numerous other studies have shown that warm-loving mesophiles prefer temperatures 

closer to 37°C. Temperature was controlled with 1500-W radiator heaters.   

 Within the separate rooms, each of three tanks was inoculated and labeled with one of the 

following microbial treatments:  Lake 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 microbial growth. Tanks were filled 7/8 of the way full with warm tap water.  

 
 

Figure 1. Phase I experimental design to compare biogas production efficiency of different 

combinations of psychrophilic and mesophilic methanogen communities under 15хC and 25хC 

temperature treatments.  
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Figure 2. Schematic showing the 3-tank 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 outlet. After experiencing considerable drawbacks of the water 

storage tanks and gas pressurization system, we removed components 5-9 and either exhausted 

biogas outside or collected and pressurized biogas in a secondary, telescoping holding tank that 

required no external power source. 

 

Hobo temperature data loggers (HOBO water temp pro v2 U22-001) 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 observe potential temperature stratification. Both 

rooms within the Conex were monitored by Onset pendant loggers (HOBO UA-002-64). 

Cordova local area temperature data was obtained from online sources 

(www.wunderground.com).  

On February 19, 2010, the reaction vessels were sealed to facilitate microbial O2 

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 100-mL samples collected from each of the 

six digesters.  pH measurement were initially quantified by visual assessment using Macherey-

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 PS-2002 Multi-Datalogger from January 21
st
 to April 9, 2010, before more 

accurate instrumentation was available (Oakton PC510 ORP meter). Dissolved oxygen 

measurements were recorded with an Xplorer GLX Pasco PS-2002 Multi-Datalogger until 

March 24, 2010, and later with a Hanna HI9142 DO meter. 
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2c. Feeding 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 tanks to provide substrate to fuel 

methanogenesis. In accordance with conventional warm-temperature, small-scale biogas system 

protocols (Samuchit Enviro-Tech Pvt. Ltd.), students from Cordova High Schoolôs chemistry 

class fed each tank a 2-kg organic slurry consisting of 1-kg wet food weight plus 1-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 1-kg portions, labeled and frozen in a large storage freezer kept in the schoolôs 

science classroom. Each day, individual portions were removed from the freezer, thawed, and 

fed to digesters through a 2ò PVC (schedule 40) pipe that extended 2 feet above and 3 feet down 

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 inch ball-valve located mid-

level in the side of each tank. After each feeding treatment was performed, 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 real-time from February 18 ï December 11, 2010 using mass 

flow meters installed in-line with the gas outlet valve on each reactor vessel (Sierra Top-Track 

820 Series).  For better quality measurements, later gas flow data were obtained using the same 

flow meters, but on different, labor-intensive sampling intervals.  As of December 2010, all 

monitoring of biogas production was performed by closing off tank gas outlet valves for 6-8 

hours to allow the reactors to build positive pressure. As the tanks began to distend, pressure 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 pipes of each digester over the course of the two-

year study. Samples were collected into 60-ml glass serum vials, sealed with butyl rubber 

stoppers, and stored under refrigeration in the dark until analysis in the laboratory following the 

method described in detail by Walter et al. (2008). We measured the concentration of methane 

(CH4), carbon dioxide (CO2), oxygen (O2) and nitrogen (N2) in samples using a Shimadzu 2014 

gas chromatograph equipped with an FID and TCD at the Water and Environmental Research 

Center (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 in 20-mL scintillation vials, sealed with paraffin tape, 

and frozen on-site 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 [unfiltered] with a five to one dilution ratio (1:5).  

 

2g. Odor. Qualitative observations of odor from digester effluent samples were recorded. 

 

Phase II 
 

2h. Biogas collection and storage   
 

Initially, a gas storage system was constructed outside the project Conex and used to 

store biogas via a water-pressure 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 appropriate for Alaskan 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 telescoping 500-gallon (approx. 2000-L) 

HDPE tank was installed on-site to collect and 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 6 using İò reinforced vinyl and ıòair tubing. Standardized ıò gas ball-valve and 

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 an air seal for the top gas-holding tank. Pressurization of the gas was performed by 

placement of a water-filled 1000-L HDPE tank above the floating tank (Fig. 3).   

