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1. Executive summary 

The Ithaca Area Wastewater Treatment Facility (IAWTF) treats sewage from the city of Ithaca, 

the town of Ithaca, and the town of Dryden. On an average, 13.1 million gallons of wastewater 

flow through the IAWTF each day. First, the wastewater is put through grates and settling tanks 

to remove larger waste particles. The water is then put through an activated sludge process where 

the organic waste fraction is partially converted to microorganism biomass under aerobic 

conditions. The biomass is removed via settling and the water is sent on for further treatment. 

The biomass sludge from the treatment process is thickened to lower the moisture content. From 

the thickeners, the biomass is pumped to the primary anaerobic digester where it is degraded for 

26 days at a mesophilic temperature of 35˚C. Majority of the 566,000 m3/year of biogas is 

produced in the primary digester.  Leftover sludge is pumped to a secondary digester where the 

material is further stabilized, converted into more biogas, and settled. Some sludge is circulated 

through a Fenton reaction tank, and then back to the primary digester. The rest of the sludge 

from the secondary digester exits the digestion process and is sent to a belt press system. 

Dewatering and preparation of the sludge for landfill disposal is performed using polymers and a 

belt press. 

The current biogas production of the facility covers about one-third of its heating and electricity 

needs. The objective of this project is an analysis of various options for increased co-production 

of energy at this facility and an assessment of the economics of each of the available options.  

Using food waste (FW) currently being diverted from landfills in Tompkins County (12,500 

kg/day), the facility could produce enough energy to supply 46.7% of electricity needs and 

51.3% of heating needs. This could be further improved to cover the entire needs of the facility 

and produce 97% excess electricity and 61% excess heat if the quantity of FW collected for 

treatment could be increased to the mesophilic digesters’ maximum calculated capacity of 

115,000 kg/day.  
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It is possible to further increase the energy output of the facility and produce 280% excess 

electricity and 106% excess heat by converting the digesters to operate at thermophilic levels 

(55˚C) and adding the corresponding maximum FW amount of 117,600 kg/day. Under these 

conditions, the net revenue for thermophilic operation exceeds that of mesophilic operation by 

around $6 million over 10 years. Under current waste collection scenario, the thermophilic 

conversion can cover 91% of the electricity needs and up to 76% of the heating needs of the 

facility, providing a net benefit of nearly $4 million over 10 years when compared to mesophilic 

operation.  

The analysis conducted here indicates that the thermophilic scenario was found to be more 

economical than the mesophilic one. However, for both scenarios, the cost of doing these 

upgrades exceed the benefits, which include energy savings and earnings from selling excess 

electricity/natural gas. For the thermophilic scenario to be profitable, either the electricity feed-in 

tariff should be at least $0.19/kWh, as opposed to $0.05/kWh today, or the facility should receive 

a tipping fee of at least $46.20/ton of FW collected.   

Currently the IAWTF does not have a biogas cleaning system in place, and this has resulted in 

failure of the existing reciprocating engines. To avoid such failures, biogas needs to be removed 

of impurities like hydrogen sulfide and siloxanes, which form deposits on engine surfaces, and 

water vapor, which is corrosive to engine surfaces. H2S will be removed using the LO-CAT® 

process, siloxanes with activated carbon, and water vapor using a dryer which condenses the 

water vapor by cooling the biogas. If biogas is to be upgraded to natural gas quality, CO2 must be 

removed using water scrubbing.  

In addition to conversion of the digester operating point, other proposed ideas for the IAWTF 

include minimizing the heat demand of the IAWTF by recycling heat between influent and 

effluent wastewater using the Walker Process tube-in-tube heat exchangers, adding a 

pretreatment apparatus for FW, and replacing the mixing system in the primary digester with 
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Vaughn Rotamix. In addition, it is recommended that the old reciprocating engines at the facility 

be replaced with new ones of higher efficiency and capacity. Reciprocating engines are preferred 

for CHP generation as opposed to other available technologies such as gas turbines and 

microturbines. This is because of their lower costs and higher efficiency for the range of power 

generation capacities possible at the IAWTF (200-1536 kW). It is also recommended that the 

Fenton reagent treatment of sewage sludge, which is already being done at the IAWTF, not be 

discontinued because it improves volatile solids removal and biogas output.  

If excess methane can be generated, one of the possibilities is to use all the biogas for electricity 

generation and the excess electricity to charge plug-in hybrid electric vehicles (PHEVs) and 

electric cars. The advantage of doing this is the savings due to non-requirement of CO2 removal 

if biogas is used for generating electricity as opposed to upgrading it to natural gas. Also there is 

much investment in developing electric car infrastructure in the United States. However, fast 

charging techniques have not been commercialized yet, and will not be available for a few years. 

Ideas were also developed for use of waste products from the IAWTF. These include sending the 

flue gas from the co-generators to a greenhouse for CO2 supplementation and using the digested 

dewatered sludge for growing plants using hydroponics. However, the hydroponics method is 

disadvantageous because of pathogens and toxic compounds in sludge, which can cause diseases 

in plants. Waste products from biogas cleaning such as sulfur and siloxanes can be sold as raw 

materials to industry. 

 

2. Objective 

The overall objective of this project is to determine the economics and sustainability of 

increasing the biogas output, and to find out ways of utilizing waste products of the IAWTF. For 

the first part of the overall objective, there are five sub-objectives. The first is to determine the 
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availability of additional organic wastes to increase the methane output of the anaerobic digesters 

of the IAWTF. The second is to estimate the new methane output using available literature, when 

additional feedstocks are added and the digesters are run either at 55˚C or 35˚C. The third is to 

perform energy analysis to find out the amount of FW that must be added to the digesters in 

order to produce enough methane to meet the electricity and heating needs of the IAWTF. The 

fourth is to perform economic analysis to determine the profitability of increasing the methane 

output. The fifth is to perform sensitivity analysis to find out which parameters have the most 

and least impact on the profitability of the project. The second part of the overall objective 

involves determining the feasibility of running local privately-owned and city-owned 

automobiles on methane or electricity, when excess methane is being generated. It also involves 

finding out uses of the products of biogas cleaning and other waste products such as the digested 

dewatered sludge and flue gas from the power plant. 

 

3. Literature Review 

3.1.  Food waste digestion 

Zhang et al (2006) state that food waste (FW) is the single largest component of the waste stream 

in the United States by weight. It consists of uneaten food and leftovers from food preparation. 

The sources include residences, restaurants, cafeterias, and lunchrooms. The authors did not 

make any attempt to find out the contribution of each source to the total amount of FW in the 

country. It is also stated that for high moisture containing biodegradable wastes such as FW, 

anaerobic digestion is the suitable waste-to-energy conversion process, and that FW provides 

well-balanced nutrients to the microorganisms.  

For their experiment, Zhang et al (2006) collected screened and shredded FW from a compost 

maker in northern California who collects FW from restaurants (company name was not 

provided). They added 200 gm (0.44 lb) of FW to each 500 ml (0.132 gal) batch digester and 
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digested the FW under anaerobic conditions with a retention time of 28 days. Unlike in a 

completely stirred tank reactor (CSTR), the contents in the digester used for this experiment 

were mixed manually only once a day. The temperature used was thermophilic at 50˚C (122˚F), 

and 81% VS destruction was obtained at the end of 28 days. If the two CSTRs at the IAWTF are 

run at maximum capacity at thermophilic temperatures, the retention time becomes 14 days, then 

the experimental conditions in this paper resemble approximately those of the IAWTF.  

The amount of biogas produced was measured by water displacement method and the methane 

content was analyzed by a gas chromatograph. The biogas yield obtained was 0.6 m3/kg VS 

destroyed, and it contained 73% methane with the rest being CO2. 80% of the biogas yield was 

obtained in the first 10 days. The authors point out that their biogas yield is comparable to the 

values in previous literature (Cho & Park, 1995; Heo, Park, & Kang, 2004; Steffen, Szolar, & 

Braun, 1998). For the calculations in this report, useful data such as the FW characteristics, the 

%VS destroyed and the biogas yield of FW are taken from this paper.  

A recent report by the East Bay Municipal Utility District (EBMUD, 2008) focuses on anaerobic 

digestion of FW in the state of California. The report covers many aspects of anaerobic digestion 

of FW. It highlights the disadvantages of composting such as land requirement, energy 

consumption and release of volatile organic compounds (VOCs) which pollute air. It also states 

that the existing wastewater treatment plants in California have excess capacities to be able to 

handle the post-consumer FW, which is similar in the case of the IAWTF.  

FW pulp has been obtained from the EBMUD’s main wastewater treatment plant which already 

digests FW along with sewage sludge. Anaerobic digestion of this FW was performed in bench 

scale CSTRs with hydraulic retention times (HRTs) of 5, 10 and 15 days, at mesophilic and 

thermophilic temperatures in order to determine the parameters like biogas yield, methane 

content in biogas, %VS destroyed, and the effect of HRT and temperature on these parameters. 

The mesophilic CSTR was operated at 35˚C and the thermophilic one at 50˚C. Both were started 
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with a 15 day HRT, which was decreased in steps. The digesters had to be restarted when they 

became unstable due to temperature or pH fluctuations. The authors report the optimum pH as 

between 7-7.5. pH, and total alkalinity (TALK) and total volatile acids (TVA) concentrations 

were measured. The TVA/TALK ratio was plotted with time and its variation was discussed. No 

particular trend was observed for the dependence of this ratio with HRT or temperature. While 

the %VS destroyed and the methane content in biogas values were higher for the thermophilic 

digesters, these values decreased with decreasing HRTs. The lowest methane production was 

obtained for a HRT of 5 days and this was attributed to the slow growth rate of methanogens. 

The author did not validate their results with values available in literature.  

The useful results from this report are as follows. The %VS destroyed has been obtained as 

80.8% for thermophilic digestion at 15 days HRT. The %VS/TS ratio for FW at thermophilic 

temperature was given as 87%. The range of methane output from FW was given as 280-480 

m3/ton-TS (0.31-0.53 m3/kg-TS) applied. The % methane content in biogas from the 

thermophilic digester is given as 67%. From the above information, the range of biogas output 

from FW is obtained as 0.65-0.88 m3/kg (10.4-14.12 ft3/lb) VS destroyed. The thermophilic 

digesters gave higher methane output and greater VS destruction than the mesophilic ones.  

Table 3.1 gives the results obtained by the author of this report, and table 3.2 gives the 

potentially useful information extracted from this report. 
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3.3.  Co-digestion 

Kuglarz and Mroweic (n.d.) performed laboratory scale anaerobic digestion of kitchen waste and 

sewage sludge in varying ratios by mass. The kitchen waste was collected from households, 

restaurants and school canteens. It was then homogenized using a domestic food blender. The 

digestion was carried out in 3 L (0.79 gal) fermenters, with a retention time of 30 days. Stirring 

of the contents was done for 5 minutes in every 3 hours. It was found that co-digestion leads to 

somewhat higher VS reduction (45-63%) and biogas production efficiencies (output per unit 

mass of VS destroyed), than digestion of sewage sludge alone (42%). The highest VS reduction 

(63%) was observed for the sample containing 60% of TS from kitchen waste (25% by wet 

weight). It should be noted that the fermentation was carried out at a mesophilic temperature of 

36˚C. The biogas production for the 60% kitchen waste sample was 0.53 m3/kg (8.44 ft3/lb) VS 

destroyed, while that of the sewage sludge only sample was 0.36 m3/kg (5.78 ft3/lb) VS 

destroyed. Because of the presence of easily biodegradable substrates like proteins and fats in 

kitchen waste, the methane concentration in biogas has been found to increase during co-

digestion. For the sample with 80% of TS from kitchen waste, the methanogenesis was inhibited 

by VFAs accumulation. The authors measured only the total VFA concentration, but not the 

concentrations of the individual components. No explanation was given for why the VFA 

accumulation occurred. This paper provides potentially useful data in the form of the %VS/TS 

for sewage sludge (69%) and the % of methane in biogas (66%). 
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were dried prior to pretreatment. The particle size of FW and SH-OFMSW was reduced to 2-6 

mm (0.08-0.24 in), while that of OFMSW, which was not pretreated, was 30 mm (1.18 in). The 

FW had a greater % of organic material than the other two, due to the presence of soil and other 

inorganic substances in MSW. Three samples of equal quantities (192 ml or 0.05 gal) of digested 

mesophilic sludge obtained from a local wastewater treatment plant were diluted with equal 

quantities (448 ml or 0.12 gal) of water. Then the wastes were added such that the TS content 

reached 20% in each digester. The authors state that for ‘wet’ digestion, the maximum amount of 

TS content is about 12%; hence they were conducting ‘dry’ anaerobic digestion.  

The reactors were operated for 90 days, and the amount of VS removed was 32.4% for FW, 

79.5% of OFMSW and 73.7% for SH-OFMSW. This shows that dry anaerobic digestion is less 

efficient and much slower than its wet counterparts. During the days 2-10, addition of NaOH was 

necessary to control the pH in the digesters. The biogas output was measured using a wet drum 

high precision gas flow meter and analyzed using gas chromatography. The total methane 

production was 0.18 m3 CH4/kg (2.88 ft3/lb) VS for FW, 0.08 m3 CH4/kg (1.28 ft3/lb) VS for 

OFMSW, and 0.05 m3 CH4/kg (0.8 ft3/lb) VS for SH-OFMSW. As expected, the difference in 

methane production between the last two is not significantly high because the composition of the 

feedstocks is similar. Some unusual nitrogen and hydrogen production was observed in all the 

reactors. The results show the superiority of FW as a substrate for anaerobic digestion, and also 

prove that superfine shredding of OFMSW is not needed. The useful data obtained from this 

paper is the TS content of FW, which is given as 22%. 

3.5.  Thermophilic anaerobic digestion of sewage sludge 

Rubia, Perez, Sales and Romero (2006) attempted to study the effect of solids retention time 

(SRT, θ) on the performance of a thermophilic CSTR treating sewage sludge. A pilot-scale 

CSTR of volume 150 L (39.63 gal) was used for this purpose and operated at 55˚C (131˚F). 

Mixing in the CSTRs was done by recirculating the sludge by drawing sludge from the bottom 
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and pumping it back to the top of the digester. The SRT (θ) was decreased from 75 days to 15 

days in steps. The intermediate HRTs were 40, 27 and 20 days (HRT = SRT for a CSTR). The 

digesters were operated at 75 and 40 days hydraulic retention time (HRT) for one θ (SRT) each, 

and then at other HRTs for 3θ (see table 3.5). Fresh sludge obtained from a local wastewater 

treatment plant was fed once a day during the 75 day SRT, twice a day during the 40 day SRT 

period, and thrice a day during the 27, 20 and 15 day SRT periods.  

HRT (days) No. of days of operation 

75 75 * 1 = 75 

40 40 * 1 = 45 

27 27 * 3 = 81 

20 20 * 3 = 60 

15 15 * 3 = 45 

Total:             306 

Table. 3.4.  Days of operation with each HRT 

As expected, the maximum %VS removal was obtained at the longest SRT of 75 days. The daily 

average methane production increased linearly with decreasing SRT, but the concentration of 

methane in biogas showed the opposite trend. This has been attributed to carbon dioxide in 

solution forming carbonates and bicarbonates at higher SRTs. For the longer SRTs, the amount 

of methane is not proportional to the amount of chemical oxygen demand (COD) removed. The 

authors attribute this to greater amount of removed COD being used for biomass generation than 

for methane production. The total VFA concentration increased with decreasing SRT. The 

authors report that these levels are higher than those obtained from mesophilic digestion. It was 

necessary to add bicarbonate alkalinity to maintain the pH in the digester. The authors cite 

greater VS removal, ability to treat higher organic loading rates, and higher biogas production as 

the advantages of thermophilic digestion. No cost-benefit analysis was performed for the two 
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digestion temperatures. The useful information obtained from this paper is that 50%VS removal 

is possible for thermophilic anaerobic digestion of sewage sludge with an SRT of 15 days. 

3.6.  Fenton reagent process in the Ithaca Area Wastewater Treatment Facility (IAWTF) 

Jose Lozano and his team (2009) at the IAWTF have treated a part of the digested sludge (80,800 

L/day or 21,350 gal/day) with 50% hydrogen peroxide (H2O2) containing ferrous iron, also 

called Fenton reagent. The results were reported after conducting this experiment for one year. 

