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Abstract


Life-cycle assessment (LCA) and techno-economic analysis (TEA) were applied to assess the economic feasibility and environmental benefits of utilizing multiple biomass feedstocks for bioenergy products under three different technological pathways with consideration of uncertainties. Three cases were studied for the production of pellets, biomass-based electricity, and pyrolysis bio-oil. A Monte Carlo simulation was used to examine the uncertainties of fossil energy consumption, bioenergy conversion efficiency, stochastic production rate, etc. The cradle-to-gate LCA results showed that pellet production had the lowest greenhouse gas (GHG) emissions, water and fossil fuels consumption (8.29 kg CO2 eq (equivalent), 0.46 kg, and 105.42 MJ, respectively). The conversion process presented a greater environmental impact for all three bioenergy products. When producing 46,929 Mg of pellets, 223,380 MWh of electricity, and 78,000 barrels of pyrolysis oil, the net present values (NPV) indicated that only pellet and electricity production were profitable with NPVs of $1.20 million for pellets, and $5.59 million for biopower. Uncertainty analysis indicated that pellet production showed the highest uncertainty in GHG emission, and bio-oil production had the least uncertainty in GHG emission but had risks producing greater-than-normal amounts of GHG. Biopower production had the highest probability to be a profitable investment with 85.23%.
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1. Introduction


Increasing global energy consumption has resulted in the need to further develop bioenergy products using a variety of renewable materials, including forest residues [1,2], and energy crops [3]. Biomass is considered an environmentally friendly energy resource through its carbon mitigation function [4], and is a preferred alternative to fossil energy resources to reduce greenhouse gas (GHG) emissions [5]. Biomass could be used to produce bioenergy products in a variety of forms, such as firewood, pellets, electricity, ethanol, and biofuels. Since carbon dioxide is consumed during biomass growth, biomass can mitigate the amount of GHG emission generated during the energy conversion [6]. Thus, energy production from biomass has the advantage of reduced GHG emissions.



The utilization of lignocellulosic biomass for biofuels and bioproducts has steadily increased [7]. Current production and application of first-generation biofuels from food crops for biodiesel and bioethanol are well understood [8,9]. However, compared to food crops, lignocellulosic biomass, like forest residues and energy crops, are a major source of cheap and abundant non-food materials available from plants [10]. Therefore, lignocellulosic feedstock can offer the potential to provide novel biofuels or bioenergy, known as the second generation of biofuels [11].



In a biorefinery, conversion processes and equipment are integrated to produce power, fuels, or any value-added products from biomass. The biomass conversion processes utilize physical, chemical, biological, and thermal pathways [10]. Densification is a physical conversion that can help overcome the drawback of forest residues and other lignocellulosic biomass materials that always have uneven bulky characteristics [12]. The densification of biomass improves efficiencies in biorefinery facilities and reduces the handling costs of biomass [13]. Pellets are a bioproduct that intensifies the loose biomass and have become popular as solid biofuels [14]. Combustion is a common means of converting biomass to energy, with a proven technology that is low-cost, highly reliable, relatively well understood and commercially available [15]. Lignocellulosic biomass-fired or co-firing power plants can produce electricity, heat or steam using either direct or indirect combustion systems [16]. One major processing route for the production of biofuels from lignocellulosic feedstocks is thermochemical, which produces a wide range of long carbon chain biofuels, such as bio-oil, aviation fuel, ethanol, or reformed fuels [11]. Thermochemical conversion using pyrolysis has been considered an important and promising technique for biofuel production [17]. In most cases, the pyrolysis process is a basic component of thermochemical conversion [15]. Fast pyrolysis is an approach to produce reliable higher energy content liquid fuels from biomass. The pyrolysis-derived liquid fuels can also be blended with petroleum-based fuels such as gasoline or diesel for transportation vehicles [18].



A number of analyses have been conducted on these conversion processes in terms of economics, environmental and life-cycle assessments [2,19,20,21]. Recent economic analyses indicated that the aforementioned bioenergy products have economic advantages over other alternative fuels [22,23]. A number of techno-economic studies demonstrated the economic feasibility of biomass-based bioenergy production [24,25,26]. With lower expected feedstock costs and no competition with food, lignocellulosic feedstock was studied as a major bioenergy resource. In a study of biomass-based energy production, techno-economic performance of different plant scale levels in UK were compared, and the economic viability of different processes through a discounted cash flow analysis was analyzed [27]. Trippe et al. [28] examined the biomass-to-liquids and chemicals production by adopting a two-stage concept, and concluded that the cost to produce one normal cubic meter (Nm3) of syngas is $25.07 (23€), with the potential to reduce costs 50% when coal was introduced as a feedstock. As in the study of naphtha and diesel-range fuels’ production with the feedstock of biomass via fast pyrolysis pathway, Wright et al. [29] established models with two fixed yearly production rates, respective capital costs and fuel product values for both nth plant and pioneer plant. Few studies were conducted to quantify the economic uncertainty and risks associated with a biomass-to-bioenergy project. Batan et al. [30] studied microalgae-based biofuel and characterized the economic feasibility, and their results showed the economic performance and price and cost projections, whereby production cost reaches $550.10/bbl (barrels) and $586.66/bbl of algal raw oil and diesel, respectively.



