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Abstract:  Biogas systems process farm residues into burnable gas and crop fertilizer.  While biogas projects may have many sustainability attributes, a full picture of system sustainability requires thorough life cycle analysis.  This study uses life cycle cost analysis and emergy analysis to assess financial and environmental sustainability of the 7.5m3 biogas system at the Dickinson College Farm (Pennsylvania, USA).   Operational parameters (loading rate and method of digestate distribution) were varied to study sensitivity across both LCC and emergy analyses.  Sustainability increases when the biogas system is loaded to full capacity, so long as all biogas produced is used and none is released as free methane.  Eliminating redundant use of fossil fuel powered machines for digestate transfer also increases sustainability.  LCC and emergy analyses are useful tools for holistic assessment of biogas projects.   

Introduction:
Biogas systems provide renewable energy and fertilizer from agricultural and food processing residues (Li et al. 2012, Alburquerque et al. 2012).  Through microbial processes collectively known as anaerobic digestion, feedstocks such as livestock manure and food waste are diluted with water and placed in a warm, oxygen-free environment.  The end products are a nutrient rich liquid fraction known as digestate or effluent, and biogas (primarily CH4 and CO2 with other trace gases) (House 2010).  Analogous to natural gas, biogas is combusted for cooking and heating (Lansing et al. 2010; Vu et al. 2015) and can fuel generators for electricity production (Ciotola et al. 2011, Lansing et al. 2008).  Biogas systems can function beneficially at a range of digester sizes – from 6m3 household-scale systems common on Vietnamese farms (Roubik et al. 2016) to projects capable of digesting the daily waste of 3000 cows in the US (Lauer et al. 2018).  
At first glance, biogas systems meet many sustainable engineering criteria within the three primary categories (ecological, social and economic sustainability) as described by Abraham (2006).  Processing manure into gas and fertilizer can reduce water and soil pollution (Chara et al. 1999; Vu et al. 2015), while also decreasing emissions of methane – a potent greenhouse gas – from open manure storage lagoons (Ciotola et al. 2011, Wang et al 2014).   Providing a source of renewable energy can reduce consumption of fossil fuels (Vu et al. 2015), lessen demand for firewood in overharvested areas (Mwirigi et al. 2014), and improve indoor air quality if replacing low grade combustion fuels (Singh and Sooch 2004).  Diverting food residues from municipal waste decreases landfill loading and reduces costs for waste generating businesses (Brandt and Martin 2001).  Biogas systems can improve farmer quality of life by reducing neighbor complaints about odors (Anaerobic…2012) and can alleviate rural poverty in developing countries by providing easy to use cooking fuel to households (Singh and Sooch 2004) without the burden of collecting fuel remotely.  Energy outputs, liquid fertilizer and solids separated from digestate for use as livestock bedding all have economic value.  Financial sustainability is achievable as some biogas systems have a short payback period (months or years)(An et al. 1997).  For these reasons and more, biogas systems are actively promoted by governments around the world (Holm-Nielsen et al. 2009, Feng et al. 2012), with millions of installations in China, India, and nearby developing countries (Bruun et al. 2014). 
However, the circumstances of each individual biogas installation are different, and closer inspection of any project may reveal a more murky sustainability picture.  System profitability depends on high output to total cost ratio - life cycle cost (LCC) analysis can identify economic shortcomings.  If biogas systems leak methane to the atmosphere, the resulting net greenhouse gas emissions may be on par with conventional fuel sources (Bruun et al 2014; Paolini et al. 2018).   “Emergy” analysis – a life cycle accounting of the solar energy equivalent invested in materials, labor, and natural resources to construct and operate a biogas project – can depict shortcomings in net ecological value of some system designs (Ciotola et al 2011, Wang et al. 2014).  Some project owners become dissatisfied and may reject biogas technology if plagued by low productivity, equipment problems or if they lack a thorough understanding of system operations – thus education of biogas system users is also an important factor in project success (Roubik et al. 2015, An et al. 1997, Zhou et al 2011). 