The quantity of Fenton reagent used was 60 L/day (16 gal/day). The digested sludge was treated 

with this reagent in a 5,300 L (1,400 gal) reactor with a HRT of 1.57 hours. The VS removal rate 

improved from 55% to 60.4%, solids content of digested dewatered sludge increased from 23.1% 

to 24.9%, and the average biogas output increased from 2,200 m3/day (77,000 ft3/day) to 2,500 

m3/day (89,000 ft3/day). The amount of digested dewatered sludge trucked to the landfills 

reduced by 13 tons per month. The benefits of this process include electricity and heat savings 

and reduction in sludge disposal costs. The costs include those for construction and startup, 

Fenton reagent, extra electricity and heating requirements, and labor. The net benefit (benefits - 

new operating costs) of this process was reported as being more than $80,000 per year. Capital 

costs were not included in this cost-benefit analysis. The useful data obtained from this paper is 

the amount of recycled sludge to the primary digester (80,800 L/day). 

3.7.  Electric and hybrid electric vehicles 

Francfort and Slezak (2002) report the performance of advanced technology vehicles (ATVs) 

tested under the US Department of Energy’s (DOE) field operations program. The field 

operations program is aimed at testing and disseminating unbiased information about the 

performance of ATVs to prospective buyers. Table 3.6 lists the types of ATVs tested and the 

performance measures that were or will be reported. The useful information obtained from this 

paper is the energy efficiency of electric pick-up trucks (in the EV category) running with lead-

acid batteries (2.7 km/kWh). 
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Type of ATV Performance measures 
reported/to be reported 

Status of testing 

Light duty electric vehicle 
(EV) 

Average range, acceleration, 
battery energy density, 
reliability, average energy 
efficiency of fleet 

Testing has been done and 
results have been reported 

Neighborhood electric vehicle 
(NEV) 

Not yet determined Not yet begun 

Urban electric vehicle (UEV) Performance requirements 
have been set, but not given in 
this report 

Not yet begun 

Hybrid electric vehicle (HEV) Acceleration, braking, fuel 
efficiency, battery life, life-
cycle costs, other operational 
issues 

Acceleration, braking, and 
fuel efficiency reported for 
Toyota Prius and Honda 
Insight. Other results not 
reported yet. 

Fuel-cell vechicle Not yet determined Not yet begun 

USPS vehicle Performance measures of EV 
+ gradeability 

Testing has been done and 
results have been reported 

Table. 3.5.  Table summarizing some of the information presented in Francfort and Slezak 

(2002). The NEVs and UEVs have maximum speeds of 32-45 km/h and 85 km/h respectively. 

3.8.  Removing hydrogen sulfide (H2S) from biogas 

Steve Zicari (2006) describes currently available technologies of removing H2S out of biogas 

generated from a farm-based anaerobic digester. The author lists iron sponge, adsorption, 

chelated ion, alkaline salt, and amine methods as being currently feasible on an industrial scale. 

In the iron sponge method, iron oxide impregnated onto wood chips is the active agent. When it 

reacts with sour biogas, iron sulfide is formed. The sponge is regenerated by exposing it to air, 

but care should be taken since the oxidation reaction is highly exothermic. The regenerated 

sponge is less efficient than the original one, so regeneration is practical only once or twice. The 

adsorption method is another dry process and involves adsorption of the impurity onto molecular 
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sieves or KOH-impregnated activated carbon. The chelated ion process utilizes iron ions bound 

to a chelating agent in solution. A redox reaction occurs when the gas is bubbled through the 

solution, and S2- is oxidized to elemental S, while Fe3+ is reduced to Fe2+. Then the solution is 

sent to an oxidizing tank where the sulfur is removed, and the Fe2+ ions are oxidized back to 

Fe3+. The amine method can be selectively used for removing CO2 or H2S and it involves 

scrubbing the gas with amine solution. Scrubbing can also be performed with alkaline salt 

solutions. The author reported that solution based processes have the disadvantages of high 

energy consumption and high costs. 

The author also describes other commercially available processes such as SulfaTreat, Sulfur-

Rite, and Media-G2. These three processes are slight variations of the iron sponge process. Here 

the iron oxide is coated on different materials. In the Sulfur-Rite process, the final product 

formed is not iron sulfide but iron pyrite. These processes have the same disadvantages as the 

iron sponge process. This is followed by in-situ methods to avoid H2S emissions such as the 

addition of phosphate buffer to the digester, producing low sulfur manure by feeding animals 

with a low sulfur diet, and aeration of biogas to oxidize H2S. The author gives the disadvantages 

of these methods as follows. Addition of iron phosphate to the digester can lead to the build-up 

of iron sulfides which can affect the performance of the digester. Providing a low sulfur diet to 

animals will not optimize the milk and meat yields, which are more important. Aeration of 

biogas will reduce the quality of biogas, lead to corrosion of surfaces due to sulfur formation, 

and may cause explosions. Finally, the use of biofilters for this purpose is described. These have 

been shown to provide high H2S removal capabilities, and compost is a type of biofilter. 

An experiment was performed to determine the use of compost for absorbing H2S from biogas. 

Biogas was mixed with air in the ratio 2:1 by volume and pumped through a compost bed in a 

column. 6 trials were performed. Trials 1 and 2 were performed for a short period of time (16 

hours each), trials 3 and 4 were for the longest period of time (1,057 hours), and trials 5 and 6 

were for periods of 50.5 and 216.5 hours respectively. The author reported that there was a 
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significant reduction of H2S from biogas in all trials, and the maximum removal rate was 130 g 

H2S/m3-solids/hour. When scaled up, the expected cost was competitive with the existing iron 

sponge process (Zicari, 2003). However, this process would be more useful if it could be 

conducted without the need of mixing biogas with air, as this reduces the energy density of 

biogas. This report gives useful knowledge and criticisms of the available methods of H2S 

removal along with a new method.  

Okeechobee Landfill Inc. (2007) of Florida performed a best available control technology 

(BACT) analysis for the mitigation of pollutants emissions from land fill gas power generation. 

For the control of SO2 emissions, the current commercially available technologies for removing 

H2S from landfill gas are described and their costs are compared. Several new technologies are 

described here. For example, the H2SPLUS process uses the iron sponge technology 

impregnated with biological agents. The gas is mixed with a small amount of air, and passed 

through tubes, where iron oxide reacts with H2S to form iron pyrites, and the biological agents 

act on the pyrites to form elemental sulfur while also regenerating the iron oxide. Although the 

process is regenerative, the media still gets spent with usage and must be disposed. The Sulfa 

Bind process is similar to the iron sponge process except that it uses ferric hydroxide coated on 

granular silica-like material. The spent media can be regenerated up to 12 times by blowing air 

for 6-12 hours before disposing off. 

The Enviro-Scrub® process involves sparging the gas through a solution to remove the 

impurities. Here also, the medium is non-regenerable and must be disposed. The Enviro-Tek™ 

process is similar to the Enviro-Scrub® except that the spent solution can be regenerated by 

aeration. This process yields elemental sulfur as a byproduct. A comparison of all the 

technologies is given in the table below. The information in the table is useful in identifying the 

most economical technology (LO-CAT®) and the corresponding costs ($267/year for a ton of 

SO2 emissions removed). 
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molecular sieves, etc. The second technique is cooling the gas. Cooling the gas to 2-5˚C 

condenses the water vapor but removes less than 25% of the siloxanes. Cooling to -30˚C 

removes more than 90% of the siloxanes, and at -70˚C more than 99% of the siloxanes are 

removed. CO2 removal requires cooling below -85˚C. 

The third method described involves scrubbing the gas with an organic solution. Various 

scrubbing liquids have been tried so far, and the effective ones include fuel oil, ethanol, 

tetradecane, polythyleneglycoldimethylether, etc. The fourth technique is membrane separation, 

which can be used to remove all impurities, but this is expensive. Then the author gives 

information about already installed cleaning systems. Other sources in literature also provide the 

same four cleaning methods described above (McBean, 2008; Persson, Jonsson, & Wellinger, 

2006). The useful information obtained from this report is the cost of siloxanes removal using 

activated carbon. The capital cost is $88/(m3/hour) of biogas ($10,000/(million-m3/year)), while 

the operating cost is 0.4 cent/m3.     

3.10.  Removing CO2 from biogas 

Hullu et al (2008) describe various techniques available for upgrading biogas to natural gas 

quality. Water scrubbing is a process that can simultaneously remove H2S and CO2. The authors 

say that this is the simplest process available today. The second method described is the pressure 

swing adsorption (PSA) technique, which uses carbon molecular sieves which selectively retain 

all other gases except methane at a particular pressure. The molecular sieves are regenerated by 

lowering the pressure. However, in this method, H2S is adsorbed irreversibly, so H2S needs to be 

removed beforehand. The third method is the cryogenic process, which involves distillation of 

the gases after cooling to -170˚C at a pressure of 80 bar. However, this technique has high capital 

and operating costs and is thus not economically feasible. The final method described is 

membrane separation, which utilizes polymeric membranes made of cellulosic acetate, 

polyimide, or other strong and hollow materials. When a mixture of gases is forced through the 
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      3.11.  Economics of greenhouse crops 

G. Nabi Chaudhary (2006) reported that the demand for fresh vegetables and other products in 

Canada has led to the development of the greenhouse industry. The growth in area of crops 

grown under greenhouses and current total revenues from crops has been reported for Canada as 

well as for the state of Alberta. The distribution of greenhouses in different regions of Alberta is 

shown and described. Then the area under each crop is given. The decreasing order of area under 

each crop is flowers, vegetables, and tree seedlings. Next the number of greenhouses growing 

each type of crop in different areas of Alberta was given. The general physical characteristics of 

greenhouses were given, including the construction material, heating, lighting, and ventilation 

and irrigation systems. 

The rest of the report focuses on the economics, and the various cost components are described. 

They include capital cost and operating costs such as labor, production materials and supplies, 

heating, utilities, transportation, maintenance, taxes, marketing, and other miscellaneous costs. 

The crops listed in this report are cucumber, tomatoes, peppers, bedding plants/ornamentals, cut 

flowers, and tree seedlings. Potentially useful information in this paper includes the types of 

crops grown in greenhouses and information about the most profitable crop(s). 

       3.12.  Carbon dioxide for greenhouses 

Blom, Straver, Ingratta and Khosla (2002) report that an increase in CO2 concentration in 

greenhouses from the ambient level of 340 ppm to 1000 ppm will increase the rate of 

photosynthesis by 50% for most crops. The increased rate of photosynthesis leads to higher 

amounts of available sugars and carbohydrates for plant growth. The authors say that CO2 uptake 

by plants in greenhouses can reduce its levels from 340 to 200 ppm. Thus supplementation of 

this gas becomes necessary. The authors give information about the various ways of producing 

this gas. Fossil fuel powered boilers can provide both gas and heat. Liquid CO2 systems and 

addition of rotting organic material are also described. 
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Then the authors describe modern methods of controlling greenhouse environment. They also 

provide information on what the levels of CO2 should be on sunny and cloudy days, at night, and 

when the vents are opened, and at what time during the day should CO2 be supplied (see table 

below). Information is also given on what should be the air infiltration level, and calculations are 

done for the rate of CO2 supply for a greenhouse of 100 m2 area and the power of burners 

needed. For a greenhouse of area 4 hectares, the equipment costs for CO2 supplementation are 

estimated. The design of the gas distribution system is described next, followed by the maximum 

allowable levels of impurities in flue gas, and the nutrients that should to be added to certain 

plants in the presence of high CO2 levels. This paper would be useful for calculations on the 

amount of CO2 in flue gas from the power plant at the IAWTF that can be sequestered by setting 

up a greenhouse. 

Event CO2 level to be maintained (ppm) 

Cloudy day 400-1000 

Open vents 400-600 

Sunny day 1000-1300 

Night 400-600 

Table. 3.7.  CO2 levels to be maintained at various times 

Impurity in flue gas Maximum ppm allowed 

Sulfur dioxide 0.2 

Ethylene 0.05 

CO 50 

Table. 3.8.  Upper limits on impurity levels in flue gas to avoid damage to greenhouse crops 
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4. Organic waste streams in Tompkins County 

Casella Waste Systems Inc. is one of the companies that manage hauling of garbage from homes 

and businesses to the recycling centers. Casella pays the Tompkins Recycling and Solid Waste 

Center (RSWC) $85/ton to dispose the garbage (Tompkins County Solid Waste Management 

Division, 2006). Currently the municipal solid waste obtained by the RSWC is not being sorted 

and is being landfilled.  

In most residential areas which are not a part of the home composting program, FW is thrown 

into trash cans along with other garbage. Thus most of the residential FW goes into the 

municipal solid waste (MSW) stream. Casella charges a fixed annual amount to the waste 

generating sources, so the sources do not benefit by separately disposing FW unless they are 

incentivized to do so. Cayuga compost, a division of P&S Excavating LLC, collects food waste 

(FW), farm waste and yard waste, composts it and then makes a profit by selling the compost. It 

obtains most of the wastes from non-residential sources. Cayuga compost charges approx. 

$18.5/ton to collect food, farm and yard wastes (P&S Excavating LLC, 2009).  

According to Kat McCarthy of the RSWC, a total of 5,036 tons (12,500 kg/day) of FW, 5,506 

tons of yard waste, and 3,588.5 tons (8,900 kg/day) of farm waste were diverted from the landfill 

in Tompkins County in 2008 by various mechanisms (see figs. 1-4). The farm waste includes 

only the waste generated by farms owned by Cornell University. This consists of 3,300 tons 

(8,200 kg/day) of manure and bedding, and the rest is plant and soil material. Of this only the 

manure is a useful component to the IAWTF. The manure comes mixed with bedding materials, 

which consist of wood sawdust, wood shavings, hay and straw. These materials can enter the 

digesters and have a negative effect on their performance. Wood shavings can clog the pipes, 

while hay and straw form a scum layer (Monnet, 2003). According to Mr. Bill Huizinga of the 

Cornell University farm services, only 25% of the manure and bedding mixture by weight is 

manure, and the rest is bedding material. Bedding can be separated from manure by using 
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mechanical screening. United States Patent 5927513 describes a separation process that utilizes 

vibrating screens (Hart, 1999). Other separation processes include belt or screw presses, 

centrifuges, inclined screens, etc (eXtension, 2010). The capital cost of screens ranges from 

$5,000 to more than $20,000, depending on the separator type and size (Kintzer & Moffitt, 

2005).  

The separator can be installed close to the source (veterinary college) or at the IAWTF. If it is 

installed close to the source, then the amount of trucking needed will be minimized, and the 

separated bedding material can be sent to the compost site. Manure has been successfully co-

digested with FW, and increased methane yields were obtained (Li, Chen, Li, Lar, He, & Zhu, 

2009). It is assumed that waste generated by other farms in Tompkins County is used for land 

application in the farms itself, since disposal of waste is costly. 

The FW includes that from Cornell (850 tons/year or 2,100 kg/day), all of which is composted 

(Schwarz & Bonhotal, 2009). 2,200 tons (5,440 kg/day) of FW is diverted from the landfill every 

year by home composting. The rest (1,986 tons/year or 4,900 kg/day) is the amount of FW 

collected and composted by Cayuga compost, all or most of which is generated from non-

residential sources. According to the RSWC, 3,000 tons of yard waste has been composted by 

residential sources by home composting (Tompkins County Solid Waste Management Division, 

2006). Cayuga compost also obtains yard waste from the RSWC, which amounts to 2,506 

tons/year (6,220 kg/day). However yard waste is not a useful feedstock, due to its low biogas 

yield of 0.14 m3/kg (2.24 ft3/lb) VS destroyed (Owens & Chynoweth, 1993). The total amount of 

useful feedstocks is 12,500 kg/day in the form of FW. It is expected that the IAWTF can do 

business with Cayuga compost, Cornell University and homes in Tompkins County and obtain 

the food waste by paying $10/ton. With this incentive, it is expected that many more 

household/commercial FW producers would be willing to sort out their waste streams and donate 

their FW in future. Alternatively, it can be assumed that the FW can be sorted from garbage at 
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Fig. 4.2.  Flow of FW in Tompkins County, not including the FW from Cornell University. The 

collected garbage is sent to landfills. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.  Flow of food and farm wastes generated by Cornell University 
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Fig. 4.4.  Wastes that can be used by the IAWTF 

 

5. Non-conventional feedstocks 

5.1.  Glycerin from biodiesel production 

Glycerin is a byproduct from biodiesel production. It contains glycerol, methanol, residual 

catalyst and water, as well as possible small amounts of biodiesel and oil. Typically, for every 

100 tons of biodiesel produced via transesterification, 10 tons of glycerin are generated (Chen, 

Romano, Zhang, & Kim, 2008). Glycerin contains 78-82% glycerol. It has been successfully co-

digested with manure, sewage sludge and various other feedstocks (Kacprzak, Krzystek, & 

Ledakowicz, 2010; Fountoulakis, Petousia, & Maniosa, 2010). It has about 80% volatile matter, 

all of which is degraded with 14 days of mesophilic digestion in a CSTR. The biogas output is 

0.67 m3/kg of volatile matter added and the methane content in biogas is about 51.6% (Hutňan, 

Kolesárová, Bodík, Špalková, & Lazor, 2009).  