Life-cycle assessment (LCA) is a comprehensive procedure for estimating environmental impacts on either cradle-to-gate or cradle-to-grave basis for systematic energy production [31], which both indicate boundary conditions for an LCA study. Usually, the LCA approach for the cradle-to-gate assessment only involves a partial product life cycle from feedstock collection (“cradle”) to the time before its transportation to a consumer (“gate”) [32], and the cradle-to-grave assessment is the full LCA from resource extraction phase to end-of-life phase (“grave”) [33]. Efforts have been made on LCA in the production of multiple conversion pathways of biomass [34,35,36,37,38]. Caputo et al. [34] constructed an LCA model of willow as a short rotation crop to estimate the footprints of willow for energy process, and the system consumed 445.0 to 1052.4 MJ of fossil energy per oven-dry tonne (odt) biomass and provided a large carbon sink that more than compensated carbon emissions. An LCA study by Budsberg et al. [36] on ethanol production with willow biomass as feedstock indicated that life-cycle carbon emissions of ethanol production from willow are carbon negative compared to gasoline-equivalent energy but 169% more life-cycle freshwater was consumed than the gasoline equivalent. Liu et al. [39] conducted a study using life-cycle inventory (LCI) to investigate the environmental load of multiple bioenergy products with three energy crops. Their results showed that willow to bio-product system usually had the lowest environmental impacts and cost compared to perennial grasses.



Monte Carlo simulation is the most commonly recommended approach for uncertainty analysis [40,41,42,43]. Uncertainty analysis is not commonly performed in LCAs, although great efforts have been made in classification, definition, and sources of uncertainty as well as methodological aspects for expressing uncertainty [44,45,46]. At the LCI phase, publicly available LCA databases only provide inventory data with no uncertainty information. The LCA uncertainty of willow-based biomass production was investigated by Caputo et al. [34], and the impacts of a series of parameters including additional herbicide treatment, planting densities and nursery modules were examined. Nguyen et al. [47] evaluated two scenarios for corn-based bio-ethanol supply chains in Kansas with Monte Carlo simulation to examine the uncertainty in GHG emissions, and their results showed that the GHG emissions range from 24 g CO2 eq/MJ to 41 g CO2 eq/MJ depending upon the location, size and number of preprocessing depots. There are several economic challenges to overcome in bioenergy production associated with processing technologies [48], feedstock availability and its logistics cost [49], feedstock sustainability [50], financial and technical issues for commercial scale production, and assessment of indirect impacts [51]. Technological and economic uncertainties of eight cellulosic biofuel production pathways via both biochemical and thermochemical conversions were evaluated by Zhao et al. [52]. They reported that the distributions of net present values (NPV) and break-even fuel price for each case, and concluded that the fast pyrolysis and hydro processing pathways are with the relatively lower risk for investors. A techno-economic study [53] with Monte-Carlo analysis compared two bio-oil pathways of two-staged and single-staged upgrading and identified that the two-stage hydrotreating has a relatively low risk for project investment.



Information regarding the quantification of the environmental and economic impacts and their uncertainties in utilizing multiple biomass feedstocks for major bioenergy products at a regional scale have not been fully determined. The objectives of this study were to: (1) conduct a LCA study to examine the environmental impacts of utilizing multiple biomass feedstocks for bioenergy products in the northeastern U.S.; (2) perform an economic analysis of the bioenergy feedstock supply chains; and (3) quantify the uncertainties of the production of bioenergy products in terms of economic feasibility and environmental impacts.