 

 

 
Figure 3. Schematic of a successful telescoping gas collection and re-distribution 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 half way full in 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 combustion demonstrations were performed using a converted single-burner cast 

iron stove with 3/8ò natural gas conversion kit (SGB-01 NGKIT). Power generation 

demonstrations were performed using an 1850-W generator with 4-cycle Subaru engine (Husky) 

with a tri-fuel carburetor conversion kit installed. All fittings were adapted with ıò male 

compression to female swivel flares for ease of operation. 

Additional student science projects and demonstrations were performed with biogas 

stored in car tire inner tubes. Air hose lines were connected to ıò Schrader valves which were 

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 I  results 
 

3a. Temperature control in the Conex  
 

Temperature fluctuations 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, 2010 ï June 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 proximity of initial targets. Average ± standard deviation 

of the recorded ócoldô and ótepidô room temperatures in the Conex were 15.4 Ñ 7.1ÁC and 25.6 Ñ 

5.1 °C respectively.  
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Figure 4.  Ambient Cordova mean daily air temperature (grey) and mean hourly room 

temperature in the Conex ócoldô (blue) and ótepidô (red) rooms during the study period, January 

15, 2010 ï 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 within each of the 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 available, data 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. Tanks 1-3 

were located in the cold room, while tanks 4-6 were located in the tepid room. Digester 

temperatures tended to track room temperatures, which followed the trend of outdoor air 

temperatures (Fig. 4).  

 

 

 
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, oxidation-reduction 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 calcium carbonate (CaCO3), 

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, 2010, all tanks 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.  pH of digester slurries in six anaerobic digesters from January 2010 until June 15, 

2011.  

The oxidation-reduction potential (ORP) of reactor effluent, recorded throughout the 

experiment, was appropriately low at the onset of the study. ORP increased after feeding 

commenced, in parallel to the decrease in pH.  After pH stabilization, ORP decreased in all of the 

digesters except Tank 3 (Fig. 8).  

 

 
Figure 8.  Oxidation reduction potential (ORP) in anaerobic digester slurries. 

 

Measured dissolved oxygen (DO) levels 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 (data not shown). After servicing in December 2010, DO measurements returned to 

values observed earlier in the project (Fig. 9). 

 
Figure 9.  Dissolved oxygen concentration measured in anaerobic digester slurries. 

 

 

 

 

 

3c. Gas production: Psychrophiles vs. mesophiles at two temperatures  
 

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 tanks acidified in winter 2010 due to over-feeding; 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 in the tepid room produced more biogas than digesters in the cold room.  

 

Table 1.  Results of flammability tests 

 

Tank First positive 

flame 

Last confirmed 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 psychrophile-only digester in 

the 25 хC room (Tank 4; 275 ± 90 L gas d
-1

 expressed as average ± standard deviation) compared 

to the psychrophile-only digester in the 15 хC room (Tank 1; 46 ± 23 L gas d
-1

) (Fig.10). 

The psychrophile-only Tank 4 (275 ± 90 L gas d
-1

) had the highest average biogas 

production rate among all digesters, and produced roughly 60% more biogas per day than the 

mesophile-only Tank 6 (173 ± 82 L gas d
-1

) in the 25 хC room.  Tank 5 in the 25 хC room, 

containing a mixture of psychrophile-rich lake bottom mud and mesophile-rich manure, 

produced biogas at a similar average rate to Tank 4 (265 ± 80 L gas d
-1

), and exhibited the 

highest maximum daily production rate among all digesters (559 L gas d
-1

) during the period of 

measurements. 

 It should be noted that these biogas production rates were approximate estimates on 

several dates owing 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 rate measurements in 

2011.  

 

 

 

 
 

 

Figure 10.  Biogas production, normalized to 1000-L of 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 for 6-8 hours to build pressure in between gas flow readings. 
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Table 2. Daily biogas production values for winter 2011, normalized to 1000-L of slurry 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 reactors caused tanks 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 teacher support was not available.    
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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 course of the project map the internal environment of 

each reactor during the experiment. In general, all tank headspace gases exhibited a large 

increase in methane (CH4) concentration from the start to end of the study (Fig. 12). Peak 

methane concentrations were recorded 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 

samples collected during the second year of the project had an average methane concentration of 

65% by volume, similar to most anaerobic digester operations (40-60% CH4) (House, 1978).   