 

Ithaca Biodiesel is a local biodiesel manufacturer which makes biodiesel from waste vegetable 

oil. Glycerin is a byproduct of this process. According to Ms. Meghan Murphy of Ithaca 

Biodiesel, around 20 gal (76 L) of glycerin is produced every week. Of this, around 15 gal (57 L) 

Digestible wastes

FW from homes 

not going to 

landfills (5,400 

kg/day) 

FW from non‐

residential sources 

being composted by 

Cayuga compost 

(5,000 kg/day) 

FW from 

Cornell 

(2,100 

kg/day) 
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is used by the company’s employees as soap and detergent. Ms. Murphy reported that crude 

glycerin is used as it is and purification to obtain pure glycerol is not cost-effective. The 

remaining 5 gal (19 L) along with 55-60 gal of waste vegetable oil which cannot be used to 

produce biodiesel, is collected by Cayuga compost and around $17 is paid per week to dispose 

this waste. 

 

5.2.  Aircraft de-icing solution 

 

Aircraft de-icing solution consists mostly of propylene glycol (90%), along with small amounts 

of thickening agents and corrosion inhibitors. It can cause water pollution because of its high 

biochemical oxygen demand (BOD) content, hence the runoff from airplanes which includes the 

solution along with ice melt, is collected and treated. The treatment process is aerobic or 

anaerobic, similar to ordinary wastewater treatment. It has also been co-digested with sewage 

sludge and it was found to improve methane yields (Zitomer, Ferguson, McGrady, & Schilling, 

2001). 

 

According to Mr. Tony Rudy of the Ithaca Tompkins regional airport, the runoff is highly diluted 

and contains about1% glycol. The yearly amount of runoff collected is 24000 to 130000 gal 

depending on the length and severity of the winter season. It is then trucked to a wastewater 

treatment plant in Syracuse. Mr. Rudy said the lack of extra capacity in the IAWTF was the 

reason for sending it to Syracuse. At the treatment plant it is pumped to anaerobic digester. 

Runoff at Albany airport is also sent for anaerobic treatment at an onsite facility. The treatment 

produces biogas which is used to produce electricity used by the airport. The airport at Buffalo 

treats its waste stream using aerobic treatment in an onsite underground tank made of gravel 

(Liner, 2007). 
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6. Volatile solids destruction and other parameters 

Here the parameters needed to calculate the methane output from the IAWTF are determined 

from available literature, starting with % VS destroyed in the digesters. Information on methane 

yields is available only for the co-digestion of sewage sludge (SS) and FW, SS and farm waste, 

and FW and farm waste (Lansing, Martin, & Botero, 2009). Thus parameters for co-digestion of 

3 or more of the wastes described in earlier section are not available. Since FW is available in 

greater quantities than the others, further calculations are done for the mixture of FW and SS,  

The table below lists these values for thermophilic digestion of SS and FW in completely stirred 

tank reactors (CSTRs) at different HRTs. The HRT is 14 days for the digesters in the IAWTF, 

when they are operated at thermophilic temperatures with full TS load (since the primary 

digester of 5.3 million liter volume is fed 378,500 liter per day). Using all the numbers in the 

table below, 80% is taken as the net combined VS removal of both the digesters of IAWTF, for a 

mixture of FW and SS.  

Type of waste HRT % VS removal Reference 

FW 28 80 Zhang et al (2007) 

FW 15 80 EBMUD (2008) 

SS 15 >50 Rubia et al (2006) 

SS 20 66 Kim et al (2002) 

SS + FW 14 + 14 80 - 

Table. 6.1.  Values for % VS removal at thermophilic temperatures available in literature. The 

last row represents the value assumed for the IAWTF. 
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In order to find out the % of VS removed in each digester, let x be the % of VS removed in the 

primary digester, then x% of the remaining quantity (100-x) of VS is removed in the secondary 

digester. The equation for x is obtained as given below. 

                                                                 80 100                                                   (1) 

 The value of x is obtained as 55.28%, which is a realistic one.  

An assumption of 25% TS in FW seems reasonable. Forster-Carneiro, Perez and Romeiro (2008) 

reported a TS concentration of 22% in FW; the EBMUD report gives a value of 28% while 

Zhang et al reported a 30% TS content (Forster-Carneiro, Pérez, & Romero, 2008). The 

maximum allowable TS content in the CSTR is 10% (Mes, Stams, Reith, & Zeeman, 2003). 

Table 5.3 summarizes the assumptions made for calculating biogas output. 

The numbers for biogas output are summarized in the table below. Kim, Ho-Ahn and Speece 

(2002) reported a biogas production of 0.391 m3/kg VS added for sewage sludge (SS) digested in 

a thermophilic CSTR with a VS removal efficiency of 66% (HRT = 20 days). From this 

information, the biogas production for SS as obtained by this group is calculated as 0.391/0.66 = 

0.49 m3/kg (9.49 ft3/lb) VS destroyed. Fabien Monnet (2003) gave the range of biogas output 

(70-80% methane) for FW as 0.5-0.6 m3/kg VS added. No information is given on the % of VS 

removed or the temperature used, but the HRT is given as 12-14 days. Assuming 80% VS 

removal as given in the paper by Zhang et al and in the EBMUD report, the range of biogas 

output for FW turns out to be 0.625-0.75 m3/kg VS destroyed. From all the information in the 

table below, the value obtained by Zhang et al (0.6 m3/kg VS destroyed) is taken for biogas 

output from the mixture of SS and FW. The biogas output and VS removal values are assumed to 

remain constant for all ratios of SS and FW, even though this may not be the case in reality. 
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Type of waste Biogas output (m3 per kg VS destroyed) Reference 

FW 0.65-0.88 East Bay Municipal Utility District 
(2008) 

FW 0.6 Zhang et al (2007) 

FW 0.625-0.75 (assuming 80% VS removal) Fabien Monnet (2003) 

SS 0.49 Kim, Ho-Ahn and Speece (2002) 

Table. 6.2.  Biogas outputs from anaerobic digestion at thermophilic temperatures for FW and 

SS. A sensitivity analysis for biogas output has been done in chapter 12. 

Methane content of biogas produced at 55˚C is taken as 70% (East Bay Municipal Utility 

District, 2008 ; Kuglarz & Mrowiec). The table below lists the parameter values assumed.  
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Quantity Value assumed  Reference 

% VS removal in each 
digester 

55.28% Zhang, El-Mashad, 
Wang, Liu, Choate, & 
Gamble, 2007 

% VS/TS in FW 85% Zhang, El-Mashad, 
Wang, Liu, Choate, & 
Gamble, 2007 

% TS in FW 25% Forster-Carneiro, 
Perez, & Romero, 
2008; 

Zhang, El-Mashad, 
Wang, Liu, Choate, & 
Gamble, 2007 

% VS/TS in SS 75% Kuglarz & Mrowiec 

% TS in SS 4% Lozano, 2009 

VS in SS 2700 kg Lozano, 2009 

biogas output 0.6 m3/kg Zhang, El-Mashad, 
Wang, Liu, Choate, & 
Gamble, 2007 

% methane content in 
biogas 

70% East Bay Municipal 
Utility District, 2008; 
Kuglarz & Mrowiec 

Table. 6.3.  Values assumed for parameters concerning feedstocks and biogas production at 55˚C 
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7. Methane output calculation 

 

 

 

 

 

Fig. 7.1.  Illustration of the flow of sludge in the IAWTF.  

In the above diagram,  

Vs = Volume flow rate of incoming sewage sludge to the primary digester (gallons/day)  

     = 138,000 L 

Vf = Volume flow rate of FW into the primary digester 

Vr = Volume flow rate of the sludge recycled through the Fenton reagent tank  

     = 80,800 L 

Vo = Volume flow rate of the digested sludge going to the belt press  

Vo = Vs + Vf                                                                                                                                  (2) 

The primary digester is supplied with thickened sludge (Vs), containing 5,440 kg of TS (termed 

as TSs for SS), at rs = 75% VS/TS (IAWWTF Dec-08 Jan-09 Report Tables). Assuming 4% TS, 

the volume of fresh SS, Vs is obtained as 138,000 liters (Lozano, 2009). Another 80,800 liters of 

sludge (Vr) is recycled through the Fenton reagent tank (Wastewater Treatment Process, 2009). 

The amount recycled is assumed to be kept the same even after adding FW. The recycled sludge 

comes from the secondary digester, and it must have 80% less VS, so the remaining amount of 

VSs is (1-ƞ)* VSs = 820 kg (where ƞ is the fraction of VS destroyed = 0.8 for both FW and SS). 

Fenton

 

      Vs                                                                                                                                                                                         Vo      

      Vf   

                                                                                                                        Vr 

                                                                                                                        

Fenton 
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The primary digester can handle up to 378,500 liters (100,000 gallons) per day, with 10% TS. 

The total amount of TS in the sludge going to the primary digester would be the sum of the TS in 

all the influent streams. For FW, the VS/TS ratio, rf = 0.85. If the amount of TS in the food waste 

is assumed to be ‘TSf’, then the amount of TS in the recycled sludge varies with each cycle as 

shown below: 

TS in the first incoming sludge (when no recycled sludge is added): 

1  

The TS in the recycled sludge is given by  

2 1 ƞ 1 1 ƞ 1  

For simplicity, the reduction in volume of the sludge during anaerobic digestion has been 

neglected. The amount of TS in the incoming sludge of the second cycle would be the sum of 

TS1 and TS2. In the third cycle the incoming sludge would be a sum of TS1, TS2 and 

3 	 1 ƞ 1 1 ƞ 1

 

Neglecting TS3 and higher order terms as they are small, and equating the sum TS1 + TS2 = 

TSmax, the maximum value of ‘TSf’ is obtained. TSmax, the maximum amount of solids loading 

(10% w/v) at the maximum influent rate (  378,500 L/day), is obtained as 37,610 

kg/day (82,910 lb/day). Thus the maximum value of ‘TSf’ is obtained as 29,400 kg/day. This is 

the amount of TS in the FW. Thus the total mass of FW that can be added to the primary digester 

is 117,600 kg/day. The amount of FW produced in Tompkins County has been estimated in 

chapter 3 as 567,000 kg/day. The amount of FW currently diverted from the landfills is 12,500 

kg/day. The TS content of this amount of FW is TSf  = 3,130 kg. Assuming the density of FW to 

be the same as that of water at 55°C (0.986 kg/L), the volume of FW is obtained as 12,900 

       (3) 

(4)

(5) 
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L/day. Adding the FWDL to the primary digester, the amount of VS destroyed is calculated 

using the formula below: 

ƞ ƞ 1 ƞ ƞ 1 ƞ ƞ  

The amount of VS destroyed is obtained as 5,760 kg/day. At 0.6 m3/kg VS destroyed, the volume 

of biogas produced per day amounts to 3,450 m3/day. This amounts to 1.26 million m3 per year. 

At 70% methane, the volume of methane generated is 883,000 m3 per year. 

If many households and commercial establishments are willing to donate their FW by accepting 

$10/ton, and enough amount of FW is available to run the digesters at full capacity, i.e., at TSf = 

29,400 kg, then the amount of VS destroyed equals 24,250 kg, producing 14,500 m3/day, or 5.31 

million m3 of biogas per year. This amounts to 3.72 million m3 of methane per year. 

 With FWDL At maximum FW load 

Biogas production (m3) 1.26*106 5.31*106

Methane production (m3) 883,000 3.72*106

Table. 7.1.  Thermophilic biogas and methane production of the IAWTF after adding FW 

7.1.  Methane output with mesophilic digestion 

Mesophilic digestion has various advantages over thermophilic digestion such as greater 

stability, lesser heating requirement, and lower moisture content in biogas. The table below 

summarizes the information from literature such as biogas output per kg VS destroyed and %VS 

destroyed, useful for calculating the methane output. As can be seen, the results of various 

authors vary widely from each other. This might be due to the differences in the waste 

characteristics. For SS, Kim, Ho-Ahn and Speece used dog food as the feedstock claiming that it 

is very similar to SS in its characteristics. Kuglarz and Mroweic obtained SS from a local 

municipal sewage treatment plant. For FW, Murto, Björnsson, & Mattiasson used potato 

(6) 



35 
 

processing industrial waste, while the other two papers claim to have used mixed FW. It can be 

seen for each waste, a higher VS loading gives a better biogas output because of a higher 

concentration of VS. 

Labatut and Scott (2008) performed anaerobic digestion of different types of FW in bench-scale 

continuous flow digesters with a retention time of 44 days. They observed that the biogas output 

drops to nearly zero after 25 days.  

Type of 
waste 

% VS 
destroyed 

VS loading 
(kg/m3/day) 

HRT 
(days)

Methane 
output (m3/kg 
VS destroyed) 

% CH4 
in biogas

Reference 

SS 68 2 (approx.) 20 0.399-0.436 55 – 60 (Kim, Ho-Ahn, & 
Speece, 2002) 

SS 43 0.79 30 0.238  66 (Kuglarz & 
Mrowiec) 

FW 72 1.3 - 2 25 0.18-0.20 48 (Chen, Chen, & Wu)

FW 74 4.48 15 0.33-0.46  64 (East Bay Municipal 
Utility District, 2008 
) 

FW - - 44 0.22-0.65 m3

/kg VS added 
- (Labatut & Scott, 

2008) 

SS + FW - 1.5 - 6 7 - 20 0.4 m3/kg VS 
added 

67 (Murto, Björnsson, 
& Mattiasson, 2004) 

 Table. 7.2.  Mesophilic methane output and other information from literature 

Thus there is a lot of uncertainty regarding biogas output and methane content at mesophilic 

temperature, and also in the characteristics of FW, unlike the literature of thermophilic digestion. 

For calculations, the assumed parameter values for the mixture of FW and SS are listed in the 

table below. FW and SS characteristics are taken to be the same as before. A sensitivity analysis 

is performed later to find out the effect of variations in the parameters on the profitability of the 

project. 
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Parameter Value assumed 

Biogas output 0.4 m3/kg VS destroyed 

% VS destroyed (ƞ) 70% after 28 days 

% CH4 in biogas 60 

Table. 7.3.  Parameters for mesophilic biogas output calculation. At 60% methane, the methane 

output is 0.24 m3/kg VS destroyed. 

The HRT in each digester will be kept the same as in the thermophilic case, i.e., 14 days in each 

digester. The maximum amount of TS (TSmax) that can be added to the primary digester daily 

remains the same: 37,610 kg/day. Using equations (3) and (4), the maximum amount of TS from 

FW that can be fed daily comes out to be 28,740 kg. Thus the amount of FW that can be fed 

daily comes out be 115,000 kg, as opposed to 117,600 kg under thermophilic conditions. Using 

equation (6), the amount of VS destroyed is 5,210 kg/day using FWDL and 21,400 kg/day when 

maximum FW is added. The corresponding biogas and methane outputs are given in the table 

below. 

 Biogas output (m3) Methane output (m3) 

Daily Yearly Daily Yearly 

Using FWDL 2,080 761,000 1,250 456,000 

Using maximum FW 8,560 3.12*106 5,280 1.93*106 

Table. 7.4.  Gas outputs at mesophilic conditions. 

