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Abstract

There is increasing global interest and policies being enacted to lower greenhouse gas emissions,
especially from the agricultural sector. In the U.S for example, states with large dairy operations
may combine proven manure valorization technologies, such as anaerobic digestion and
hydrothermal liquefaction. Sustainable manure treatment would increase the recovery of energy
and other useful co-products, namely biogas, biocrude oil and hydro-char as well as lower the
environmental impacts. In this study, the economic feasibility of implementing a centralized
bioenergy system in New York State was investigated. The feasibility of this transformation
depends on many factors, including capital costs, discount rates, and other financing
arrangements, electricity selling prices, incentives and farm sizes and locations. For a large-scale
implementation in New York State accounting for nearly 50% of the state’s dairy farms, our
model of a distributed, hybrid anaerobic/hydrothermal system was shown to treat 590 million
liters of wet manure per day, producing 607 million kWh of electricity, 162,000 liters of
biocrude oil and 117,000 kg of hydro-char per day. Electricity selling price is a critical factor.
Increasing the electricity selling price from wholesale ($0.06/kWh) to retail ($0.18/kWh)
increased the net present value from $395 million to $1.5 billion (considering a 40-year project

lifetime).

Keywords:

Agriculture waste processing, dairy manure, anaerobic digestion, hydrothermal liquefaction,
bioenergy, techno-economic analysis

1. Introduction

1.1. Background and Motivation
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The dairy industry, a major industry in New York State (NYS), contributes greatly to the state’s
economy. In fact, NYS farms generated over $4.8 billion in revenues and contributed nearly $2.4
billion to the state’s GDP in 2017, with dairy farms making up the largest proportion of the
state’s overall agricultural production (DiNapoli, 2018). NYS is one of the largest producers of
yogurt (320,000 metric tonnes (MT) (700 million 1bs)), sour cream (123,000 MT (270 million
Ibs)) and cottage cheese (127,000 MT (280 million 1bs)) with 15.8%, 19.5% and 26.7% of total
US production in 2017 respectively (DiNapoli, 2018; USDA NASS, 2018; NYSDAM, 2017). As
of 2018, NYS ranked third in milk production in the United States, behind California and
Wisconsin (Taste NY, 2019; USDA ERS, 2019) with 6.8 million MT (15 billion lbs), up by 16%
from 2011, where it was ranked fourth. However, in addition to the influence of fluctuations in
milk prices, the environmental concerns associated with cattle operations, milk production and
agricultural wastes (manure) management cannot be neglected. Challenges range from energy
consumed, water and land footprints, greenhouse gas (GHG) emissions, nutrient runoff and
missed opportunities for resource recovery. Without proper treatment and/or adequate storage
facilities, manure can emit a significant amount of methane, a GHG with a global warming
potential of 28 over a 100-year horizon (Myhre et al., 2013). Furthermore, because of its high
levels of organic matter and nutrient content, land spreading untreated manure on agricultural
lands as natural fertilizers might result in excess nutrient supply in the soil and lead to potential
contamination of water bodies and groundwater if not managed properly (Eghball et al., 1996;
Gilley and Eghball, 1998; Miller et al., 2011; Sutton et al., 2011; Leip et al., 2015; Darapuneni et
al., 2019). While this is true for ‘hot spots’ such as Concentrated Animal Feeding Operation
(CAFO) farms with high cattle density, it is not the case when total manure produced in NYS is

evenly distributed across its total agricultural area, effectively diluting the nutrient loading.
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However, it’s not common use for farmers to transport manure to such great distances for land
application, and concerns such as disease outbreaks related to manure pathogens (Casey et al.,
2013, 2015) limits its applications over large areas. Another concern about the direct application
of manure relates to its content in heavy metals (Sommer et al., 2013). Although manure contains
low concentrations of heavy metals (Nicholson et al., 2003; Suzuki et al., 2010), its land
application may jeopardize the long-term soil agricultural productivity (Nkoa, 2013). Some
farms in NYS use anaerobic digestion (AD) to treat manure, producing biogas (methane and
CO2) which can be used to generate heat and electricity to power farm operations and offset
energy usage (Gooch and Oliver, 2016). The resulting manure digestate, although more
biologically and chemically stable, is still a waste stream of concern, and is also subject to strict
environmental regulations regarding nutrient control and management (Fuldauer et al., 2018;
Gerardo et al., 2013; BSI, 2014; Dahlin et al., 2017; Bacenetti et al., 2016; Koszel and
Lorencowicz, 2015). Similarly, several studies (Alburquerque et al., 2012; Schievanoet al., 2009;
Siebert et al., 2008; Edelmann et al., 2005) have reported low concentrations of heavy metals in
manure digestates. However, repeated land application of digestates can increase the
concentration of these metals in soils and in the food chain (Nkoa, 2013; Provolo et al., 2018).
Handling, disposal and treatment of manure digestate adds additional costs and often proves to
be a burden to farmers (Dahlin et al., 2017). As such, dairy waste management is a complex

challenge that must be addressed in order to ensure a sustainable dairy industry.

With over 620,000 dairy cows (NYSDAM, 2017), NYS provides a promising opportunity for
nutrient and energy recovery. However, without a properly designed distributed system, the

currently installed digesters in some of the NYS farms cannot benefit from the vast manure
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resource available. Furthermore, the AD infrastructure in NYS is less advanced and organized
compared to its European counterpart (scale and technology) (Gebrezgabher et al. 2012; Wempe
and Dumount, 2008; Raven and Geels, 2010). Finally, with current low milk prices nationally
($16.8/cwt average US farm-gate price in February 2019 - down from $18.9/cwt in January 2017
- versus $18/cwt for the EU28 average (CLAL, 2019a and 2019b), farmers are struggling
economically, making it very challenging for them to invest in sustainable energy and nutrient

recovery technologies without federal and state incentives and supportive policies.