Though the target, high-energy molecule in this experiment was methane, other gases 

also helped illustrate microbial activity as well as overall system health (Figs. 13-15). 

Atmospheric gases, such as oxygen and nitrogen, were found early in the study in significant 

quantities (> 5% by volume) among certain tanks, but decreased in samples 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 consolidated 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.  
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Figure 12.  Methane (CH4) concentration 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% CH4 in Tank 4 shown for Aug. 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 ratio - =4.4 Based on a review of the other biogas samples, this should 

put the methane level of the biogas at ~65-70%, 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 methane level, 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 (CO2) in digesters, presented as percent by volume.  
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Figure 14.  Concentration of oxygen (O2) presented as percent by volume. Air contamination was 

known to be present in the samples with O2% > 2%, and was an artifact of sampling rather than 

an accurate representation of digester headspace O2 concentration.  

 

 

 

 
Figure 15. Concentration of nitrogen in digesters presented as percent by volume. Air 

contamination was known to be present in the samples with N2% > 25%, and was an artifact of 

sampling rather than an accurate representation of digester headspace N2 concentration.  
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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 twenty-four hour period was 559-L d
-1

(Table 2). Combining the observed 

production rates with the average methane concentration of biogas collected from the site (~67% 

CH4 by volume), gas collected at the end the project, had an equivalent BTU rating of 

approximately 1,275 BTU day
-1

 per digester.  Applying the average methane concentration to the 

average production rates observed in the tepid room digesters, the average BTU production was 

3,950-6,270 BTU d
-1

 per digester. It is important to note, that this BTU rating is helpful in 

calculating possible 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 of gas heat content. 

 

 

Equation 1. Rating BTU content of biogas 

 

 
 

 

3f. Nutrient content of digester effluent   
 

In addition to methane-energy, biogas digesters have the added benefit of producing 

nutrient-rich organic fertilizer that can be used in agricultural and horticultural efforts. Effluent 

samples collected over the course of the experiment yielded mixed results with 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 tests to measure 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 only chloride 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 projects use of 

tap water during the course of the experiment. Phosphate concentrations were observed in most 

samples in low to moderate concentration(s) ï between 5-55 ppm (Table 3).  
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Table 3. Phosphate concentration in liquid organic fertilizer sampled on n different dates. All 

samples were run on a Dionex LC 20 chromatograph with Chromeleon data processing software 

package.  

 
 

 

 

3g. Odor  
  

Qualitative measures of relative odor among tanks were noted during the research phase I of the 

project. We found that digesters containing lake mud-only 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 earthier and less unsettling smell than that of mesophilic tanks, which smelled of 

animal manure, the traditional ñbarn-likeò odor commonly used to describe anaerobic digestion 

facilities, commercial and small-scale. Upon wafting, even the lake-mud-only tanks exhibited a 

strong ammonia-like 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 II Results 
 

3h. Biogas storage 
 

Phase II efforts to collect, store, distribute and demonstrate end-use applications of the 

biogas technology were largely successful.  We designed and implemented a new gas collection 

system suitable for small-scale applications in Alaska and other boreal and 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 by placing additional 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 digesters in 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 with a cast iron single-burner stove, powering of a 4-cycle lawn mower engine, 
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production of electricity using a converted gas-powered generator and use of digester effluent as 

liquid fertilizer in a student project greenhouse. 