7.2.  Retention time 

In the IAWTF, each digester is of 5.3 million liter (1.4 million gal) volume. If the maximum 

amount of FW is not added to the digester, then the HRT will be greater than 14 days, and the 

FW remains in the digester for a longer period of time. Although increasing HRT might further 

increase methane production, for simplicity, the biogas output per kg of VS destroyed is assumed 
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to remain the same. The %TS content in the sludge mixture being pumped to the digester is 

calculated below, when FWDL is added. As stated previously, the amount of TS in the fresh 

sludge is 5,440 kg in 138,000 L. FWDL contains 3,130 kg of TS with a corresponding volume of 

12,900 L/day. The amount of TS in the recycled sludge is given by the equation 4 

(approximately), and the value obtained is 1,100 kg. The volume of recycled sludge is 80,800 L. 

Thus 231,700 L of sludge containing 9,670 kg (4.18%) of TS will be fed to the primary digester 

daily. The results are summarized in the table below. 

 Daily total TS in sludge Daily volume of sludge % TS HRT (days) 

FWDL 9,670 kg (21,350 lb) 231,700 L (61,220 gal) 4.18 23 

Maximum FW 37,610 kg (82,910 lb) 378,500 L (100,000 gal) 10 14 

Table. 7.5.  Table summarizing how the %TS content varies with the amount of FW added 

It can be concluded that the solids % in sludge increases with increasing amount of FW added, 

and reaches 10% when the maximum amount of FW is added. For FW amounts between the 

above two values, the solids % in the sludge going to the digester will lie between the two 

obtained values in the table. The HRT for the FWDL case turns out to be 23 days in each 

digester.      

 

8. Biogas cleaning 

Sour biogas (biogas with impurities) from the digestion of sewage sludge consists of 70% 

methane and the rest is mostly CO2 and a small amount of impurities. Currently there is no 

provision for cleaning of the biogas at the IAWTF and it is combusted as it is in two 110 kW co-

generators. Due to this, recently both the generators have failed and the biogas is being flared. To 

avoid air pollution and damage to the reciprocating engines, the impurities in biogas that must be 

removed are H2S, siloxanes and water vapor.  
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The annualized cost of this technology, over a period of 10 years, is $267/ton of SO2 emissions 

avoided. Since each mole of H2S (molecular weight = 34) results in a mole of SO2 (molecular 

weight = 64), the cost becomes $503/ton of H2S removed, or $513/ton of impurity in biogas with 

98% removal efficiency. At 0.1%, the volume of H2S in 1 million m3 of biogas would be 1000 

m3. 34 gm of this gas occupies 0.0224 m3 at standard temperature and pressure (STP). Thus 1000 

m3 of this gas has a mass of 1,518 kg, or 1.67 tons. Thus the annualized cost comes out to be 

$858/million-m3 of biogas. 

8.1.2. Removal of water vapor 

Biogas from sewage treatment contains 35 to 100 g water per m³ gas. Water vapor can condense 

in pipelines, causing corrosion. The selected drying apparatus condenses water vapor using a 

heat exchanger, with the cooling fluid being a refrigerant. The installed cost of such a heat 

exchanger has been reported as $15,000. The annual operating cost for the heat exchanger has 

been given as $2,000 (Mark, 2003).    

8.1.3. Siloxanes removal 

Siloxanes are semi-volatile organic silicon compounds containing the silicon-oxygen bonds and 

organic groups. When these compounds are combusted, silica and silicates are formed which get 

deposited on surfaces. Accumulation of silicates in engines can reduce engine life and cause a 

five to ten-fold increase in maintenance costs. However, these compounds do not cause any 

significant damage to the environment or to human health (Arnold, 2009).  

Activated carbon is being used for most commercial applications (Arnold, 2009). It is effective 

in removing siloxanes, but the gas must be dried prior to carbon-filtration, otherwise the 

activated-C will get saturated with water. This is because the activated-C is non-selective in its 

adsorption process of trace gases. The order of biogas purification will be H2S removal, then 

water removal and then siloxanes removal. The capital cost for siloxanes removal is 
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$88/(m3/hour) of biogas ($10,000/(million-m3/year)), while the operating cost is $0.4/m3. If CO2 

scrubbing is required, then the H2S removal process will be replaced by a scrubbing process 

because H2S is also soluble in absorbents.   

 

9. Energy Analysis 

9.1.  Calculation of thermophilic heat load 

The current mesophilic sludge heating requirement of the IAWTF has been calculated as 1.29 

million kWh/year (see table below), while the total current heat demand is 3.94 million kWh. 

Thus the rest of the heat demand (2.65 million kWh) is classified as ‘other’ heating requirements, 

which includes those for aeration and settling tanks, and buildings. These ‘other’ heating 

requirements are assumed to be constant even after upgrading the digesters to thermophilic, since 

the heat loss from the digesters even at the higher temperature has been calculated as being 

minimal (approx. 1˚C reduction in temperature after 14 days) (see appendix A). 

When a heat exchanger is added to preheat the fresh sludge, it is assumed that the hot digested 

sludge is cooled from 55°C to 43.3˚C, while the cold sludge is heated from 15°C to 21.1°C 

(Benson, 2008). The heat energy calculations are given in the table below. 
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Table. 9.1.  Heat energy consumption of the IAWTF, using FWDL and maximum amount of 

FW. Note that recycled sludge need not be heated, since it is still at the digester temperature. 

Case a: Addition of food wastes diverted from landfills 

The energy content in the 883,000 m3 of methane produced is 9.14 million kWh (Karassik, 

Messina, Cooper, & Heald, 2008). Using reciprocating engine(s) for CHP which convert 35% of 

the input energy to electricity and 44% to usable heat, the electrical energy produced per year 

amounts to 3.2 million kWh and the usable heat generated is 4.02 million kWh. Assuming that 

the engine(s) is/are continuously running, the total power generating capacity needed turns out to 

be 365 kW.  

temp (C) density of water specific heat of water
15 1.00 kg/L 0.001164 kWh/kg-C

21.11 1.00 kg/L 0.001163 kWh/kg-C
35 0.99 kg/L 0.001161 kWh/kg-C
55 0.99 kg/L 0.001163 kWh/kg-C

influent (fresh sludge) properties
current volume: 138000 liters current mass of SS: 137185.80 kg/day

Available FW: 12500.00 kg/day
maximum volume: 297700 liters maximum influent: 295943.57 kg/day

heating efficiency: 0.9

Current sludge heating: 1.29E+06 kWh/year
Current total: 3.94E+06 kWh/year
Other heating: 2.64E+06 kWh/year

Case 1: Using FW diverted from landfills
Thermophilic with preheating Thermophilic without preheating
Sludge heating: 2.39E+06 Sludge heating: 2.82E+06 kWh/year

Total heating: 5.03E+06 Total heating: 5.47E+06 kWh/year

Case 2: Using maximum possible amount of FW
Thermophilic maximum load with preheating Thermophilic maximum load without preheating
Sludge heating: 4.73E+06 Sludge heating: 5.58E+06 kWh/year

Total heating: 7.37E+06 Total heating: 8.23E+06 kWh/year
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Currently the IAWTF uses 3.48 million kWh of electricity and 3.94 million kWh of heat 

(Malcolm Pirnie Inc., 2005). The lower heating value (LHV) of the biogas (29.8*0.7 = 21 

MJ/m3) is at the higher end of the minimum requirement of 13-21 MJ/m3, so CO2 removal is not 

necessary (Karassik, Messina, Cooper, & Heald, 2008) (Mes, Stams, Reith, & Zeeman, 2003). 

The LO-CAT® process requires 75 kW power for cleaning 20 million ft3/day. Assuming that the 

power consumption varies linearly with the amount of biogas cleaning, the value obtained is 0.36 

kW/(million-m3/year). The total electrical energy consumed by the LO-CAT® process comes out 

to be 3,980 kWh/year for FWDL case and 16,740 kWh/year for maximum FW case. Electricity 

consumption for scrubbing process is taken to be same as that for the LO-CAT® process. 

Additional pretreatment of wastes requires 8,800 kWh if maximum amount of FW is added 

(29,400 kg TS). If FWDL (12,500 kg TS) is added, the electricity required for pretreatment 

comes down to 2,930 kWh. Pumping requires 64 kWh per million liters, so an increase in 

influent pumping from 219,000 L (SS only) to 232,000 L (SS with FWDL) requires an additional 

0.83 kWh per year. The electricity requirements for pumping gas and liquid into the H2S 

removing digester will be only a fraction of the above amount, because of its much smaller size 

compared to the primary and secondary digesters. The total estimated electricity consumption by 

the plant amounts to 3.49 million kWh.  
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Annual Energy Production and Consumption at the IAWTF 

Electricity (million kWh/year) Heat (million kWh/year) 

Amount produced: 3.2  Amount produced: 4.02  

Plant electricity consumption data  

(million kWh/year) 

Plant heat consumption data 

(million kWh/year) 

Currently used: 3.48  Currently consumed: 3.94 

 Total heat requirement after 
preheating with effluent: 

5.03 

Additional requirements  

Biogas cleaning: 0.004 Total heat requirement without 
preheating with effluent: 

5.47 

Feedstock pretreatment: 0.003 Heat demand not covered by CHP 

Pumping: negligible With preheat: 1.01 

Total electricity consumption: 3.49 Without preheat: 1.45 

Balance: (0.29) 

Table. 9.2.  Table summing up the energy production and consumption data after upgrading the 

digesters to thermophilic and adding FWDL 

Case b: Addition of maximum possible amount of food waste 

If the IAWTF operates at full capacity, the amount of methane generated has been calculated as 

3.72 million m3 per year. The energy content in this amount of methane is 38.47 million kWh, so 

this can be used to generate a maximum of 13.46 million kWh (1,536 kW) of electricity and 

16.92 million kWh of heat. In this case the power consumption for biogas cleaning becomes 

0.017 million kWh/year, making the total electricity consumption of the IAWTF to 3.52 million 

kWh due to the higher volume of FW pretreated, while the heat consumption increases to 7.37 

million kWh with sludge preheating (case 1), and 8.23 million kWh without sludge preheating 
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(case 2). The amount of excess heat energy generated is 9.55 million kWh for case 1, and 8.69 

million kWh for case 2. Thus sludge preheating is not required if all methane is used for CHP.  

The next two cases considered are those in which only enough biogas is used for CHP to meet 

the energy requirements of the IAWTF. The rest of the biogas is sent to the natural gas grid, and 

the amount depends on whether the sludge is preheated (case 1) or not (case 2). To sell upgraded 

biogas, the IAWTF should enter into a long term purchase agreement with a utility company. 

CO2 must be removed from biogas to achieve this, and it is assumed that the electricity and 

heating requirements for the scrubbing process are the same as those of the LO-CAT® process. 

The amount of excess methane comes out to be 2.1 million m3 for case 1, and 1.91 million m3 for 

case 2. In all cases excess electricity is produced. The excess electricity can be used for an 

electric car charging station (see chapter 8). 

The last two cases considered are those in which the CHP power output only covers the 

electricity requirements of the plant, and the unmet heat requirements will be provided by a 

natural gas boiler. Thus the reciprocating engines have to produce only 3.54 million kWh per 

year. The power of reciprocating engines needed is 1.38 million Btu/hour, or 400 kW. The total 

amount of heat produced by these engines is 4.45 million kWh. With sludge preheating (case 3), 

the amount of extra heat to be supplied is 2.92 million kWh. With an efficiency of 90%, the 

amount of energy input to the boiler is 3.24 million kWh (370 kW). The amount of methane 

consumed by the plant is 1.29 million m3 per year. The methane available for supply to the 

natural gas grid is 2.42 million m3. Without sludge preheating (case 4), the amount of extra heat 

to be supplied is 3.77 million kWh. In this case, the boiler capacity is 4.19 million kWh/year 

(480 kW), the amount of methane consumed is obtained as 1.38 million m3, leaving 2.33 million 

m3 for the grid. The installed cost of a high efficiency 100,000 Btu/hour (29.3 kW) natural boiler 

costs $4,200. Scaling up, the required costs of the boilers are obtained as $53,000 for case 3 and 

$68,000 for case 4 (M3 & W Inc., 2010). 
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  Description 

FWDL Case 1 Addition of a sludge-to-sludge heat exchanger 

Case 2 No sludge preheating with a sludge-to-sludge heat exchanger 

Maximum 
FW 

Electricity case No sludge preheating, no CO2 removal, all the biogas is 
combusted in reciprocating engines 

Natural 
gas case 

1 Addition of a sludge-to-sludge heat exchanger, CHP provides 
all the required electricity and heat for the plant, CO2 from 
biogas is removed, excess biogas is sent to natural gas grid  

2 Same as case 1 but with no sludge preheating 

3 Same as case 1 but CHP provides all the required electricity 
and some of the heat requirement, rest of the heat is obtained 
by combusting the gas in a boiler 

4 Same as case 3 but with no sludge preheating 

Table. 9.3.  Description of all the considered cases. 
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Use of 
excess 
methane 

Electricity 
produced 
(million 
kWh/year) 

Electricity 
consumed 
(million 
kWh/year) 

Excess 
electricity 
(million 
kWh/year) 

Heat 
energy 
produced 
(million 
kWh/year) 

Heat 
energy  
consumed 
by plant 
(million 
kWh/year) 

Waste 
heat 
(million 
kWh/year) 

Methane 
consumed 
by plant 
(million 
m3/year) 

Methane 
sent to 
grid 
(million 
m3/year) 

Electricity 
to grid with 
no sludge 
preheating 

13.46 3.52 9.94 16.92 8.23 8.69 3.72 0 

Natural gas 
to grid 
(case 1) 

5.86 3.52 2.34 7.37 7.37 0 1.62 2.10 

Natural gas 
to grid 
(case 2) 

6.54 3.52 3.2 8.23 8.23 0 1.81 1.91 

Natural gas 
to grid 
(case 3) 

3.52 3.52 0 7.37 7.37 0 1.29 2.43 

Natural gas 
to grid 
(case 4) 

3.52 3.52 0 8.23 8.23 0 1.38 2.34 

Table. 9.4.  Energy balance for ideal case scenario. The methane output in all cases is 3.72 

million m3/year. 

 

9.2.  Mesophilic energy analysis 

Here the electricity consumption will be the same as for the thermophilic case, while the heat 

consumption is given in the table below. Sludge preheating is not done in this case because of the 

low heating requirement. 
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Table. 9.5.  Mesophilic heating requirement after adding FW 

The following table summarizes the electricity and heat balances for the case where FW 

currently diverted from the landfills in Tompkins County is added to the digesters.  

   

Table. 9.6.  Mesophilic energy analysis for the IAWTF using FWDL 

When the mesophilic digesters are running at full capacity, the energy balance is given in the 

table below for three possible cases. 

 

 

 

 

 

 

Mesophilic without preheating
Case 1: Using FWDL
Sludge heating: 1.41E+06 kWh/year
Total heating: 4.05E+06 kWh/year

Case 2: Using maximum FW
Sludge heating: 2.79E+06 kWh/year
Total heating: 5.43E+06 kWh/year

Quantity kWh/year
Electricity consumption 3.49E+06
Electricity produced 1.65E+06
Balance -1.84E+06

Heat consumption 4.05E+06
Heat energy produced 2.08E+06
Balance -1.98E+06
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Use of 
excess 
methane 

Electricity 
produced 
(million 
kWh/year) 

Electricity 
consumed 
(million 
kWh/year) 

Excess 
electricity 
(million 
kWh/year)

Heat 
energy 
produced 
(million 
kWh/year)

Heat 
energy  
consumed 
by plant 
(million 
kWh/year) 

Waste 
heat 
(million 
kWh/year) 

Methane 
consumed 
by plant 
(million 
m3/year) 

Methane 
sent to 
grid 
(million 
m3/year)

Electricity 
to grid 

6.98 3.52 3.46 8.77 5.43 3.34 1.93 0 

Natural 
gas to 
grid  

4.32 3.52 0.80 5.43 5.43 0 1.19 0.73 

Natural 
gas to 
grid with 
boiler 

3.52 3.52 0 5.43 5.43 0 1.08 0.85 

Table. 9.7.  Energy balance for the ideal case scenario (mesophilic). The methane output in all 

cases is 1.93 million m3/year 

9.3.  Feasibility of pasteurization pretreatment of FW 

Pasteurization of FW prior to pretreatment is claimed to increase biogas yields, reduce pathogens 

content, and improve dewaterability of the digested sludge. However, it has been primarily used 

for pathogens destruction, and mostly for slaughterhouse waste. Pasteurization involves heat 

treatment of the waste at 70˚C for 60 min. An alternative treatment is thermal hydrolysis, which 

involves cooking the waste for 30 min at 160˚C (Evans).  