2. Materials and Methods


In this study, multiple lignocellulosic bioenergy feedstocks (forest residues, hybrid willow, switchgrass and Miscanthus) were considered for producing three bioenergy products: pellets, bio-power, and liquid biofuels. Base cases were identified with parameter configurations listed in Table 1. Data were primarily collected from regional bioproduct companies: two companies for biomass to pellets, one for biomass to liquid fuels, and one for biomass to biopower in the northeastern U.S. For pellet production, a local pellet plant produced 46,929 Mg of pellets with a sale price at $185 per Mg. According to information provided by the pellet fuel company, the retail price ranged from $180 to $210 per Mg of pellets. For biopower generation, the production yield was calculated as 223,380 MWh per year by setting plant capacity of 30 MW for 365 days operated annually, and the average sale price was 10.5 cents per kilowatt hour (ranged between 8 cents to 26 cents per kilowatt hour) [54]. Many generators may not be able to operate at full capacity due to maintenance issues or weather conditions; thus, capacity factors range from 21.2% to 93.4% for various non-fossil fuels [55]. A capacity factor of 85% was used in this research, based on a study by Klein et. al. [56] for biomass combustion for average cases. For liquid fuels, 78,000 bbl of pyrolysis bio-oil were produced with an assumed sale price of $54/bbl, according to estimation of the potential minimum selling price by the U.S. DOE (Department of Energy) NREL (National Renewable Energy Laboratory) [57]. Recently, the price of crude oil dropped to its lowest point at $11.26 per barrel as of 21 April 2020 [58], and it poses a challenge in producing economic feasible biomass-based pyrolysis oil. Based on a U.S. DOE report [29], the NREL estimates the minimum selling price of a commercially finished fuel made from current fast pyrolysis oil is about $106/bbl. Thus, the price range for pyrolysis bio-oil was $11.26–106.26/bbl in this study. By feeding one dry Mg of lignocellulosic biomass as feedstock, it produced 0.83 Mg of pellet fuel, or 1.53 megawatt hours, or 0.46/bbl of fast pyrolysis bio-oil. The feedstock price for all cases was assumed to be $84 per Mg based on the DOE’s target to lower delivered cost for lignocellulosic biomass than $84 per dry Mg in year 2022 [59].



The baseline model was used to conduct a Monte Carlo simulation for uncertainty analysis related to GHG emission and NPV for bioenergy products derived from lignocellulosic biomass feedstock (Figure 1).



2.1. Life-Cycle Assessment (LCA)


A cradle-to-gate LCA model framework includes feedstock collection, transportation, storage and preprocessing, bioenergy production (Figure 2). This study focuses on the GHG emissions, water, and fossil fuel consumption. The functional unit (f.u.) of the system is 1000 MJ of energy products. The boundary of this LCA includes raw feedstock handling (harvest/collection), storage, transportation, preprocessing, and conversion, following the International Organization for Standardization (ISO)’s LCA standards [60].



LCI of feedstock collection includes harvesting of logging residues using a grapple loader, grapple skidder and chipper, while establishment of energy crops consists of site preparation, planting, fertilization and cut-and-chip or harvest-and-baling. The fuel consumption of residues harvest system was based on a study by Wu et al. [61]. The US LCI database was also used for the biomass transportation process [62]. The composition of multiple biomass feedstock was based on a study by Wang et al. [63] for an optimized solution of the minimized delivered cost of biomass in the northeastern U.S.



The LCA model was developed using the environmental modeling tool SimaPro [64,65]. The impact of GHGs was calculated using 100-year global warming potentials [66]. All the emissions were converted into the carbon dioxide equivalent (kg CO2 eq). The reduction of GHG emissions was calculated as the difference between the emissions from petroleum-derived diesel and the emissions from the energy products by the three technologies in this study. The calculation of water consumption (kg) followed the method by Boulay et al. [67]. Fossil energy consumption (MJ) was calculated based on the Frischknecht’s studies [68,69,70].




2.2. Mathematical Model for Techno-Economic Analysis (TEA)


To evaluate the economic feasibility, the processes of the selected bioenergy pathways were first defined (Figure 2) and a range of NPVs was estimated for each pathway scenario based on stochastic analysis of the commodity prices and economic parameters.



The NPV method is a common method for measuring the profitability of an investment with unique advantages compared across other economic metrics, in counting time value of investment and ranking capability [71]. The formulation of the NPV for biomass to bioenergy products is as follows:


      N P V = − T I C +    Q 1     (  1 + γ  )    +    Q 2       (  1 + γ  )   2    + … +    Q n       (  1 + γ  )   n    − E C + S V       = − T I C +   ∑  j = 1  n      Q j       (  1 + γ  )   j    − E C + S V      



(1)




where,



  T I C  —the total initial cost for a bioenergy plant project;



 n —bioenergy plant lifetime;



   Q j   —net cash flow at any year   j   after project startup, without equipment replacement costs;



 γ —interest rate;



  E C  —present value of equipment replacement costs;



  S V  —salvage value.