 

 

 

3i. End use testing 
  

Demonstrating small-scale 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 students interested 

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 effluent.  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 phase II project 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 tri-fuel gas conversion kit, this gasoline 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 0.5-psi and injecting small amounts of ether starting fluid, 

the generator fired on the first draw of the pull-start cord.  At pressures below 0.5-psi the engine 

was able to maintain idle, but could not achieve sufficient revolutions 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 adding a second tank on top of the telescoping 

collection vessel used to store gas and filling it with approx. 175 Gal of water (DH2O @ 15°C = 

1000kg/m
3
 or 8.34 lb/US gallon).  The resulting water weight (approx. 1500 lbs) was enough to 

increase the pressure in the gas line to about 0.5-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 small-scale anaerobic digester technology around 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 continuous, clean-burning flame once 

ignited by local spark and/or flame. By adapting a cast iron single-burner stove with natural gas 

conversion kit, 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 boiled (Ti = 

15°C, placed in a 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 roughly 300 L 

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 slurry 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 effluent exhibited 

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 fertilizer treatment 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 additions. The largest differences in growth were observed among the flowering 

plants, Lilium Pumilum and Asiatic Pink Pixies, which responded very well to effluent 

treatments; however, others like Lilium Regales and Asiatic Orange Pixies hardy grew at all 

when given 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 plants, which 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 roots themselves. No quantitative biomass or root/shoot length 

measurements were taken.  

 

Curriculum enhancement.  Student-led projects were a major component of Phases I and II.  In 

Phase I, students from the high school chemistry class and science club were charged with daily 

food processing and feeding during Phase I 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 with built-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 CEC).  Low and students purchased and converted an 1850W gas-powered 

generator and 4-cycle 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 known and available fuel-types.  

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 at a host of difference conference meetings and alternative 

energy forums.   

 

4. Discussion 
 

4a. Phase I hypothesis testing 
 

Phase I results supported the Hypothesis 1 that biogas production will be greater at 

tepid (25 °C) temperature than at cold (15 °C) temperature.  Gas production rates were on 

average six times higher in the psychrophile-only tank 4 maintained in the tepid room than the 
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psychrophile-only tank 1 maintained in the cold room. Similarly, no significant biogas 

production was observed among cold room 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 tanks in the 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 in other studies 

(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 different starting inoculate microbial regimes (psychrophile-rich 

lake bottom mud vs. mesophile-rich 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 

some tanks to avoid overfeeding, which can lead to souring, or acidification, of the slurry. 

Remarkable similarity in digester chemistry among all tanks, except tank 3 (Figs. 7-9), indicates 

that experimental conditions remained relatively consistent among tanks, and 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 populations in 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 insufficient 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 dioxide occurs, 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 tanks than in the tepid room tanks, 

potentially knocking down methanogens more in the cold room than in the tepid room.  

Chemical remediation steps were taken to avoid a collapse of each tankôs microbial 

system and were largely successful within the first year of study. Additions of basic chemicals 

(i.e. Lime, calcium carbonate, and sodium hydroxide) were used to help restore system pH to 

optimal norms (6.8 ï 7.2). These efforts regained digester activity among all tanks by early June 

2010, with the exception of tank 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 in tanks 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 which likely resulted in failure of each tankôs microbial community. 

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 mesophile activity 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 continue production 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  to 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. However, these results 

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 warmer in summer, though 

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 constant temperature; 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 temperature fluctuations are not unlike what would be expected in 

many Alaska residences and other cold-climate communities. 

 

Our results are inconclusive to support Hypothesis 2 that at any given cold or tepid 

temperature, tanks inoculated with cold-tolerant microorganisms (psycrophiles) from 

thermokarst lakes will produce more biogas than tanks inoculated with warm-loving 

microorganisms (mesophiles) in manure. While the gas production data alone suggests that 

digesters containing lake mud had higher gas production rates 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 likely 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 data to draw 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 variability so 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 cross contamination 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 and inhibited others, 

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 testing Hypothesis 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 scope and budget of this project. Microbial analyses would be an 

exciting direction for future work in this field to go in the future.  

 

Phase I results supported Hypothesis 3 that, biogas production at cold temperatures 

(15-25 °C) will not be as efficient as at warm temperatures (35-50°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/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 -1.1 L/L/day in traditional mesophilic batch digestion scenarios at warmer temperature 

regimes (35°C) (Hartman, et al., 2001). At the 1000-L scale digesters, we measured up to 559-L 

of biogas production per day under relatively cold temperatures.  In comparison, typical 1000-L 

household scale digesters in India and other countries are known to produce 1000-L of biogas 

per day, but they are located in warm climates where temperatures (35-40 °C) are more optimal 

for mesophile metabolism (Karve, A. D., 2011). Extrapolating 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 (°C) ï 432], then at 35-40 °C, biogas 

production rates in our digesters could have increased to 0.77-0.94 L/L/day (770-940 L d
-1

 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 possible 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 the small-scale in Cordova, Alaska.  Data on the relative 

labor required to build and maintain small-scale digesters, as well as the affects of temperature, 

acidity, feeding and BTU rating/fuel offset characteristics of produced biogas from mesophilic 

and psychrophilic bacteria cultures were well documented.   