[image: ]This study will examine the 7.5m3 biogas plant in operation at the Dickinson College Farm since 2015.  Life cycle cost analysis, a simplified emergy analysis, net greenhouse gas emissions, and educational value will be considered for a holistic picture of overall project sustainability.  Spreadsheet calculations will be used to assess the impact of changing operational parameters on sustainability indices, with the ultimate goal of improving operations to maximize the net environmental benefit of the project.  The interplay of sustainability goals for the biogas project is depicted in figure 1, Mess Analysis.                          


Fig 1: Mess Analysis

Methods:  
Study site:  The biogas system studied consists of two 3750L plug flow type digesters placed in insulated trenches within a small greenhouse (fig 2).  The digesters are made from EPDM roofing membrane glued into a 1m diameter tube shape, sealed at each end with custom-made plastic end caps that feature valves for fluid and gas entry and exit.  Loading occurs by mixing cattle manure and ground cafeteria scraps (hereafter food residue or FR) with water to a dilution of 10% solids in an elevated tank.  Under normal operations the digesters are fed only food residue after seeding with cattle manure for microbial culture.  Feedstock slurry enters the digester by gravity flow and forces an equivalent volume of finished digestate liquid into an effluent pit below the opposite end.  An electric pump then transfers digestate to a trailer mounted field distribution tank equipped with a gasoline powered sprayer pump and hauled with a diesel tractor to crop fields for application.  Biogas is collected in EPDM bags, which are moved to the point of use on manually operated push carts.  Gas is pumped from storage bags to biogas stoves for household and commercial cooking.  The digesters are operated at mesophilic temperatures (~35C) which limits biogas production in the unheated greenhouse to May through September (154 days or 22 weeks).        Fig 2: Dickinson digester (one unit shown).[image: ]
Previous work and current status:   In an unpublished 2016 study, Bucknell University engineers DiStefano and Shust examined steady-state production parameters of the Dickinson biogas system over several months, documenting yields of 0.146m3 biogas/kg FR and 0.096m3 CH4/kg FR, and a proven sustainable loading rate of 21.4 kg FR per day at 30 days hydraulic retention time.  In practice however, loading rates below the proven maximum are common due to competing farm priorities for labor and inconsistent demand for biogas as cooking fuel.  For three of the past four years, one of the two digester units has been inactive, and the primary digester often operates below maximum capacity.  Gas storage logistics result in occasional accidental release of biogas to the atmosphere.  Innovative attempts at creative utilization of biogas notwithstanding (powering a soil sterilization steamer and engine driven log splitter), sometimes it is necessary to flare biogas (rather than release it) when cooking demand does not keep up with production.
Operational changes considered:  This study examines the impact on life cycle cost accounting and emergy sustainability indices of the following changes to normal operations:
· Varying loading rate, treatments as follows, 22 weeks per year:
· “1/2 capacity”:  one digester running at half capacity, equivalent to 10.7kg FR/d
· “1 full”:  one digester running at full capacity, equivalent to 21.4kg FR/d
· “2 full”:  both digesters fed 21.4 kg FR/d each
· Eliminating gasoline and diesel fuel from digestate distribution system.  
· This can be achieved by pumping digestate to commercial compost piles adjacent to the digester site via the electric pump already in use for digestate transfer to the trailer tank.  Compost is applied mechanically to the same crop fields as current digestate distribution, so this step would eliminate redundant equipment, labor and fuel expenditures.
Results:
Life Cycle Cost accounting:  Detailed background LCC calculations for the biogas system are included in the supplemental material attachment.  Summary data depicting the results of different treatments over a 7 year expected lifespan are shown in table 1. 
[image: ]
Table 1-  LCC Accounting:  This table depicts the results of consistent operation of the biogas system at various food residue loading rates over 7 years (22 weeks/yr).   Note that as FR loading rate increases, methane production and value increase, but so do labor, fuel and electricity costs.  However, the other costs (construction, maintenance, and end of life disposition) remain fixed for all treatments, resulting in a lower cost per m3 of methane produced at higher loading rates.  The impact of removing fuel cost through operational change and removing labor cost (characteristic of a subsistence or homesteader system) are also depicted.  