The annual net cash flow    Q j    for a bioenergy plant production after the project startup shows a difference between cash inflows and outflows by operating a bioenergy plant over each year, and it was calculated as:


   Q j  =  (   (  P  Q j  ∗  (  1 +  δ j   )  ∗ p  )  − F  C j  − O  C j   )     (  1 + ϵ  )   j   



(2)




where,



  P  Q j   —Quantity of product produced and sold for year j, for instance, quantity of pellets in Mg, amount of electricity in KWh, or quantity of bio-oil in bbl;



   δ j   —Production increased rate based on previous year;



  p  —Unit selling price;



  F  C j   —Lignocellulosic feedstock cost for year  j  in dry matter basis;



  O  C j   —Operation and maintenance cost at the bioenergy plant for year  j ;



  ϵ  —Inflation rate.



A constraint was set that the quantity of increased annual production should not exceed the yearly capacity for a bioenergy plant.


  P  Q j  ∗  (  1 +  δ j   )  ≤ C a p a c i t y  



(3)







For quantity of bioenergy products produced and sold   P  Q j   ,


  P  Q j  = F  Q j  ∗  ( τ )   



(4)




where,



  F  Q j   —Feedstock quantity in dry Mg transported to and utilized in facility for year  j ;



 τ —Conversion rate, fuels produced by each dry Mg of feedstock.



For feedstock cost   F  C j    at year  j ,


  F  C j  = φ ∗ F  Q j   



(5)




where,  φ  is Feedstock price per dry Mg.



The total present value of equipment replacement costs,   E C   can be calculated from Equation (6) using the acquisition value for equipment at year zero   A V  . The   E C   takes into account the equipment initial costs plus the inflation in the period since it began to operate until its replacement, and for each replaced equipment it will be calculated.


  E C =   ∑  y  A V      (  1 + ϵ  )   y       (  1 + γ  )   y     



(6)




where,



 y —year of the equipment replacement;



  A V  —The acquisition value for equipment at year zero, which is the purchased value of the asset.



The salvage value was calculated by the equation:


  SV =   ∑  i N    EIC  i     (  1 − ϕ  )   n   



(7)




where,



 N —Total amount of equipment;



  E I  C i   —Equipment purchase cost for equipment  i ;



  ϕ  —Depreciation rate;



The total annual cost consists of annualized capital costs (calculated assuming an interest rate of 10% [72,73]), operating and maintenance costs, and biomass feedstock cost. The total installed costs were calculated by a factored estimation [74,75,76], based on the major equipment required for various production processing. All capital costs are in 2020 U.S. dollars with the equipment cost inflation calculated using the Chemical Engineering Plant Cost Index (CEPCI) [77].




2.3. Monte Carlo Simulation for Uncertainties


Monte Carlo simulation is a mathematical technique that performs risk analysis by building models with random variables for decision [78]. In this study, we used this computational algorithm to estimate the environmental impacts and techno-economic benefits of biomass-based energy production. Separate simulation runs with 5000 iterations were conducted. To quantify uncertainty, probability distributions for parameters were used to examine how data behaved [79]. The uniform distribution was applied to “diesel consumption” that all outcomes are equally likely to occur. Triangle distribution was applied to parameters with only known minimum, maximum, and mean values. For parameters “increase rate” and “discount rate”, the lognormal distributions implied finite measurements with a minimum value. For those with limits (minimum and maximum values) and known shapes of distribution, Beta distributions were applied to represent these parameters. Monte Carlo analysis was performed for both environmental impacts and economic feasibility in this study (Table 2).



GHG emissions from bioenergy supply chains are critical, since climate change and energy policies often encourage bioenergy as a sustainable GHG mitigation option [80]. The conventional LCA does not perform quantitative uncertainty analysis. However, the reliability of LCA results can be improved by characterizing the associated uncertainty [40]. The uncertainty of GHGs was quantified using various probabilistic methods, including Monte Carlo simulation with knowledge of the underlying probability distribution functions that characterize the model parameters. A total of 1000 random trials were conducted to study the effect of uncertainty. Several factors affecting the life-cycle GHG emissions of biomass-derived fuel products were examined, including the production technology, efficiency of production, and the operation and maintenance of bioenergy production.



Yearly cash flows were generated for the three production systems (pellet, biopower, and bio-oil productions), and the NPVs were derived from these cash flows. Stochastic production rate, production increasing rate, sale price, feedstock price, and discount rate were used to adjust the models. The Monte Carlo implementation results in a set of NPV values, which are represented by their corresponding probability distributions. The greater the number of iterations performed, the better the precision of the uncertainty would be examined.