To calculate the heat demand for this step, the average temperature of incoming FW is assumed 

to be the same as the average temperature in Ithaca, 10˚C. Since FW contains 75% water, the 

specific heat of FW is taken to be the same as that of water. If the amount of heat lost to the 

surroundings is neglected, then the amount of heat required for pasteurization is lesser than that 

required for thermal hydrolysis. Hence pasteurization will be given preference over thermal 

hydrolysis, and the heat demand calculation will be done for the former. For FWDL, the annual 
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heat requirement comes out to be 0.32 million kWh, and for maximum FW, the values are 2.99 

million kWh (thermophilic) and 2.92 million kWh (mesophilic). The energy requirement for this 

process represents only small fractions of the total heat energy requirements for the FWDL case, 

4.05 million kWh for mesophilic and 5.03 million kWh for thermophilic. But for maximum FW 

case, when the total heat consumption varies from 5.43-8.23 million kWh, the pasteurization 

energy requirements represent a greater fraction. Since the improvement in methane yield for co-

digestion as a result of this treatment is not reported in literature, this process could not be 

incorporated into the design. 

 

10. Amount of food waste to be added to make the plant just self-sufficient after 

modifications 

For this analysis, the amount of electricity consumed by the IAWTF per annum is assumed to 

remain at 3.49 million kWh. For thermophilic digesters, the analysis follows. First the amount of 

feedstocks that will provide enough electricity is calculated. At 35% electricity efficiency of the 

power plant, the energy content of the generated methane should be 10.09 million kWh. The 

volume of biogas, at 70% methane, that must be produced is 1.39 million m3 (assuming the 

energy content in methane as 10.35 kWh/m3). With this amount of biogas, the amount of heat 

generated by the power plant is 4.45 million kWh/year. The plant heat requirements, in the 

FWDL case (which was insufficient to meet the plant electricity and heat demands), have been 

calculated earlier as 5.03 million kWh/year for case 1 and 5.47 million kWh/year for case 2.  

The amount of FW that will generate enough methane to cover the electricity demands of the 

plant using CHP is calculated as follows. If 1 kg of destroyed VS results in 0.6 m3 of biogas, then 

the amount of destroyed VS that would produce 1.39 million m3 of biogas is obtained as 2.33 

million kg/year or 6,370 kg/day. Using the earlier equation for VS destroyed, 
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ƞ ƞ 1 ƞ ƞ 1 ƞ

ƞ  

VS = 6,370 kg 

VSs = VS in sewage sludge = 4,100 kg 

TSf = Total TS in FW 

ƞ = Combined VS removal efficiency of the digesters = 0.8 for thermophilic 

rf = VS/TS ratio in FW = 0.85 

Vr = Volume of recycled sludge = 80,800 L 

Vs = Volume of incoming sludge = 138,000 L 

Vf = Volume of FW = TSf/0.25/0.986 (assuming the density of FW is the same as the density of 

water = 0.986 kg/L at thermophilic temperature, and 25% TS content in FW)                          (8) 

The value of ‘TSf’ is obtained as 4,460 kg. Thus the amount of FW to cover the electricity 

demand of the plant only is obtained as 17,850 kg/day. Using equation 7 again, the amount of 

FW needed to generate enough methane to cover the both the electricity and heat energy 

requirements of the IAWTF using the CHP system is calculated using excel solver (since the 

heat demand varies with the amount of FW) as 21,710 kg/day when sludge preheating is used 

(case 1) and 26,030 kg/day when sludge is not preheated (case 2). 600,000 kWh and 1.03 million 

kWh of excess electricity is generated in the above two cases respectively. Next section deals 

with breaking even without generating any excess electricity. 

(7) 
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obtained by scaling down using the populations of Ithaca and the US. The population of the US 

is 304 million and the population of Ithaca in 2009 was estimated earlier as 123,000. Thus the 

number of HEVs in Ithaca can be approximated as 640. 

The maximum amount of excess electricity that can be generated by the IAWTF has been 

calculated as 9.92 million kWh/year. Wikipedia provides a range of 10-23 kWh per 100 km as 

the energy consumption of electric cars (Wikipedia, Electric cars, 2010). Assuming the high 

value of 23 kWh per 100km to account for losses during charging, and that each car travels about 

15,000 km per year, the number of cars than can be charged comes out to be 2,875. For cars 

running on natural gas, the fuel efficiency is taken as 28 miles per gasoline gallon equivalent, 

which amounts to 12.56 km per m3 of gas. If the maximum amount of gas that can be sent to the 

grid, 2.42 million m3, is used to fueling CNG cars, then the number of cars that can be fueled 

comes out to be 2030 (Yacobucci, 2008; Wikipedia, Gasoline gallon equivalent, 2010). Thus 

more cars can be powered by using an electric charging station.  

             11.1.  Converting a hybrid electric vehicle to a plug-in hybrid 

If the owners of HEVs convert their vehicles to PHEVs, then they can use the charging facility at 

the IAWTF. The most affordable conversion kit is provided by Enginer Inc. These kits use the 

most efficient Lithium Ion batteries. The kit with 2 kWh battery pack costs $1,995 and the one 

with 4 kWh battery pack costs $3,495, before tax benefit. The former gives a mileage of 10 miles 

on EV only mode, while the latter gives a mileage of 20 miles. All conversion kits are eligible 

for a 10% federal tax credit. Installation of the kit can be done by the user by watching online 

videos, or by a registered installer or a local mechanic. The batteries last for six to eight years 

(Enginer Inc.).  
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12. Electric charging stations 

The current technologies for recharging electric vehicles are discussed here. BetterPlace is a 

start-up company aimed at deploying electric car infrastructure by leasing out EVs with 

swappable batteries. The battery swapping stations can complete the swapping of a depleted 

battery with a charged one in about 80 seconds, and this is currently the fastest way to recharge 

an EV. Betterplace has currently partnered up with the governments of Israel, Denmark, 

Australia, the state of Ontario in Canada and the states of Hawaii and California in the US (Jha, 

2010). The capital cost for setting up a single station is estimated to be $500,000. BetterPlace has 

ordered 100,000 EVs from Renault, which have a range of 160 km on full charge. A Chinese 

automaker called Chery Automobile Co., has also demonstrated interest in developing EVs with 

swappable batteries. These cars are expected to be commercially available from the second half 

of 2011. Currently, a single station has been set up in Tokyo, Japan, for testing purposes and four 

local battery powered taxis rely on this station. More of the taxis will be converted to EVs with 

swappable batteries in Tokyo. By the end of 2011, Israel will get a massive deployment of 

swapping as well as charging points, while the rest of the partner countries will get 

demonstration stations like in Tokyo (Bergman, 2010; Benzie, 2010; Daniel, 2010). 

Electric Transportation Engineering Corporation (eTec), a subsidiary of Ecototality Inc., a 

company which manufactures EV charging equipment, has been awarded $99.8 million by the 

US government to set up charging points in five states (New York is not included in this list). 

Already, 136 charging stations have been installed in the US, and the sale of Nissan ‘Leaf’ EVs 

will start from the end of 2010. More than 7,000 people have already booked this car (Hull, 

2010). 

There are three types of charging stations for PHEVs and EVs, and these are called level 1, level 

2 and level 3. Household plug-points (120 V) classify as level 1 charging stations, and these 

provide power up to 1.44 kW. Level 2 (240 V) charging stations are currently used commercial 
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ones and they can provide power up to 3.3 kW. Level 3 (fast) charger consists of 480 V circuits 

and can provide a power of 60-150 kW (Morrow, Kramer, & Francfort, 2008). However, fast 

charging is said to rapidly deteriorate the performance of the battery, and is thus being criticized 

as not a viable solution (Lifton, 2009). A level 3 charger is expected to completely charge a 

PHEV in less than 30 minutes and an EV in less than an hour (Business Wire, 2010). The cost of 

this station is $15000-$35000, compared to $260,000 for a fast fill CNG station which can fill a 

CNG tank in 2-5 minutes (Yvkoff, 2009). 

12.1.  Charging station for the wastewater plant 

Battery swapping station is ruled out because this technology will be deployed only in the states 

of California and Hawaii from 2011. Also cars with swappable batteries will be commercially 

available only from the second half of 2011. Even if such a station is set up at the IAWTF, 

currently nobody offers the service of converting gasoline cars into swappable battery EVs 

compatible with a single swapping station. Level 3 charging station is also ruled out because of 

its battery-deteriorating characteristics and also because it is incompetent with gasoline stations. 

These chargers are also in the very early stages of development and are not expected to come out 

before 2011. Next, the feasibility of setting up level 2 charging stations in a nearby parking lot is 

evaluated. The idea is that the cars will be left for charging while the car owners go to work or 

for shopping (Aldi or farmers’ market, for example). Currently, the HEVs which have been 

converted to PHEVs have an ordinary 120 V plug (or sometimes a 240 V electric dryer plug) 

which can be plugged into a household outlet. Recently, a new type of plug called the J1772 has 

been approved as the standard for both PHEVs and EVs (Thomason, 2009). This system will be 

made available from the summer of 2010. Thus the PHEVs and EVs, which will be made 

available in the US (in limited numbers only) from the latter half of 2010, and the corresponding 

charging infrastructure, would incorporate the J1772 type of plugs and receptacles. Currently 

available EVs, sold by Tesla, have their own type of plugs, but they are soon shifting to the new 

standard. Tesla installs home-based charging systems for their consumers, while owners of 
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13.1.   Selling electricity to the grid 

The average retail price of electricity for industries in New York State (NY) is $0.11/kWh (U.S 

Department of Energy, 2010). It is assumed that power plants receive the wholesale rates for 

selling their electricity, since NY is yet to adapt a feed-in tariff system for renewable power 

generators (Berger, 2010). The wholesale rate in NY is assumed to be $0.05/kWh ($14.65 per 

million Btu). In 2007, the wholesale rate was $0.06/kWh, while in early 2009 it dropped down to 

$0.045/kWh (Compete Coalition, 2009; McCarthy, 2007). According to Jose Lozano of the 

IAWTF, the power plant is already connected to the grid; hence no capital is needed for grid 

connection. 

The amount of electricity available for the grid is the amount left after charging the vehicles. 

Each pick-up travels 1,200 km (750 miles) per year, and the lead-acid battery provides on an 

average a range of 2.7 km/kWh when charged (Francfort & Slezak, 2002; Lozano, Biogas Car 

Questions 2, 2009). Thus the energy consumed by the 5 pick-up trucks amounts to 2,240 kWh. 

The amount of excess electricity produced by the IAWTF when the digesters are at maximum 

loading has been calculated earlier as 9.94 million kWh. The amount of electrical energy 

available for supply to the grid is 9.938 million kWh. At current rates, this can provide earnings 

up to $497,000 per year. States like Vermont have adopted special higher tariff system for 

renewables ($0.12/kWh for electricity from biogas), and there is pressure in New York to do the 

same (Gipe, 2009).  

The capital cost for the charging station and converting the trucks to electric is not justified when 

compared to the fuel savings. The total combined capital cost for the charging station and the 

conversions amounts to $66,700. The pick-up trucks are estimated to have a fuel efficiency of 18 

mpg (U.S. Environmental Protection Agency). The amount of money saved on fuel increases 

with the price of gasoline, which is expected to rise linearly from $2.8/gal in 2009 to $5.8/gal in 

2016 (The Heritage Foundation; GasBuddy.com, 2009). The savings increase from $1,080 to 



59 
 

$1,660. Assuming no inflation in the price of electricity, selling the amount of electricity used for 

the vehicles to the grid would have brought an income of $112 per year. If the above mentioned 

amount of capital is financed by a low interest loan of 3% payable over 5 years, it will still result 

in a loss of nearly $66,000 over 5 years (New York State Energy Research and Development 

Authority, 2004).  

 

Table. 13.1.  Chart summing up the economics of using the electricity generated from biogas for 

charging electric pick-up trucks. “Loss” represents the revenue lost due to not selling the 

electricity to the grid. 

In case of the 5 pick-ups being retrofitted to run on natural gas, the cost of retrofitting is $4,000 

for each car and the cost of a time-fill station which takes 8 hours to fill a car’s tank is $3,800. 

One pump is assumed to be sufficient for 5 trucks. The economic analysis for this setup is 

performed in the same way as above, taking an interest rate of 3% and a time period of 5 years. 

The calculations are given in the table below. 

capital cost ($): 66700

year crf gas price ($/gal) gas price ($/L) savings ($) kWh  loss ($) net profit/loss

2010 14564.25 3.23 0.85 1082.48 2235.20 111.76 ‐13481.77

2011 14564.25 3.66 0.97 1226.17 2235.20 111.76 ‐13338.08

2012 14564.25 4.09 1.08 1369.86 2235.20 111.76 ‐13194.39

2013 14564.25 4.51 1.19 1513.55 2235.20 111.76 ‐13050.70

2014 14564.25 4.94 1.31 1657.24 2235.20 111.76 ‐12907.01

total: ‐65971.96
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Table. 13.2.  Economics of using excess upgraded biogas as CNG for cars. “Loss” represents the 
revenue lost due to not selling the natural gas to the grid 

Thus converting the pick-ups to run on CNG is also not profitable, and the total loss over 5 years 

is more than $18,000. The loss is somewhat lower than for electric conversion because of the 

lower retrofitting and fuel station costs.  

For the total net revenue over 5 years to be zero, the gasoline prices have to rise linearly up to 

$31.22 and $97.62 by 2016 for the CNG and EV conversions respectively. Both these gas prices 

are unrealistically high.  

13.2.   Sending biogas to the natural gas grid (when digesters are running at full capacity) 

For doing this, CO2 in the biogas must be removed, which means additional capital is needed for 

biogas scrubbing. The current price for natural gas is $5.4/1000 ft3 ($190.7/1000 m3) (Williams, 

2010). It is assumed that the IAWTF receives this price for its natural gas, although the tariff 

might be lower. Pipeline infrastructure is also needed to supply the gas to the nearest point in the 

natural gas grid. However, smaller reciprocating engines are needed since the CHP production is 

only to meet the requirements of the IAWTF. The amount of excess natural gas (methane) 

produced when the digesters are running at full capacity at 55˚C is 2.1 million m3 for case 1, 1.91 

million m3 for case 2, 2.43 million m3 for case 3 and 2.34 million m3 for case 4 (calculated 

earlier). The corresponding values for operation at 35˚C are 0.73 million m3 for case 2 and 0.85 

capital cost ($): 23000

year crf gas price ($/gal) gas price ($/L) savings ($) CNG used (m3) CNG price ($/m3) loss ($) net profit/loss

2010 5022.16 3.23 0.85 1082.48 480.50 0.19 91.63 ‐3939.68

2011 5022.16 3.66 0.97 1226.17 480.50 0.20 94.35 ‐3795.99

2012 5022.16 4.09 1.08 1369.86 480.50 0.20 97.06 ‐3652.30

2013 5022.16 4.51 1.19 1513.55 480.50 0.21 99.78 ‐3508.61

2014 5022.16 4.94 1.31 1657.24 480.50 0.21 102.49 ‐3364.91

total: ‐18261.48
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million m3 for case 4. This can provide earnings from $139,000-$462,000 per year, at current 

prices. The natural gas prices are highly variable, but are expected to rise in the long run.    