 

Challenges of flow data measurement. Prior to this study, little information was available on 

gas production monitoring techniques for small-scale biogas technology. Approximate 

production rates were estimated at around 1,000-L gas per 1,000-L 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 small-scale. Commercially available instrumentation 

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 labor-intensive method of allowing gas to 

build pressure inside of the digesters for 6-8 hours 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 developed a less 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 for biogas digesters at the small scale.  
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Limitations of the technology at the small-scale. 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 this time. It is clear, that of all variables which influence biogas 

production, temperature still remains the most formidable obstacle for digester projects at the 

small-scale. 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 (>30х C) in other 

climatic zones, household-scale 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 economically viable because digesters require external 

heat sources. In situations where excess thermal or waste heat can be diverted in order to heat 

digesters, projects of smaller-scale (1000-2000L) may still be justifiable for the additional 

products they offer by way of secondary energy recovery (i.e. the formation of a clean-burning 

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 feasibility of small-scale biogas digesters in Alaska that are 

typically intended for use by single-family, traditionally low-income rural peoples located within 

the equatorial region. For homes in places like India and China for example, daily per capita 

energy consumption 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 operate at this scale would 

not be cost competitive with current alternative fuel-types. For this reason, anaerobic digesters 

intended for the individual family-scale are not likely to catch on in great number within Alaskan  

(or other U.S) communities; however, they have higher 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 Benefit-Cost Analysis and Sensitivity Analysis  to assess the economic feasibility of 

small-scale 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 determine the technologyôs level of marketability to Alaskan communities 

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 Final Report.  

 

Introduction 

The psychrophile bio-digester 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 temperatures. The technology is in 

its research and development (R&D) phase which makes in-depth economic analysis 

challenging. This paper describes a preliminary economic analysis of this new 

technology. In order to provide a comprehensive study at this early stage in technology 

development, the analysis was prepared using a benefit-cost method 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 on a conceptual bio-digester, not based on the actual bio-

digester located at Cordova  

(2) Project life of 10 years  

(3) Real discount rate of 3% 

(4) The biogas output at 30ÁC was not tested during the demonstration projectôs 

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 

support 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 Survey
1
. All base 

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 was set to increase at 

5.73%, the average percentage increase from 2003 to 2010
2
. The '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 increase from 2003 to 

2010. Two diesel fuel price projections, medium and high were used, based on 

projections previously published by ISER
3
.  

(6) Cost for food waste is assumed zero since those can be collected from the 

neighborhood with minimal effort.  

(7) Labor cost is 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
4
.  

 

Benefit-Cost Analysis and Sensitivity Analysis  

Methane production levels from a bio-digester differ significantly depending on ambient 

temperatures. Methane production levels determine the amounts of fuel potentially 

displaced. Hence this analysis reviews benefit cost ratios based on 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 gallon) - high projection, 

propane ($ per gallon), electricity ($ per kWh) - before PCE5 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 = 138,690 Btu, Propane: 1 gallon = 92,500 Btu or 1 cubic feet = 

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

for diesel, propane, and electricity at different temperatures: 
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Table A. Estimated Fuel Displaced from a Psychrophiles Bio-Digester 

 
 

Benefit-cost (B/C) analysis shows that B/C ratios for this developing technology are low 

(Table B). At 15хC, the benefit-cost ratio is 0.01 for displaced diesel with the medium-

price projection, 0.03 for the displaced propane, and 0.04 for displaced electricity-after 

PCE. Higher ambient temperature assumptions yield higher bio-gas production, hence 

B/C ratios improve marginally. At 30хC, the B/C ratios increase, but are still below one; 

0.25 for diesel at the medium price projection; 0.53 for propane and 0.96 for electricity-

after PCE. As Table 2 shows, the only scenario that yields a B/C ratio higher than one is 

at 30хC for electricity-before PCE which results in 1.06. Table C shows the net present 

values for each scenario. 