3. Results


3.1. Life-Cycle Analysis


The environmental impacts of the three bioenergy technological pathways are listed in Table 3, and all environmental impacts were calculated with f.u. of 1000 MJ for bioenergy production. Pellet production presented the lowest GHG emissions with 8.29 kg CO2 eq and consumed the least fresh water and fossil fuels. Pyrolysis oil production had the highest environmental impacts for all impact factors. The pyrolysis oil production emitted the highest amount of GHG, which was more than triple that of biopower production, and 6.44 times that of pellet production. Both biopower and pellet production consume a small quantity of fresh water compared with pyrolysis oil production, for 0.73, and 0.46 kg, respectively.



Total impact percentages were analyzed and summarized by supply chain components for pellets, biopower and bio-oil (Figure 3). Feedstock transportation contributed most to the GHG emission and blue water consumption (BWC) when producing electricity (biopower) with 40.66% of total GHG emission, and 48.81% of BWC. The conversion process for pellet and bio-oil (biofuel) production had more influence on GHG (with proportions of 52.66% and 76.17%, respectively) and BWC (with proportions of 88.53% and 87.27%, respectively). All four processes (including feedstock collection, transportation, storage and preprocessing, and conversion) for biopower production contributed more than 10% of GHGs. Storage and preprocessing for bio-oil production accounted for very low portions (2.03%) of the total GHG emission, but it contributed 28.86% of GHG when producing pellets. When producing electricity from lignocellulosic biomass, transportation (48.81%), and conversion (34.64%) consumed the most water. The conversion portion of the bioenergy supply chain consumed the largest amount of fossil energy in all three bioenergy productions, which all exceeded 50% of total fossil fuel consumption. Specifically, the conversion processes consumed 89.57% and 88.72% of total fossil energy to produce pellets and bio-oil. For biopower production, 57.49% of fossil energy was consumed in combustion and 28.79% of fossil fuel was used in the feedstock transportation process, with 9.90% for storage and preprocessing, and 3.64% for feedstock collection.




3.2. Techno-Economic Analysis


Based on economic assessment for multi-feedstock multi-pathways bioenergy production, the economic evaluations are summarized in Table 4. In the first year of plant life, there are only cash outflows with capital investment (e.g., equipment installations), while energy products would be produced and sold starting from the second year.



Total biomass feedstock consumption and bioenergy mass production are summarized. With a consumption of 848,114 dry Mg of biomass feedstock, a pellet plant could produce 703,935 Mg of pellet products, which would bring a total of $139.23 million in revenue, with a NPV of $1.20 million over 16 years. A biopower plant would utilize around four times the amount of feedstock, which could bring 4.06 times the revenue ($565.62 million) when compared to a pellet plant. For biopower production, the NPV was $5.59 million with discount rate of 5%. The total amount of biomass feedstock consumed for bio-oil production was similar to pellet production but resulted in a much lower NPV at −$98.14 million. The capital investment cost for bio-oil production represented the largest contribution with 61.05%, while feedstock cost accounted for 56.39% and 55.61% of the total cost for producing pellets and electricity, respectively. Production costs averaged $173.23/Mg for pellets, $0.07/KWh for biopower, and $45.65/bbl for pyrolysis fuels.



A discount rate is used in discounted cash flow analysis to compute a NPV [81], and the general rule of thumb for selecting an appropriate discount rate is that it would equal an investor’s required rate of return [82]. The NPVs of bioenergy plants via three conversion pathways were analyzed based on 0–30% discount rates (Figure 4). For pellet production, the NPV ranged from $2.89 million to $0.21 million for discount rate 0% to 10% accordingly. The biopower plant would be profitable when the NPV ranged from $30.60 million to $5.59 million and when the discount rate was less than or equal to 5%. The NPV dropped dramatically as discount rate increased. For the pyrolysis oil production, it was never profitable at the range of options used, even though the discount rate was as low as 0%.




3.3. Uncertainties of the Environmental and Economic Impacts


GHG emissions from bioenergy supply chains are critical to their sustainability and GHG mitigation potential. The uncertainties of GHG for three bioenergy products were examined using Monte Carlo simulations (Figure 5). In Figure 5, the right tail of pellet and the left tail of bio-power simulations were almost overlapping. To produce 1000 MJ bioenergy products via three technology pathways, bio-fuel production would likely have the highest GHG emission at 51.2 kg CO2 eq. Emissions from electricity generated from lignocellulosic biomass ranged from 15.4 to 15.9 CO2 kg eq GHG emission per 1000 MJ. Based on the Monte Carlo simulations, bio-fuel production had a compacted distribution of GHG emission which was right skewed, ranging from 21.9 to 51.2 CO2 kg eq per 1000 MJ. The GHG emission simulation for pellet production showed a large variation with GHG from 7.4 to 10.5 CO2 kg eq per 1000 MJ. Among three bioenergy products, pellet production showed the highest uncertainty in GHG emission, while bio-oil production had the least uncertainty in GHG emission but faced risks by producing greater-than-normal amount of GHG.