13.3. Electricity vs. natural gas: Economic analysis (thermophilic) 

13.3.1.  Ideal case: Digesters running at full capacity at 55˚C 

For this analysis, inflation rate has been kept at 2.2%. Inflation rate in the US averaged 2.6% in 

the last decade and has been decreasing steadily by 0.4% per decade over the last 2 decades 

(Greenberg, 2009). If all biogas is used for generating electricity, the power of reciprocating 

engines comes out to be 1,536 kW. If excess biogas is purified of CO2 and fed to the natural gas 

grid, the total power generating capacity of the reciprocating engine(s) that is needed to fulfill the 

plant’s energy needs becomes 670 kW for case 1, 750 kW for case 2, and 400 kW for cases 3 and 

4. The capital cost of water scrubbing apparatus to remove CO2 is $1,500,000 (Lozano, Biogas 

for transportation). The natural gas is assumed to be fed into the local supply line and thus the 

infrastructure costs for the same are small compared to the other capital costs. For cases 3 and 4, 

the installed costs of boilers have been calculated earlier as $53,000 and $68,000 respectively. 

The operating cost for the former is $600 + sales tax, and $1,100 + sales tax for the latter. 

Assuming a tax rate of 5%, the net operating costs amount to $630 and $1,155 respectively ( 

Enbridge Gas New Brunswick, 2009).  

The total capital cost for the electricity case comes out to be $3.96 million; and for the natural 

gas case it is $4.31 million for case 1, $3.89 million for case 2, $3.84 million for case 3, and 

$3.26 million for case 4. The better option among these would be decided using the capital cost, 

operating costs and the price forecast for electricity and natural gas. Among the operating costs, 

to estimate the sludge disposal costs, the % of solids in the digested dewatered sludge was taken 

as 23% (Wastewater Treatment Process, 2009). It is also assumed that the required amount of 

FW can be obtained for $10/ton ($11 per 1000 kg). Natural gas prices are expected to go up to $7 

per 1000 ft3 ($247.20/m3) by 2020 (Energy Information Administration, 2009). Electricity retail 
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prices are assumed to rise with inflation, while the tariffs are assumed to remain constant unless 

the government intervenes. It is assumed that New York State will adopt the special feed-in tariff 

system from 2012 onwards, paying $12/kWh and will keep the tariff constant in spite of 

inflation. The electricity and heat which was previously bought from the local utility is now 

being produced at the facility itself. 

The results are tabulated for 10 years, and can be summarized as follows. Electricity and heat 

savings cannot offset the high capital and operating costs for the modifications. The capital cost 

cannot be recovered in 10 years. This is true even if the state implements special tariffs to 

encourage renewables. Cases 3 and 4, in which no electricity is sold to the grid show relatively 

higher losses when electricity gets special tariffs and lower losses otherwise. Even if FW can be 

obtained for free it would not provide a profit for any of the cases. If the assumptions on 

electricity and natural gas prices in the next 10 years are true then selling electricity results in a 

lower amount of loss than selling natural gas. The biggest annual cost component for all cases is 

sludge disposal (appendix B).  
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Price level Profit/loss 
by using all 
biogas for 
electricity 
($) 

Profit/loss by 
selling 
excess 
methane and 
electricity 
($): Case 1 

Profit/loss by 
selling excess 
methane and 
electricity ($): 
Case 2 

Profit/loss 
by selling 
excess 
methane ($): 
Case 3 

Profit/loss 
by selling 
excess 
methane ($): 
Case 4 

 

Current -1,220,000 -1,230,000 -1,260,000 -1,260,000 -1,210,000 Current 
year 

FW 
obtained 
for free 

-750,000 -820,000 -790,000 -790,000 -740,000 Current 
year 

Special 
tariffs for 
electricity 
from 
renewable 
sources 

-520,000 -1,130,000 -1,050,000 -1,260,000 -1,210,000 Current 
year 

Using 
estimates 
of future 
prices 

-7,900,000 -12,380,000 -11,740,000 -13,220,000 -12,740,000 Total 
for 10 
years 

Table. 13.3.  Summary of economic analysis for ideal case 

13.3.2.  Using food waste diverted from landfills 

Energy analysis for this case has been done in the energy analysis section. The assumptions for 

this analysis are similar to the previous case. Since there is no excess biogas, water scrubbing 

apparatus and boiler are not needed. The economic analysis is performed for two cases. Case 1 

includes installation of a sludge-to-sludge heat exchanger, and case 2 does not (same as in 

previous sections). It was found that neither of the two cases is profitable, but case 2 gives 

slightly lesser loss, due to savings in capital cost (appendix C). Even if the FW is available for 

free, it will not result in a profit for both the cases. Also the total losses after 10 years in these 

cases are less than half the corresponding losses in the ideal case. The results are summarized 

below. 
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Price level Profit/loss for case 1 Profit/loss for case 2  

Current -362,000 -308,000 Current year 

FW available for free -310,000 -257,000 Current year 

Using estimates of 
future prices 

-3,650,000 -3,130,000 Total for 10 years 

Table. 13.4.  Summary of economic analysis for the case where FWDL are added to the digester. 

Like in the ideal scenario, here too the biggest annual cost component is sludge disposal. 

13.4.  Economic analysis for mesophilic digesters case 

The assumptions for this section are similar to those of the previous. For the ideal case where 

boiler is used to conserve energy, the boiler operating cost is $495/year plus sales tax. Assuming 

a 5% sales tax, the operating cost of boiler is obtained as $520. The results are summarized in the 

table below (see appendix C for calculations).  

Price level Profit/loss by 
using all biogas 
for electricity ($) 

Profit/loss by selling 
excess methane and 
electricity ($): Case 1 

Profit/loss by selling 
excess methane only 
($): Case 2  

Current -1,590,000 -1,760,000 -1,740,000  

FW obtained for 
free 

-1,130,000 -1,300,000 -1,270,000 Current 
year 

Special tariffs for 
electricity from 
renewable sources 

-1,350,000 -1,700,000 -1,740,000 Current 
year 

Using estimates of 
future prices 

-15,460,000 -18,550,000 -18,720,000 Total for 
10 years 

Table. 13.5.  Results of economic analysis for ideal case (mesophilic) 

From the above table, it can be seen that none of the cases result in any profit. At current prices, 

using a boiler to conserve energy and selling excess methane can result in some savings. 

However, if special tariffs for electricity from renewable sources are implemented, then selling 

electricity to the grid is the better choice. Compared to thermophilic case, the mesophilic case 

will result in more losses in the long run, the difference being around $6 million over 10 years. 
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This is mostly because of the high sludge disposal cost due to lower VS removal. This cost 

accounts for 58-59% of the total annual costs.   

The results of economic analysis for FWDL case are summarized in the table below (see 

appendix D for calculations). In this case also, there are no profits, but the loss is less than a 

fourth of the amount of losses in the ideal case. Compared to the thermophilic FWDL case in 

which sludge preheating is not used, the losses here are greater by nearly $4 million over 10 

years. Here also, sludge disposal accounts for 58% of the total annual cost at current prices. 

Price level Profit/loss  

Current -650,000 Current year 

FW available for free -600,000 Current year 

Using estimates of 
future prices 

-6,980,000 Total for 10 years 

Table. 13.6.  Results of economic analysis for FWDL case (mesophilic) 

13.5.   Conditions for breaking-even 

For obtaining zero profit over 10 years, parameters such as tipping fees (price paid by sources of 

FW to dispose their waste at the IAWTF), electricity tariff, and natural gas tariff are varied 

independently, and the results are shown in the table below. The table below shows what the 

parameter value should be from the current year, to provide zero total net revenue for the project 

over 10 years. While tipping fees and electricity tariff are assumed to remain constant over time, 

natural gas tariff is assumed to increase at the inflation rate of 2.2% because the price of fossil 

gas is expected to increase with time. The natural gas tariff in the table represents current year’s 

tariff. For calculations in previous sections, the tariff assumed was the current natural gas retail 

price of $0.19/m3 ($5.40/1000 ft3). 

 



66 
 

  Tipping fee ($/ton) Electricity tariff ($/kWh) Natural gas tariff 

($/m3) 

  Thermo Meso Thermo Meso Thermo Meso 

FWDL Case 1 55.60  - - - - 

Case 2 46.20 115.40 - - - - 

Maximum 
FW 

Electricity 
case 

5.10 20.20 0.19 0.55 - - 

Natural 
gas 
case 

1 13.70  0.63  0.62  

2 12.50 26.30 0.49 2.43 0.62 1.73 

3 15.30  -  0.60  

4 14.40 26.70 - - 0.60 1.61 

Table. 13.7. Prices needed to break-even in 10 years. For mesophilic scenario, natural gas cases 1 

and 3, and FWDL case 1 do not exist because sludge preheating is not necessary due to the low 

heating requirement. 

Natural gas cases 1 and 2 have a break-even electricity feed-in tariff also because in these cases, 

both excess electricity and heat are generated. The lowest tipping fee and electricity tariff are for 

the thermophilic electricity case, while the lowest natural gas tariff is nearly same for both 

thermophilic cases 3 and 4. Also the tipping fees for all thermophilic maximum FW cases are 

competitive with the tipping fee charged by Cayuga Compost, $18.5/ton. Even if no special feed-

in tariff were ever introduced for electricity from renewables, the required tipping fee for 

thermophilic electricity case is still $5.10/ton. The highest tipping fee is for mesophilic FWDL 

case. The break-even prices for natural gas cases are all more than 3 times the current retail 

price, and the figures are worse for mesophilic scenario. For electricity cases, the required feed-

in tariff is only reasonable for the thermophilic electricity case, as it is quite close to the special 

tariff, $0.12/kWh. 
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If a special feed-in tariff is introduced next year or after a few years, and the upgrades are done 

in that year, the required tariff amount to break-even in 10 years will be higher since the costs 

would have increased due to inflation. The following table gives the required values of feed-in 

tariffs in the future, when the tariffs are revised after every 10 years. 

Year of introduction 
of special tariff 

Required amount 
of tariff  ($/kWh)

2010 0.19 

2011 0.19 

2012 0.19 

2013 0.19 

2014 0.20 

2015 0.20 

2016 0.20 

2017 0.21 

2018 0.21 

2019 0.22 

2020 0.22 

Table. 13.8.  Required feed-in tariffs for net zero revenue over 10 years of operation after 

upgrades. For example, if the required tariff of $0.21/kWh is introduced in 2017, then it should 

be maintained constant till 2026. 

13.6.   Why anaerobic digestion is more profitable in Europe 

Anaerobic digestion is more widespread in Europe than in the US. This is because of the support 

received for this technology in European countries. For example, in Sweden, there is no special 

feed-in tariff for biogas electricity but there is 100% tax credit for anaerobic digestion plants. 
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There is also a funding of 30% of the capital costs for municipalities investing in these projects. 

This is to encourage the use of biogas as a renewable alternative to CNG as vehicle fuel 

(Nordberg). Germany also gives the funding incentive along with a special feed-in tariff (only 

for new plants) of $0.20/kWh for the first 10 years, $0.15/kWh for the next 5 years, and 

$0.10/kWh for the later period (Langen, 2009). In Denmark, the tariff is $0.12/kWh for the first 

10 years, and $0.08/kWh later (Nielsen, 2007). Similar incentives are given in other European 

countries also.   

 

14. Sensitivity analysis 

Conducting a sensitivity analysis is a method for analyzing uncertainty by changing input 

variables and observing the sensitivity of the result. The method can be employed on a variable-

by-variable basis or by changing groups of variables at once using scenario analysis. For a 

variable-by-variable analysis, the following approach was used (Saikkonen, 2006).   

•   List the important factors that affect the financial viability of the project  

•   For each factor, define a range of possible values. The range usually consists of three to five 

values. The values can be based on a relative measure. For example, estimates for each factor 

could be categorized as "optimistic', "most likely", or "pessimistic". In practice, these values are 

usually based on past experience with similar projects or with current market values.  

•   Calculate the current year profit/loss for each factor holding all other factors at their expected 

or “most likely” values.   

•   The resulting profit/loss values may be examined to determine the degree of overall variation 

and which factor (or factors) is most responsible for variation in the estimates. 
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14.1.  Sensitivity analysis for thermophilic digesters case 

To determine how some important parameters can affect the financial viability of the project, a 

sensitivity analysis of the following parameters was conducted: electrical efficiency of 

reciprocating engines, waste heat recovery efficiency of reciprocating engines, moisture content 

of FW, biogas output per kg VS destroyed for the mixture of FW and SS, total operating cost, 

and the total capital and installation cost of new equipment (heat exchangers, H2S removing 

digester, reciprocating engines, Rotamix, and pretreatment apparatus).   

Table 12.1 below illustrates the first two steps of the method applied to each of the different 

cases. The optimistic and pessimistic factors were set based on intuition and literature survey. 

The optimistic electrical efficiency for the reciprocating engines has been put at 40%, while the 

pessimistic value is taken as 20%. For the % of input energy converted to heat, the corresponding 

values are 50% and 30%. TS content in FW has been varied from 15% to 35%, while the biogas 

output has been varied from 0.1 m3/kg to 0.9 m3/kg. The lower value of biogas output represents 

the output in case of a digester failure (Kuglarz & Mrowiec). The capital cost has been varied 

from 0.25 to 1.75 times the most likely value. The optimistic value occurs when the costs are less 

than anticipated, while the pessimistic value is due to unanticipated costs. The operating cost has 

been varied from 0.75 to 1.75 times the most likely value. This is because sludge disposal makes 

up most of the operating cost, and the amount of solids trucked to landfill can be higher than 

anticipated, for example, in case of digester failure.  

The first column in Table 12.1 lists the factors believed to be most important to the financial 

viability of the project. Once values for each factor have been determined, the next step is to 

calculate the current year net revenue using the most likely values for each parameter. After the 

net revenue is calculated using the “most likely” values, additional net revenues are calculated by 

allowing one factor to vary while the others are held constant at their most likely values. The 
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outcome of the sensitivity analysis is shown in Table 15. For sensitivity analysis calculations, see 

Appendix D.  

The results show how sensitive the net revenue ratios are to changes in individual factors. Since 

the net revenue is negative for all cases, the values less than 1 indicate an improvement from the 

most likely situation. The smallest variation is caused by changes in the CHP efficiencies of 

reciprocating engines. As expected, the largest changes in net revenue ratios are caused by 

operating cost, because this is the largest cost component. This is followed by biogas output and 

capital cost. Changes in biogas yield can have a greater impact for the FWDL case than for the 

maximum FW case. For the latter, biogas yield changes have a greater impact when excess 

natural gas is sold to the grid than when it is used to produce electricity. The results are similar 

for all four natural gas cases.  



 

Table. 144.1.  Sensitivvity analysis parameters.

71 

 

 



 

Table. 14

14.2.  S

The meth

more par

former w

40% to 8

undergo 

destroyed

4.2.  Sensitiv

Sensitivity an

hodology use

rameters, the

was varied fro

80% with the

fluctuations 

d to 0.80 m3/

vity analysis 

nalysis for m

ed in this sec

e % of metha

om 45% to 7

e most likely

in biogas ou

/kg-VS destr

results 

mesophilic di

ction is the s

ane in biogas

75%, with th

y value being

utput, the bio

royed, with t

72 

igesters case

same as that 

s and the % 

he most likel

g 70%. Since

ogas output w

the most like

e 

of the previ

VS destroye

ly value bein

e mesophilic

was varied f

ely value be

ious section, 

ed are analyz

ng 60%, and 

c digesters ar

from 0.20 m

eing 0.4 m3/k

except that 

zed here. Th

the latter fro

re less likely

m3/kg-VS 

kg-VS destro

two 

he 

om 

y to 

oyed. 

 



 

The rest 

this study

Table. 14

The resul

following

amounts 

When the

changes i

electrical

of the param

y. 