 

 

Table B. Benefit-Cost Ratios Estimated for a Psychrophiles Bio-Digester 
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Table C. Net Present Values Estimated for a Psychrophiles Bio-Digester  

 
 

 

Conclusion  

Operating a bio-digester in an arctic environment remains challenging. In order for a 

psychrophiles bio-digester to be cost effective, a number of factors are necessary such as 

higher ambient temperatures (30хC), higher prices of displaced fuels and/or electricity, 

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

economic analysis, the psychrophiles bio-digester 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 of this technology. 

 

1 University of Alaska Fairbanks, Cooperative Extension Service - Food 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 2011-2035, Technical Report, Institute of Social 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 III 
 In Phase III, we took the knowledge gained from Phases I and II  to help improve small-

scale biogas digester efficiency in various other regions of the world, including where seasonally 

cold temperatures challenge biogas production. After 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, PI TH Culhane led the effort of Phase III to travel to the sites of other National 

Geographic Society explorers to train teams and build digesters there. During this project period, 

Culhane has trained communities in developing countries and personally built a total of 52 

biogas systems around the world. PI Walter Anthony assisted with outreach and international 

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 biogas during the set-up period but where cold 

season lows would require later improvements to encourage year round operation. Activities and 

results are reported in chronological order. 

 

Egypt 
PI TH Culhane traveled to Egypt in 2009 and 2010 to develop inexpensive biogas digester 

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 world ï the Chinese fixed dome system and the 

Indian Floating Drum digester. Neither seemed suited for temperate zone climatic zones or for 

small scale builders with limited resources. In Egypt, Culhane developed a low cost do-it-

yourself biogas system based on the use of palette-based 1 cubic meter International Bulk 

Containers (IBC Tanks) that are relatively easy to find on the aftermarket (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 Drum digester, 

even when built from local plastic water tanks, and the Chinese fixed dome digester, 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 permissions were limited. The IBC 

Tanks were used (and modified) in Phases I and II of this project in Alaska. 

 

Germany 
At his home to Essen, Germany, from 2009 until the present, PI Culhane experimented with 

small scale biogas on his porch. PI Walter Anthony sent Culhane a bottle of lake-bottom 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 German 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 

extremophiles 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 producing methanogens (this 

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 lake mud and 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. 

 PI Walter Anthony and senior personnel, Anthony visited Culhane in Germany in 

January 2013. They observed and consulted about Culhane's home digesters, installed 

temperature data loggers in his tanks, greenhouse and outside wall (Fig. 16) and visited a local, 

larger scale biogas operation on the Imbrahm  farm, just outside of Essen Germany, where 

restaurant food scraps are converted to produce commercial biogas.see http://www.bioenergie-

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 lamp lighting 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 winter from local duck ponds Culhane started mini-digesters 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 

Culhane porch, in a greenhouse on the porch, and at the top and bottom of a 1000-L digester on 

the porch outside the greenhouse.  

 

 
 

 

 

Findings related to Hobo temperature data loggers in Germany 

The Culhanes 'feed' very warm water with feedstock into their digester periodically near the top 

of the digester. The periods of feeding are seen in Fig. 16 as periods of elevated temperature. The 

data also show that temperature in top of digester fluctuated far more than temperature at the 

bottom of the digester (bottom digester temperature was most stable). On average, the top of the 

digester was 1.6 °C warmer than the bottom of the digester. During periods of digester feeding, 

the top of the digester was up to 28 °C warmer than the bottom of the digester. Since 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 that the greenhouse was on average 2.3 

°C warmer than the ambient outside temperature; however, the greenhouse temperature also 

fluctuated dramatically on diurnal time scales. 

 

 

Botswana 
PI T.H. Culhane visited the Selinda Reserve in 2010 where he and the staff built five different  

digesters out of locally available materials.  In Zarafa and Selinda lodges the idea was to build 

systems similar to but larger than those systems used in the Cordova experiments.  Since IBC 