Five sensitive variables were accessed in terms of NPVs. After 5000 iterations, the NPV values converged via Monte Carlo simulation, when related parameter uncertainties were considered (Figure 6).



For pellet fuel production, the distribution had an average NPV of −$2,104,886 with a 39.58% of probability of being a profitable investment. To determine the best fitted distribution, the Anderson–Darling factor was calculated. A Weibull distribution showed the best fit with lowest Anderson–Darling factor of 4.04. In the biopower production pathway, the probability of being profitable was 85.23% with the uncertainty factors introduced. The forecast NPV ranged from −$15.28 million to $233.29 million for an 80% credible interval. A Lognormal distribution with a mean value of −$2.99 million, and standard deviation value of $9.08 million, was best for determining the probability prediction for biopower production. The probability for a biofuel plant to be profitable was zero. A beta distribution was best for representing the uncertainty distribution.





4. Discussion


4.1. Environmental Impacts


Power generation emits significant amounts of GHG, which are a combination of CO2, CH4, and NxO and are typically associated with the upstream processes of power generation. Spath et al. [83] studied the GHG emissions for biomass and conventional fossil systems to generate electricity, and found the biomass direct-fired system have global warming potential −148% lower compared to a traditional coal-fired power plant, and 99% lower than fossil fuel combustion. Hsu [84] studied the GHG emissions for biomass-based pyrolysis oil, and showed that greenhouse gas emissions could be reduced by around 50% from pyrolyzed biofuels compared to fossil fuels. To produce every 1000 MJ of bioenergy, bio-oil production generated the highest GHG emission, and consumed most fresh water and fossil energy among all three bioenergy products. In a pyrolysis oil study by Steele et al. [85], the results showed the global warming potential for pyrolysis bio-oil production is 32 kg CO2 eq, which is very close to 30.58 kg CO2 eq of GHG emission in this study. Although creating higher GHG emissions than the other two bioenergy products, pyrolysis technology is advancing at a rapid rate and has a promising potential for commercial conversion of biomass to fuels.



Contributions to the total GHG emissions of biorefinery systems were different based on conversion pathways. For bio-oil production, pyrolysis conversion was the only crucial process to determine how much GHG emits. However, when producing pellets, feedstock collection, storage and processing, and pelletizing all played large role in determining the final GHG balance. It is the same for biopower production in that all processes contribute more than 10% of the total GHG emission. The changes among different bioenergy products is explained by different utilization of energy at each of the facilities. Based on the study by Cherubini and Jungmeier [86], the largest fraction of total GHG emission originated from diesel/gasoline consumption, followed by electricity from natural gas, heat and others. The production of pellets showed lower GHG emissions than the other two products, primarily due to lower electricity consumption in pellet mills with less processing [19,85]. Even though energy consumption is usually high for biomass power generation [87], the heat and electricity generated could be reused to some extent to reduce fossil energy consumption.




4.2. Economic Feasibility


For bioproduct investment, the major capital cost items for a bioenergy production system include the processing and controlling equipment. System cost intensity tends to decrease as the system size increases, but this could increase significantly with feedstock costs [88]. Usually the scale of a biopower plant or a biofuel refinery is much larger, and a larger facility will demand more biomass with greater biomass handling costs [89]. Locating multiple smaller facilities can reduce transportation distance of biomass delivery, but would potentially increase total costs.



Feedstock cost occupied a large proportion of the total impact on the final production costs. In a study of biomass-based transportation fuel [29], the cost of biomass as feedstock is an important factor affecting the sensitivity of the total cost and the feedstock cost varies among feedstock supply/demand locations all year round. Consequently, the feedstock cost also proved to be an important parameter influencing the final product value from biomass [90]. It is critical to lower feedstock cost by minimizing delivery cost through logistic optimization [63]. Biomass logistics modeling and optimization have long been on a single biomass feedstock at a relatively small scale, and this study showed that it is necessary to focus on multiple feedstocks at relatively large commercial scale. In biomass logistics optimization, biomass feedstock with issues such as low bulk density, being spatially dispersed, and having high mass loss during handling always needs to be considered to lower the biomass delivered cost. There are various feedstocks available in the northeastern U.S. that could be incorporated including energy grass, short rotation woody crops such as hybrid willow, and forest residues.