4.3.  Sensitiv

lts of sensiti

g conclusion

of FW, biog

e digesters a

in profitabili

l efficiency o

meters have b

vity analysis 

vity analysis

ns can be dra

gas output an

are run at ful

ity. In all cas

of engines, a

been varied a

parameters 

s for mesoph

awn from the

nd operating

l capacity, c

ses, the para

and heat reco

73 

as before. Th

(mesophilic

hilic digester

e table (see a

 cost have th

hanges in op

ameters havin

overy efficie

he table belo

c) 

rs are shown

appendix F f

he biggest im

perating cost

ng least imp

ency of engin

ow lists the p

n in the table

for calculatio

mpact on the

t result in th

pact were %V

nes. 

parameters o

e below and 

ons). For sm

e profitability

e biggest 

VS destroyed

of 

the 

maller 

y. 

d, 

 



 

Table. 14

 

15. Uses 

15.1. C

The cold

operating

2006). Pu

(Blom, S

are being

the comb

because b

CO2 conc

engines i

4.4. Sensitivi

of waste pr

Carbon Dioxi

d climate in I

g costs vary 

umping CO2

Straver, Ingra

g increasingl

bustion of bio

biogas alread

centration. It

is directed to

ity analysis r

roducts from

ide and exce

thaca is favo

according to

2 into greenh

atta, Khosla,

ly used for th

ogas in IC en

dy contains 

t is assumed

o the greenho

results (mes

m the plant

ess waste hea

orable for gr

o the type of 

houses during

, & Brown, 2

his purpose a

ngines is adv

some CO2, a

d that the req

ouse and uni

74 

ophilic) 

at from pow

rowing crops

f crop to be g

g daytime ho

2002). Renew

and have bec

vantageous f

and when it i

quired quanti

iformly distr

er generation

s in greenhou

grown in the

ours can incr

wable sourc

come profita

for CO2 supp

is burnt, the 

ity of hot flu

ributed throu

n: Use in gre

uses. The ca

 greenhouse

rease crop y

es such as w

able. Flue ga

plementation

resulting flu

ue gas from t

ughout the gr

eenhouses 

apital and 

e (Chaudhary

yields by 20-

wood gasifica

as produced 

n. This is 

ue gas has a 

the reciproca

reenhouse, 

y, 

50% 

ation 

by 

high 

ating 

 



75 
 

without cooling the gas. Since no investment in CO2 generating equipment is required, it 

accounts for a significant reduction of capital and operating costs, thus leading to higher profits 

for the greenhouse crop growers. In the United States, vegetables and strawberries are commonly 

grown greenhouse crops. Growing of flowers is not profitable in the US because it imports 

flowers from Mexico and Latin America where the cultivation costs are lower. Given below is a 

list of the commonly grown crops in greenhouses.  

Type of Crop grown in Greenhouses Example 

Flowers Chrysanthemum, Rose, Geranium, Petunia, Marigold 

Vegetables Cucumber, Tomato, Lettuce, Eggplant, Cauliflower, 
Cabbage 

Others Bedding plants, Herbs, Tree Seedlings 

Table. 15.1.  Common plants grown in greenhouses (Chaudhary, 2006; Blom, Straver, Ingratta, 

Khosla, & Brown, 2002) 

According to Prof. Lou Albright of Cornell University, on cloudy days, higher levels of CO2 

need to be maintained.  When the vents of the greenhouse are open, no supplementation is 

required because the ventilation rate will be as high as 1 air change per minute. Vents of the 

greenhouse are opened when the relative humidity in the greenhouse rises above 70%. At higher 

humidity levels, crops cannot transpire and this can lead to crop diseases. Ethylene, SOx, and 

NOx levels need to be monitored, and when they rise above prescribed limits, the flue gas supply 

should be stopped temporarily and vents should be opened. This is because these gases are 

dangerous for plants and can even kill them. Cleaning of flue gas is not cost-efficient. 

15.1.1.  Carbon dioxide consumption of greenhouse 

The following analysis is for biogas generated at 55˚C using FWDL. After purification, 

thermophilic biogas consists of methane and CO2 in the ratio 70:29.4. Assuming complete 

combustion of methane and no excess air, and using the equation 
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CH4 + 2O2 CO2 + 2H2O                                                                                                            (9) 

1 m3 of methane consumes 2 m3 of oxygen, while producing 1 m3 of CO2. In a previous section it 

was calculated that the amount of biogas generated daily, when FWDL is added to the digester is 

3,450 m3. The biogas consists of 70% methane, so 2,420 m3 of methane is combusted daily, 

producing an equal amount of CO2. The amount of CO2 already present in the biogas is 29.4% of 

the total volume, or 1010 m3. It is assumed that the impurities in the biogas are completely 

removed. The amount of oxygen consumed is twice the volume of methane, or 4,840 m3. Since 

air consists of 21% oxygen by volume, assuming no excess air, the volume of air not 

participating in combustion is 18,200 m3 (Lide, 1997 ). The composition of flue gas is obtained 

as shown in the table below. 

Component of Exhaust gas Volume per day at STP (m3) % of total volume 

Carbon dioxide 3,430 12.9% 

Nitrogen and other inert gases 18,200 68.8% 

Water vapor 4,840 18.3% 

Table. 15.2.  Composition of exhaust gas 

A greenhouse of area 1 hectare requires 50 kg of CO2 per hour (Blom, Straver, Ingratta, Khosla, 

& Brown, 2002). Since 1 hectare is a large area (10,000 m2), the CO2 needed for a smaller area 

of 100 m2 is also calculated. 1 kg of CO2 occupies 0.509 m3 at STP. Thus a 1 hectare greenhouse 

requires 25.45 m3 of CO2 per hour. Since photosynthesis occurs only during the day, assuming 

an average 12 hour daytime, the amount of CO2 required becomes 305.45 m3/day. The amount of 

exhaust gas that needs to be diverted to the greenhouse becomes 2,370 m3/day, or 18% of the 

total exhaust gas volume produced in 12 hours. On the other hand, a small 100 m2 greenhouse 

requires 3.05 m3 of CO2 per day, or 23.64 m3 of exhaust gas, which is 0.18% of the total exhaust 

gas produced in 12 hours. 
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For biogas produced at 35˚C, the CO2 content is 39.4%, and biogas output is 2,080 m3/day. The 

air consumption is 11,890 m3/day, and excess air is 9,390 m3/day. The total volume of exhaust 

becomes 10,220 m3/day, and the volume of CO2 is 820 m3/day. Thus a 1 hectare greenhouse and 

a 100 m2 greenhouse can consume 74.5% and 0.75% of the exhaust CO2 produced during a 12 

hour day, respectively. 

15.2. Sulfur from biogas cleaning 

During H2S removal by biological process, H2S is converted to elemental Sulfur. During 

economic analysis, the gains due to selling the extracted sulfur to the market have been included. 

Sulfur has a lot of applications, some of which include making fertilizers, gunpowder, paper, 

electrical insulators and vulcanization of rubber (Helmenstine, 2010).   

15.3. Siloxanes from biogas cleaning 

Siloxanes are widely used in shampoos, cosmetics, paper products and paints. They enter into 

wastewater from homes as well as from chemical industries. Subsequently, they become a part of 

biogas, and will be removed by adsorption onto activated carbon. When the activated carbon 

becomes saturated with siloxanes, it is sent back to the manufacturer for regeneration. The 

recovered siloxanes can be sold to the industries which use these compounds. These are not 

readily biodegradable but are also not very persistent or bioaccumulative (Trio Healthcare, 

2007).  

15.4. Digested dewatered sludge from the belt press 

While the treated water is released into the Cayuga Lake, the digested sludge, which is 

dewatered using a belt press, is another waste product from the IAWTF. It is trucked to the 

Seneca meadows landfill located in Waterloo, NY. This landfill already has a gas collection 

system and its power generators produce 18 MW of electricity (Seneca Meadows, Inc.). The gas 

is collected using a series of underground wells and pipelines in a grid-like pattern. A suction fan 
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16. Summary of results 

1. The %VS removal for each digester is around 55% for the mixture of FW and SS. 

2. Most of the FW from restaurants in Tompkins County goes into garbage, which consists 

of a mixture of organic and inorganic wastes, and is destined to the landfill.  

3. Since FWDL is less than the maximum that can be added, the digesters will not be 

operating at full load and the HRT will be 23 days as opposed to 14 when at full load. 

4. Energy consumed for pumping sludge to the digester is only a small fraction of the 

overall energy consumption for pumping. There are many other requirements, such as 

pumping wastewater to and from the storage, settling, and aeration tanks, gas for 

aeration, digested sludge to trucks carrying it to landfill, etc. 

5. At thermophilic temperatures, there is an increase in the heat energy consumed by the 

plant, which is approximately 2 times for the FWDL case and 4 times for the maximum 

FW case. 

6. Sludge recycling is not economically beneficial.  

7. Sizing the CHP unit to meet only the electricity demand and some heat demand and using 

a boiler for the unmet heat demand is economically favorable. 

8. Siloxanes are only generated from SS and not from FW. Thus the volume/mass of these 

impurities will not increase after the addition of FW. 

9. The number of EVs that can be powered by using the excess electricity produced by the 

IAWTF exceeds the number of vehicles running on CNG that can be fueled using excess 

methane produced by the IAWTF. Hence it is more advantageous to adapt an electric car 

infrastructure than a CNG vehicle one. 

10. A feed-in tariff structure like that of Germany would make this project profitable. 
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17. Conclusions 

Currently the total amount of food waste that is diverted from landfills (FWDL) in Tompkins 

County is 12,500 kg/day. The maximum amount of FW that can be handled (along with the 

sewage sludge) by each digester is 117,600 kg/day at thermophilic temperatures, and 115,000 kg 

at mesophilic temperatures. 

a. Using food waste diverted from landfills 

Using FWDL, the thermophilic methane output is 883,000 m3/year, which can provide 91% of 

the electricity and up to 76% of the heat energy required by the IAWTF. At mesophilic 

temperature, the corresponding output is 456,000 m3, and this can provide 46.7% of the 

electricity and 51.3% of the heat.  

The net revenues are negative, but thermophilic case has a higher net revenue value than the 

mesophilic case, due to greater volatile solids removal, which results in lower sludge disposal 

costs. The difference in net revenues is nearly $4 million over 10 years. For the net revenue over 

10 years to be zero, the minimum amount of tipping fee received for collecting FW would have 

to be $46.20/ton for the thermophilic case and $115.40/ton for the mesophilic case. Because no 

excess methane is generated in either mesophilic or thermophilic case, changes in the amount of 

feed-in tariffs will have no impact on the profitability of the project. From sensitivity analysis, 

the most important parameters affecting the net revenue are biogas output and operating cost. 

Thus care should be taken to avoid fluctuations in biogas output and to keep operating costs as 

low as possible. 

When the CHP is sized to cover only the electricity needs of the plant and some heating needs, 

and a boiler is used to provide the remaining heat required by the plant, and when sludge 

preheating is not done, the amount of food waste (FW) needed to make the IAWTF self-

sufficient in its energy needs with thermophilic digesters is 21,600 kg/day. The corresponding 
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mesophilic break-even FW amount is 49,400 kg/day, which is much greater than the amount of 

FWDL.  

b. Using maximum possible amount of food waste 

The thermophilic methane output using the maximum amount of FW that can be handled by the 

digesters (117,600 kg/day) is 3.72 million m3/year. This can produce up to 280% excess 

electricity and 106% excess heat beyond the facility’s needs. At mesophilic temperatures, the 

maximum output is 1.93 million m3/year. In this case, 97% extra electricity and 61% extra heat 

are obtained. 

If enough FW is available to make the digesters run at full capacity, the excess methane can 

either be used to generate excess electricity (and run electric vehicles) or upgraded to natural gas 

and sold to the grid or used to run compressed natural gas (CNG) vehicles. To operate for 10 

years with zero net revenue, the minimum tipping fee needed is $5.10/ ton of FW when all 

methane is used to generate electricity. However, it is not possible to obtain 117,600 kg of FW 

along with a tipping fee, when only 12,500 kg is being diverted from landfills.  

It is possible to obtain zero net revenue over 10 years, even when the IAWTF pays $10/ton for 

obtaining FW, if the electricity feed-in tariff is at least $0.19/kWh, and the digesters are 

thermophilic with all generated biogas used to produce electricity. The corresponding tariff for 

mesophilic case is $0.55/kWh. The latter value is too high when compared to, for example, the 

special feed-in tariff implemented in Vermont for biomass electricity, $0.12/kWh. Thus it is not 

rational to expect the high tariff required for net zero revenue in case of mesophilic digesters. 

To break-even by selling natural gas, the minimum required price of natural gas is $0.60/m3 for 

thermophilic scenario which is more than three times the current retail price. For mesophilic 

scenario, the corresponding minimum price is even higher at $1.61/m3.  



82 
 

From sensitivity analysis, it is evident that changes in operating cost have the greatest impact on 

profitability. Here also, thermophilic digesters are more economical than mesophilic digesters 

because of higher methane output and increased VS removal leading to reduced sludge disposal 

costs. The difference in net revenue between thermophilic and mesophilic cases is around $6 

million over 10 years. 

For utilizing excess electricity for electric vehicles (EVs), setting up a fast charging or battery 

swapping station for privately owned EVs and plug-in hybrid electric vehicles (PHEVs) is not 

viable at present. This is because current owners of EVs and PHEVs would want to charge their 

cars at their homes, most likely overnight. Conversion of the five city-owned pick-ups to EVs or 

CNG vehicles and setting up a cheap level 1 charging or CNG time-fill station is not economical 

because the fuel savings cannot offset the high capital costs. The price of gasoline would have to 

rise linearly up to $31.22/gal ($8.25/L) and $97.62/gal ($25.79/L) by 2016 in order to recover the 

conversion costs in 5 years for CNG and electric conversions respectively. These gasoline prices 

are unrealistically higher than the expected price of $5.8/gal ($1.53/L) in 2016, so conversions 

are not recommended. Level 1 charging and time-fill CNG stations take overnight to charge the 

batteries/fill the tanks, and are hence not suitable for privately owned vehicles.  

CO2 from exhaust gas can be sequestered in greenhouses. A greenhouse spread over an area of 1 

hectare can remove 18% and 74.5% of the exhaust CO2 for thermophilic and mesophilic FWDL 

gas outputs, respectively. The difference in the % of CO2 removed between the scenarios is 

because of the higher methane output under thermophilic conditions.  

Landfill gas from the Seneca meadows landfill, where the digested sludge is being dumped, is 

already being captured and used for CHP. Digested sludge may be used for growing algae, but 

probably not other crops because of its acidity and microbial content. 

c. Recommendations 
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1) Upgrading the digesters to thermophilic is recommended under certain conditions, given 

below.  

2) The facility can load the digesters to full possible amount of FW (117,600 kg/day), 

obtained by paying $10/ton to the waste generating sources when it receives a special 

feed-in tariff whose value is assumed to be revised every 10 years. The required tariff is 

$0.19/kWh, if implemented in the current year. If introduced in 2014, the required 

amount goes up to $0.20/kWh, and for 2017, it is $0.21/kWh. Or, 

3) if the facility receives FWDL (12,500 kg/day) along with a tipping fee of at least 

$46.20/ton, then it can perform the changes, which include converting the digesters to 

thermophilic, adding FW pretreatment apparatus, digester mixing apparatus, 

reciprocating engines of greater efficiency and capacity, and biogas cleaning systems.  

  

18. Future work 

Future work can be addressed on evaluating local markets and finding buyers for greenhouse 

crops, and doing a cost-benefit and siting analysis for setting up a greenhouse. The exact costs 

incurred in collecting FW going to the landfills, either by sorting at the source itself, or sorting 

from other wastes at the collection center (RSWC), can be found out. Also the costs and 

efficiencies of machinery such as reciprocating engines can be found out for each manufacturer 

and compared. 

Research can be done on co-digestion of sewage sludge, food waste, manure, glycerol, and de-

icing, or any combination of 3 or more of these wastes in CSTRs, to find out the methane yields, 

VS destruction, and other parameters. Research can also be done to find out the improvement in 

methane yield due to FW pasteurization, and comparison can be done between the effectiveness 

of pasteurization and thermal hydrolysis. A cost-benefit analysis can also be done for the same. 
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Appendix A: Digester heat loss calculation 

The primary and secondary digesters in the IAWTF are maintained at temperatures higher than 

ambient and will have associated heat losses to the atmosphere while in operation. The 

magnitude of this heat loss was calculated. The heat loss through the roof was been neglected 

(assuming this is cancelled by the heat generated by the microorganisms). It can be assumed that 

the floor is twice as thick as the side walls, and that the walls consist of two layers, concrete and 

insulation (Lozano, Biogas Car Question 2, 2009) (Zupancic & Ros, 2003). 