Emergy Analysis:  Developed by ecologist Howard Odum in the 1980s, emergy analysis provides a means of comparing the sustainability of enterprises by converting all energy and material inputs into solar energy units (Solar Equivalent Joules – sej) using transformity values derived through published research.  Ratios of inputs and outputs are calculated to evaluate how well a system utilizes non-renewable resources to leverage production of beneficial outputs.  The emergy accounting for the Dickinson biogas system and calculated indices are depicted in table 2 and 3 below:
Table 2: Emergy analysis of Dickinson College Farm biogas system.  Transformity references provided in attached supplemental materials.
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Table 3 (right): Emergy sustainability indices including calculations with motor fuels removed.  Data from Ciotola et al. 2011 study of EARTH university biogas included for comparison

As described in Ciotola et al. (2011) and Ulgiati and Brown (1998): 
· The fraction renewable (fR) index depicts the portion of system emergy inputs derived from local renewable resources.  
· Energy yield ratio (EYR) is the yield of beneficial outputs relative to non-renewable inputs.  
· Environmental loading ratio (ELR) depicts non-renewable and purchased renewable relative to local renewable inputs
· Emergy Sustainability Index (ESI) is the ratio of EYR to ELR. 
Discussion:  
LCC:  Given the low cost of natural gas in the US ($0.36 per m3 in 2019 (EIA.gov…2020)), the Dickinson biogas system is not a sustainable project on purely economic terms.  Increasing production to full capacity does reduce the life cycle cost per functional unit and the net economic loss of the project, but the project is not profitable at any level of production.  Removing labor cost from the equation as might be appropriate in a homesteading, hobby-enthusiast, or subsistence application does reduce LCC and net losses considerably – in a location where natural gas and other fuels are more expensive or unavailable, the project would be more financially appropriate.  The LCC report does not account for the substantial educational value of the project, nor the experiential benefit from this pilot-scale system.  It appears increasingly likely that Dickinson College Farm will use experience gained through operation of the current biogas system to secure substantial grant funding for a larger commercial biogas system – thus in a holistic view the project may be a net positive economically.
Emergy:  Increasing production and removing petroleum fuels from the system both increase project sustainability, as shown by a steady increase in ESI in table 3.  Wang et al. (2013) also demonstrated that biogas system ESI increases with feedstock loading rate in cases where there is underutilized system capacity.  The Dickinson project compares favorably with a similar biogas design at EARTH University in Costa Rica (Ciotola et al. 2011).  While the ESI rating in that study is roughly double that of the Dickinson system, this may be explained in part by the year-round biogas production enabled by Costa Rica’s tropical climate, whereas only 5 months of production are possible without supplemental heat in Pennsylvania.
[bookmark: _GoBack]Other impacts:  Increasing biogas production to optimize emergy and LCC will create new challenges for the problem of net greenhouse gas (GHG) emissions unless the biogas storage and utilization systems are upgraded.  Bruun et al (2014) demonstrated that benefits of small-scale biogas systems can be negated if fugitive methane emissions exceed the value of conventional fuel source emissions offset by use of biogas.  Additional investment in materials and gas utilization equipment will be required to avoid methane release at full production capacity, which will have consequential effects on both LCC and emergy results.  It is likely that the production capacity of the system studied is excessive for the cooking fuel needs of the farm – a more appropriately matched system with lower fixed costs would reduce LCC and increase emergy sustainability while keeping net GHG emissions in positive territory.
Conclusions:
Biogas system sustainability depends on a variety of factors, including cost, energy and materials invested in construction and operations, level of utilization of digester capacity and effective use of system outputs.   Life cycle cost analysis and emergy analysis are useful tools for evaluating financial and environmental sustainability of a project.  Changing input values for operational parameters allows for sensitivity analysis of LCC and emergy at different production levels.  Sizing a biogas system to match the expected demand for fuel outputs increases life cycle sustainability by making optimal use of construction investment of money and materials.  This analysis will result in operational and design changes to increase sustainability at current and future Dickinson College biogas plants. 
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