4.3. Uncertainty and Risks Analysis


In bioenergy production with renewable sources, the use of the Monte Carlo method has advantages when compared to traditional sensitivity analysis. Monte Carlo simulation provides a dynamic approach to assess bioenergy production environmentally and economically [91].



When counting uncertainty factors for the three bioenergy products, 10,000 iterations of Monte Carlo simulation were made. Pellet production showed a flatter distribution than the other cases which represented the highest uncertainty in GHG emission. This suggests that any slight change in environmental impact factors for pellet fuel production could easily raise the GHG emission. For the biofuel scenario, its environmental impacts would be less affected with little uncertainty, even though it had the highest GHG emission.



Fossil fuel prices have a great impact on the bioenergy market, especially for pyrolysis oil production from biomass. In this study, the biofuel case always showed a negative NPV for a sale price ranging from $11.26 to $106/bbl. However, the bio-oil plant would be profitable if the market price could rise to $135/bbl, and the NPV would be as high as $2.52 million with a 5% discount rate. When accounting for multiple economic uncertainty factors, the low profitability probability (39.58%) for a pellet plant implies a high risk in investment, compared to the high probability (85.23%) for the biopower plant. The smaller scale of the bioenergy plant makes it more fragile to the changes in the financial environment and biomass and bioenergy markets. To increase the assurance of investment profitability, adding additional processing to upgrade products that could lead to price premiums would provide financial benefits.





5. Conclusions


This paper provides a dynamic approach to conduct an integrated life-cycle and techno-economic assessment (TEA) for three bioenergy products utilizing multiple lignocellulosic biomass as feedstock. Results of the LCA and TEA provide insight for commercial-level decision making with regard to bioenergy production alternatives and investment potentials. Results can also inform potential policy makers aiming at facilitating growth in the bioenergy and bioproducts industries in the Northeastern United States.



The LCAs for each supply chain component show different patterns for pellet, biopower, and biofuel production. The variance of environmental burden and cost were mostly explained by the differences of conversion pathways of the products. Results of the LCA show that pyrolysis bio-oil production had the highest environmental impacts, and pellet production had the lowest environmental impacts for GHG emissions, water and fossil fuel consumption.



The economic feasibility of multiple biomass feedstocks for bioenergy products is essential for the scale-up of various technologies. Separate process-based technical cost models were developed for the three established bioenergy production processes, and the cases of pellet and biopower production showed profitable under certain plant assumptions and circumstances.



Analytical approaches like Monte Carlo simulation help us make more accurate decisions by applying a large number of iterations. For GHG emission, pellet production shows higher uncertainty than the other two bioenergy products. For financial evaluation, there is greater chance of a profitable investment for biopower production.
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Figure 1. Flow chart of the economic and environmental impacts of biomass for bioenergy products. 
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Figure 2. Block flow diagram of multiple-feedstock logistics and production processes, (a) pellet, (b) biopower, and (c) biofuel. 
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Figure 3. Percentages of the total impact of greenhouse gas emission (GHG), blue water consumption (BWC), and fossil energy consumption (FEC) by supply chain components for pellet, biopower, and biofuel. 
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Figure 4. The impacts of discount rate on net present value for pellet, biopower, and biofuel production. 
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Figure 5. Uncertainty of greenhouse gas emission for pellet, biopower, and biofuel. 
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Figure 6. Fitness of statistical distributions of uncertainties: (a) pellet, (b) biopower, and (c) biofuel. 
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Table 1. Parameter configurations for base case analysis.
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Parameter

	
Base Cases




	
Pellet

	
Biopower

	
Biofuel






	
Production technology

	
pellet mill

	
combustion with steam turbine

	
fast pyrolysis




	
Products

	
pellets

	
electricity

	
pyrolysis bio-oil




	
Annual yield

	
46,929 Mg

	
223,380,000 KWh

	
78,000 Barrels (bbl)




	
Product sale price

	
$185/Mg 1

	
$0.105/KWh [54]

	
$54/bbl [57]




	
Price Range

	
$180–210/Mg

	
$0.08–0.26/KWh

	
$11.26–106.26/bbl




	
Product yield rate (from per dry Mg of feedstock)

	
0.83 Mg of pellet 1

	
1.53 MWh of electricity

	
2.17 bbl of pyrolysis oil




	
Capital Investment

	
$4,403,744

	
$71,616,960

	
$106,015,291




	
Annual operation cost

	
$4,046,745

	
$3,560,469

	
$612,069




	
Feedstock price

	
$84/dry Mg

	
$84/dry Mg

	
$84/dry Mg








1 Provided by Greene Team Pellet Fuel Company.













 