Side wall: 

 

 

 

 

 

 

 

 

Fig. A-1. A cross-sectional view of the digester side wall 

In the above figure, T0 , T1 , T2 ,T3 ,T4  and T5 represent the temperatures at the interfaces. The 

heat loss Qwall is given by  

                                                                     	                                                          (10) 

Where Ti (55°C) and To are the temperature of the biomass and the ambient temperature, 

respectively, and R is the thermal resistance of the wall. The thermal resistance of the side wall is 

given by  

r2 

r1 
r3 

   T0  T1 T2 T3  T4 T5

Concrete wall 

Insulation layer

r2 
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                                                                                (11) 

Where 

H = height of the digester = 34 ft = 10.36 m 

r1 = ri = 12.29 m 

r2 = 12.7 m 

r3 = ro = 12.95 m 

hi = heat convection coefficient of the sludge = 245 W/m2-K 

k1 = heat conductivity of the concrete wall = 2.33 W/m-K  

k2 = heat conductivity of the insulation layer = 0.038 W/m-K 

ho = heat convection of coefficient of air = 23.3 W/m2-K 

The ‘R’ value obtained for the side wall is 0.01113 K/W. 

Heat loss through the floor: 

Assuming that the concrete floor thickness is twice that of the wall, the thickness t1 is (r2 – r1)*2 

= 0.81 m. The thickness of the insulation t2 is assumed to be the same as for the side wall, which 

is = r3 – r2 = 0.25 m.  
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Fig. A-2. Cross sectional view of the floor of the digester 

The thermal resistance in this case is given by 

                                                                                            (12) 

Here  

ho = heat convection coefficient of groundwater 

ko = heat conductivity of soil 

l = depth of soil below the tank 

and all other terms are as defined before. 

The thermal resistance of the floor is obtained as 0.02053 K/W. The monthly variation of heat 

load to the digester is shown below 

 

 

 

 

sludge 

soil 
conduction   
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t2 

convection 
groundwater 
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Month temp 
°C 

side wall heat 
load (W) 

kWh from 
side wall 

floor heat 
load (W) 

kWh from 
floor 

total kWh 

Jan -3 5210.20 3876.39 2825.27 2102.00 5978.39 

Feb -3 5210.20 3501.26 2825.27 1898.58 5399.84 

Mar 2 4761.05 3542.22 2581.71 1920.79 5463.02 

Apr 9 4132.23 2975.21 2240.73 1613.33 4588.53 

May 15 3593.24 2673.37 1948.46 1449.66 4123.03 

Jun 21 3054.26 2199.07 1656.19 1192.46 3391.53 

Jul 23 2874.60 2138.70 1558.77 1159.73 3298.42 

Aug 22 2964.43 2205.53 1607.48 1195.97 3401.50 

Sep 18 3323.75 2393.10 1802.33 1297.68 3690.78 

Oct 12 3862.74 2873.88 2094.60 1558.38 4432.26 

Nov 5 4491.56 3233.92 2435.58 1753.62 4987.54 

Dec -1 5030.54 3742.72 2727.85 2029.52 5772.24 

thermophilic 55      

  Total (MWh) = 35.36  19.17 54.53 

Table A-1. The variation of heat loss from the digester with month 

The amount of heat loss from the primary digester will be 54.527 MWh/yr. Of this, the 

contribution of the side wall is 35.355 MWh and the floor of the digester is 19.172 MWh. 

Assuming that the secondary digester has identical parameters as the primary digester, the total 

heat loss from both the digesters at thermophilic temperature (55°C) is 109.054 MWh/yr. Taking 

the digesters’ volumes as 1.4 million gallons each and approximating the heat capacity of the 

sludge contents to that of water, the temperature of the sludge coming out of the primary digester 

is obtained as 54.66°C and that from the second digester as 54.32°C. Thus the amount of heat 

loss is small and can be neglected. 
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Appendix B: Economic analysis for the ideal case scenario 

 

 

 

 

 

Volume of biogas: 5310000 m3/year

Capital costs:

Electricity case

power generated (kW): 1537.081336

Capital cost per kW ($): 1640

Cost of reciprocating engines ($): 2520813.39

Electricity produced (kWh): 13464832.5

Electricity consumed (kWh): 3520000

Excess electricity available (kWh): 9944832.5

H2S removal (annualized) ($): 4555.98

Natural gas case

Neglect cost of connecting to natural gas grid

Case 1: With sludge preheating

power of reciprocating engines (kW): 669.2351598

engines capital cost per kW ($): 1978.57

cost of reciprocating engines($): 1324129.57

Cost of water scrubbing ($): 1,500,000

Electricity produced (kWh): 5862500

Excess electricity (kWh): 2342500

Case 2: Without sludge preheating

power of reciprocating engines (kW): 747.3277293

engines capital cost per kW($): 2007.5

cost of reciprocating engines($): 1500260.417

Cost of water scrubbing ($): 1,500,000

Electricity produced (kWh): 6546590.909

Excess electricity (kWh): 3026590.909

other capital costs ($)

Installation and startup costs: 350,000

Sludge‐to‐sludge heat exchanger 600,000

water to sludge heat exchanger 300,000

Vaughn rotamix 500,000

pretreatment 200,000

Siloxanes removal 53100

Gas drying 15,000
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Natural gas case 1 Natural gas case 2

4,827,230 4,403,360

Electricity case Natural gas case 3 Natural gas case 4

3,938,913 3,805,892 3,220,892

Total capital costs ($)

Common operating costs calculation:

gas drying: 2000 $/year

Activated C operating cost: 21240.00 $/year

sludge disposal ($54.68/ton): 1108037.61 $/year

pretreatment (5% of capital): 10000 $/year

cost of FW: 10 $/ton

Amount of FW: 47309.11 tons

procurement of FW: 473091.1 $/year

Inflation: 2.20%

daily influent TS (lb/day):

sludge TS: 12000

sludge VS: 9000

FW TS: 64807

FW VS: 55085.95

TS not VS: 12721.05

VS out: 12817.19

solids out 25538.24

sludge out: 111035.8

1 ton/lb: 2000

Cost of reciprocating engines:

Capital cost:

100 kW 2,210 $/kW

300 kW 1,940 $/kW

800 kW 1,640 $/kW

Operating cost:

100 kW 0.022 $/kWh

300 kW 0.016 $/kWh

800 kW 0.013 $/kWh

Specific operating costs ($):

Natural gas case: 

Case 1:

reciprocating engines: 98825.00 $/year

water scrubbing: 75000 $/year

Case 2:

reciprocating engines: 114565.34 $/year

water scrubbing: 75000 $/year

Electricity case:

reciprocating engine: 175042.82 $/year
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Natural gas case with boiler

power of reciprocating engines (kW): 398.4018

engines capital cost per kW ($): 2007.5

cost of reciprocating engines ($): 799791.7

cost of CO2 scrubbing ($): 1500000

Case 3

Boiler cost: 53000

Case 4

Boiler cost: 68000

Specific operating costs ($):

Case 3

reciprocating engines: 61320

CO2 scrubbing: 75000

boiler: 630

Case 4

reciprocating engines: 61320

water scrubbing: 75000

boiler: 1155
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Appendix C: Economic analysis for the food waste diverted from landfills scenario 

       

 

 

 

        

 

 

power generated (kW): 364.7312

Capital cost per kW: 2007.5

Cost of reciprocating engines ($): 732197.8

Electricity produced (kWh): 3195045

Electricity consumed (kWh): 3490000

Balance (kWh): ‐294955

other capital costs ($)

Installation and startup costs: 350,000

Sludge‐to‐sludge heat ex 600,000

water to sludge heat ex 300,000

Vaughn rotamix 500,000

pretreatment 200,000

H2S removal (annualized): 1081.08

Siloxanes removal 12600

Total capital cost ($): 2,694,798 (case 1)

2,094,798 (case 2)

Common operating costs calculation:

gas drying: 2000 $/year

Activated C operating cost: 5040.00 $/year

sludge disposal ($54.68/ton): 304058.8 $/year

pretreatment (5% of capital): 10000 $/year

cost of FW: 10 $/ton

Amount of FW: 5036 tons

procurement of FW: 50360 $/year

Inflation: 2.20%

daily influent TS (lb/day):

sludge TS: 12000

sludge VS: 9000

FW TS: 6900

FW VS: 5865

TS not VS: 4035

VS out: 2973

solids out 7008

sludge out: 30469.57

1 ton: 2000

Reciprocating engines operating cost

0.0175 $/kWh

55913.29 $/year
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Appendix D: Economic analysis for ideal case scenario (mesophilic) 

 

 

Specific capital costs 
 

Electricity case     
Yearly generation 6980000 kWh 
Yearly consumption 3520000 kWh 
Excess electricity 3460000 kWh 
Power of engine(s) 796.8037 kW 
Capital cost per kW 1796.923 $ 
Capital cost 1431795 $ 
Gas drying 15000 $ 
Natural gas case    
Yearly generation 4320000 kWh 
Yearly consumption 3520000 kWh 
Excess electricity 800000 kWh 
Power of engine(s) 493.1507 kW 
Capital cost per kW 2048 $ 
Capital cost 1009973 $ 
CO2 scrubbing app 1500000 $ 
Natural gas case with boiler   
Yearly generation 3520000 kWh 
Yearly consumption 3520000 kWh 
Excess electricity 0 kWh 
Power of engine(s) 401.8265 kW 
Capital cost per kW 2007.5 $ 
Capital cost 806666.7 $ 
CO2 scrubbing app 1500000 $ 
Boiler heat output 1004857 kWh/year
Boiler power 114.7097 kW 
Boiler cost per kW 143.34 $ 
Total boiler cost 16443.03 $ 
 

Volume of biogas 3120000 m^3/year
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other capital costs ($)

Installation and startup costs: 350,000

pretreatment 200,000

H2S removal (annualized): 2676.96

Rotamix 500,000

Total capital costs ($)

Electricity case 2,496,795

Natural gas case 1 3,559,973

Natural gas case 2 3,373,110

Common operating costs calculation:

Activated C operating cost: 12480.00 $/year

sludge disposal ($54.68/ton): 1361065.7 $/year

pretreatment (5% of capital): 10000 $/year

cost of FW: 10 $/ton

Amount of FW: 46269.52 tons

procurement of FW: 462695.2 $/year

Inflation: 2.20%

daily influent TS (lb/day):

sludge TS: 12000

sludge VS: 9000

FW TS: 63382.9

FW VS: 53875.465

TS not VS: 12507.435

VS out: 18862.64

solids out 31370.07

sludge out: 136391.63

1 ton/lb: 2000
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Appendix E: Economic analysis for food wastes diverted from landfill scenario (mesophilic) 

 

 
Capital cost of power generation equipment 

 
 

 

 

 

     

Volume of biogas 761000 m^3/year

Electricity

Yearly generation 1650000 kWh

Yearly consumption 3490000 kWh

Balance 1840000 kWh

Power of engine(s) 188.3562 kW

capital cost per kW 1,940 $

Capital cost 365411 $

Heat

Yearly generation 2080000 kWh

Yearly consumption 4050000 kWh

balance 1970000 kWh

other capital costs ($)

Installation and startup costs: 350,000

pretreatment 200,000

H2S removal (annualized): 652.94

Gas drying 15000

Rotamix 500000

Total capital cost ($) 1,430,411

operating costs calculation:

gas drying: 2000 $/year

Activated C operating cost: 3044.00 $/year

sludge disposal ($54.68/ton): 368554.2 $/year

pretreatment (5% of capital): 10000 $/year

cost of FW: 10 $/ton

Amount of FW: 5036 tons

procurement of FW: 50360 $/year

Inflation: 2.20%

Reciprocating engines 26400 $

daily influent TS (lb/day)

sludge TS: 12000

sludge VS: 9000

FW TS: 6900

FW VS: 5865

TS not VS: 4035

VS out: 4459.5

solids out 8494.5

sludge out: 36932.61

1 ton: 2000
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Appendix F: Sensitivity analysis calculations 

The following table shows how the biogas output varies with change in TS content of FW. 

 Thermophilic biogas production in million m3 

Optimistic (35% TS) Most likely(25% TS) Pessimistic (15% TS) 

FWDL case 1.47 1.26 1.07 

Maximum FW case 7.17 5.31 3.50 

Table. A-2.  Variation of biogas output with TS content in FW 

Similar to the above, the table below shows how the biogas output will vary with changes in the 

yield per kg of VS destroyed for the mixture of FW and SS. 

 Thermophilic biogas production in million m3 

Optimistic (0.9 m3/kg) Most likely(0.6 m3/kg) Pessimistic (0.1 m3/kg) 

FWDL case 1.89 1.26 0.21 

Maximum FW case 7.96 5.31 0.88 

Table. A-3.  Variation of biogas output with yield per kg of VS destroyed  

The following table shows the obtained net revenue values for all the cases. 
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Appendix G: Sensitivity analysis calculations (mesophilic) 

The following table shows how the biogas output varies with different parameters. 

Parameter 

FWDL case Maximum FW case 

Optimistic  Most likely Pessimistic Optimistic Most likely Pessimistic

TS content 1.26*106 761,000 642,000 4.24*106 3.12*106 2.11*106

%VS destroyed 842,000 761,000 476,000 3.50*106 3.12*106 1.86*106

Biogas output 
per kg VS 
destroyed 

1.52*10-6 761,000 380,000 6.24*106 3.12*106 1.56*106

Table. A-5.  Optimistic, most likely and pessimistic biogas outputs (effect of change in a single 

parameter) 

The following table shows the obtained net revenue values.   
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Table. A-6.  Net revenues in $ for optimistic, most likely and pessimistic parameter assumptions 

(mesophilic) 

Factor Optimistic Most Likely Pessimistic

Using FWDL

Electrical efficiency ‐621643.6 ‐647572.12 ‐725357.84

Heat recovery efficiency ‐637119.8 ‐647572.12 ‐671960.87

TS content in FW  ‐480722.9 ‐647572.12 ‐687361.82

biogas output  ‐280856 ‐647572.12 ‐774798.83

Total capital cost  ‐521806.3 ‐647572.12 ‐773337.97

Operating cost  ‐532482.6 ‐647572.12 ‐992840.77

% VS destroyed ‐608,539 ‐647572.12 ‐742866.76

% CH4 in biogas ‐554968.9 ‐647572.12 ‐712109.71

Using maximum FW

Electricity case

Electrical efficiency ‐1577749 ‐1588593.3 ‐1621127.5

Heat recovery efficiency ‐1588593 ‐1588593.3 ‐1588593.3

TS content in FW  ‐1566783 ‐1588593.3 ‐1608261.1

biogas output  ‐1527837 ‐1588593.3 ‐1638181.3

Total capital cost  ‐1369068 ‐1588593.3 ‐1808118.7

Operating cost  ‐1100224 ‐1588593.3 ‐3053701.7

% VS destroyed ‐1581194 ‐1588593.3 ‐1616793.1

% CH4 in biogas ‐1569615 ‐1588593.3 ‐1607571.6

Natural gas case 1: without boiler

Electrical efficiency ‐1745314 ‐1761233.1 ‐1931796.3

Heat recovery efficiency ‐1736116 ‐1761233.1 ‐1793072.4

TS content in FW  ‐1637563 ‐1761233.1 ‐1872756.8

biogas output  ‐1416724 ‐1761233.1 ‐1933487.5

Total capital cost  ‐1448230 ‐1761233.1 ‐2074236.1

Operating cost  ‐1261051 ‐1761233.1 ‐3261779.7

% VS destroyed ‐1719274 ‐1761233.1 ‐1900361.7

% CH4 in biogas ‐1671986 ‐1761233.1 ‐1850480.3

Natural gas case 2: with boiler

Electrical efficiency ‐1729639 ‐1738216.4 ‐1809521.7

Heat recovery efficiency ‐1726905 ‐1738216.4 ‐1771942.3

TS content in FW  ‐1616746 ‐1738216.4 ‐1851940.1

biogas output  ‐1395907 ‐1738216.4 ‐1912670.8

Total capital cost  ‐1443843 ‐1738216.4 ‐2036989.9

Operating cost  ‐1244576 ‐1738216.4 ‐3227937

% VS destroyed ‐1698457 ‐1738216.4 ‐1879545

% CH4 in biogas ‐1651169 ‐1738216.4 ‐1829663.6
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