Table 2. Descriptions of parameters for uncertainty analysis.
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Variable

	
Scenarios

	
Minimum

	
Base Case

	
Maximum

	
Distribution






	
Parameters of Life Cycle Inventory




	
Diesel Consumption in Collection (per dry Mg biomass, L)

	
All

	
4.97

	
6.21

	
7.45

	
Uniform




	
Lubricant Oil Consumption (per dry Mg biomass, kg)

	
All

	
0.048

	
0.06

	
0.072

	
Beta




	
Pellet Annual Production (Mg)

	
Pellet

	
37,543

	
46,929

	
56,314

	
Triangular




	
Electricity Annual Production (MWh)

	
Biopower

	
178,704

	
223,380

	
268,056

	
Triangular




	
Pyrolysis oil Annual Production (bbl)

	
Biofuel

	
62,400

	
78,000

	
93,600

	
Triangular




	
Parameters of Techno-Economic Assessment




	
Pellet Conversion Rate (Mg per dry Mg feedstock)

	
Pellet

	
0.81

	
0.83

	
0.90

	
Beta




	
Electricity Conversion Rate (MWh per dry Mg feedstock)

	
Biopower

	
1.37

	
1.53

	
1.68

	
Beta




	
Liquid Bio-oil Conversion Rate (bbl per dry Mg feedstock)

	
Biofuel

	
1.89

	
2.17

	
2.56

	
Beta




	
Increase over previous year

	
All

	
0%

	
0%

	
N/A

	
Lognormal




	
Pellets Sales Price (per Mg)

	
Pellet

	
$180

	
$185

	
$210

	
Beta




	
Electricity Sales Price (per KWh)

	
Biopower

	
$0.08

	
$0.105

	
$0.26

	
Beta




	
Liquid Bio-oil Sales Price ($/bbl)

	
Biofuel

	
$11.26

	
$54

	
$106

	
Beta




	
Biomass Feedstock Price (per dry Mg)

	
All

	
$69

	
$84

	
$136

	
Beta




	
Discount rate

	
All

	
0%

	
5%

	
N/A

	
Lognormal











 





Table 3. Life-cycle assessments (LCA) for bioenergy production: pellet, biopower, and biofuel.
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Products

	
Impact Factor

	
Bioenergy Supply Chain Components

	
Total LCA Impacts




	
Feedstock Collection

	
Transportation

	
Storage and Preprocessing

	
Conversion






	
Pellet

	
Greenhouse Gas Emission (kg CO2 eq)

	
1.239

	
0.294

	
2.394

	
4.368

	
8.29




	
Blue Water Consumption (kg)

	
0.01

	
0.04

	
0.01

	
0.41

	
0.46




	
Fossil Energy Consumption (MJ)

	
2.37

	
6.08

	
2.55

	
94.42

	
105.42




	
Biopower

	
Greenhouse Gas Emission (kg CO2 eq)

	
3.24

	
6.33

	
2.14

	
3.87

	
15.58




	
Blue Water Consumption (kg)

	
0.05

	
0.36

	
0.07

	
0.25

	
0.73




	
Fossil Energy Consumption (MJ)

	
6.77

	
53.93

	
18.43

	
107.04

	
186.17




	
Biofuel

	
Greenhouse Gas Emission (kg CO2 eq)

	
2.93

	
3.74

	
0.62

	
23.29

	
30.58




	
Blue Water Consumption (kg)

	
0.12

	
0.36

	
0.08

	
3.84

	
4.40




	
Fossil Energy Consumption (MJ)

	
16.93

	
43.42

	
16.26

	
602.38

	
678.98











 





Table 4. Economic evaluation for three bioenergy production cases: pellet, biopower, and biofuel.
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Parameter

	
Bioenergy Production Cases




	
Pellet

	
Biopower

	
Biofuel






	
Bioenergy production summary




	
Plant life (year)

	
16

	
25

	
20




	
Feedstock consumption (dry Mg)

	
848,114

	
3,505,217

	
666,900




	
Bioenergy production

	
703,935 Mg

	
5,361,120 MWh

	
1,482,000 bbl




	
Economic feasibility summary




	
Total investment cost ($)

	
4,403,744

	
149,550,000

	
106,015,291




	
Total feedstock cost ($)

	
71,241,614

	
294,438,187

	
56,019,600




	
Total operating cost ($)

	
50,701,175

	
85,451,256

	
11,629,319




	
Total revenue ($)

	
139,236,253

	
565,623,106

	
80,028,000




	
Net Present Value (NPV) ($)

	
1,201,069

	
5,588,915

	
(98,998,847)




	
Discount rate (%)

	
5

	
5

	
5
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