Hydrothermal liquefaction (HTL), an attractive treatment option for wet biomass, can be used to
treat manure digestate and convert its organic carbon into biocrude oil, hydro-char and nutrient-
rich aqueous phase (Posmanik et al., 2017a). Other studies suggest that biocrude oil can be sold
as an alternative feedstock to refineries (Toor et al., 2011), while hydro-char, if shown to have
similar characteristics to biochar, can be used in a variety of applications such as soil
amendment to improve soil fertility (Fang et al., 2018; Bargmann et al., 2013; Schimmelpfennig
et al., 2015), water retention agent (Abel et al., 2013), carbon sequestering agent for reducing
GHG emissions, solid fuel for energy (Fang et al., 2018), low cost adsorbent for contaminants
and heavy metals (Takaya et al., 2016; Fang et al., 2015; Spataru et al., 2016; Sun et al., 2015),
and in medical applications (Fang et al., 2018). The aqueous phase can be treated using a
secondary, high-rate AD (HRAD) to produce more methane and maximize energy recovery. In
addition, nutrients can be recovered from the treated aqueous phase and from the produced
hydro-char to help offset the costs of purchasing synthetic fertilizers in farms. Thus, the recovery
and recycling of waste into valuable products can create a circular economy for dairy systems

which contributes to increasing the overall sustainability of that industry.
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1.2. Objectives and approach

The goal of this study is to create a systems modeling framework to assess the potential of a
distributed dairy bioenergy system in NYS. We investigated the use of HTL as a co-treatment
option coupled to AD, as part of a waste management and processing strategy to increase
valorization of cow manure across the dairy industry. The system consists of an integrated AD-
HTL-HRAD configuration (Figure 1) to treat raw manure, digestate and HTL aqueous phase,
respectively. The study evaluated the distribution of such an energy system using geographic
information systems (GIS) and spatial analysis tools. The energy potential of the system was
then determined by modeling AD, HTL and HRAD at different scales and calculating the
amount of value-added co-products generated. The feasibility of the bioenergy system was
evaluated by performing a techno-economic analysis (TEA) and determining key financial
parameters such as net present value (NPV), internal rate of return (IRR) and levelized cost of
electricity (LCOE). Finally, a sensitivity analysis was performed to measure the effect of

technical and economic variables on project economics.

2. Material and Methods

2.1. Data collection

In order to develop our models and conduct the spatial analysis, we incorporated data such as
location and herd size of NYS dairy farms and existing AD locations and associated
infrastructure. Digester coordinates were obtained from the EPA’s AgSTAR database (2017a).
NYS dairy farms location and herd sizes data were obtained from the New York Department of
Environmental Conservation (NYDEC). The data represent only a subset of all dairy farms in

NYS based on available data for CAFO farms from NYDEC. Dairy cattle manure production
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and manure characteristics were obtained using the American Society of Agricultural and
Biological Engineers standards (2005). Annual manure production from each farm was then

calculated, constituting the input feedstocks to the primary distributed digesters.

2.2. Spatial analysis

For this study, a distributed bioenergy system for NYS was defined as a collection of farms that
share a common digester. Dairy cattle manure is collected from multiple farms, blended together
and digested in centrally located anaerobic digesters (Gooch et al., 2010). In this sense,
bioenergy plants are distributed statewide but each operates as a centralized site for a set of
spatially nearby farms supplying manure waste (Figure 2). The boundaries of the bioenergy
system were defined using GIS. We used ArcMap® to group farms and integrated AD/HTL
facilities into distributed sub-systems called ‘clusters’. Each cluster consists of a certain number
of farms located at a specified distance from a shared centralized digester (Dohler and
Schliebner, 2006). The methodology employed to determine the distances between a specific
farm and the nearest digester is described in detail in the section 1 of the SI. Distributed
biorefineries should be strategically placed so as to minimize manure feedstock transportation
distance and maximize economic output (energy and other platform chemical products). In this
study, HTL units and HRADs were retrofitted to existing primary AD sites in NYS so as to
benefit from the already installed energy infrastructure, and therefore, the optimization of
biorefineries location is beyond the scope of this study. The cluster spatial distribution for the

base case is shown in Figure 2.

2.3. Mass balances and kinetic modeling
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In order to model the flow of carbon and energy across the bioenergy system, we conducted
mass balances for all manure constituents (water, soluble organic solids, complex particulate
organics, inorganic solids and ash) around the AD, HTL and HRAD units. The system
boundaries for the mass balances consist of the inflows and outflows of each unit. For centralized
digestion systems, manure is the stable, continuously produced feedstock. Characteristics of
manure excreted daily by a typical US dairy cow are found in Table 1. The detailed mass and
energy balance calculations for each unit processes (1) primary AD, (2) HTL and (3) HRAD are
found in section 3 of the SI. In this paper, nutrients and heavy metals mass balances were not

analyzed and are beyond the scope of this study.

Both Primary AD and HRAD are based on methanogenesis, an anaerobic process where organic
matter is converted into methane (CH4) (Rittmann and McCarthy, 2012). The methanogenesis
process relies on a community of microorganisms that convert complex organics into simple
monomers, organic acids and finally methane and carbon dioxide via a series of hydrolysis and
fermentation reactions. In general, AD consists of two steps: (1) hydrolysis of complex
substrates into soluble fatty acids and (2) conversion of the volatile fatty acids (VFA) into
methane by methanogenesis. The rate limiting step depends on the type of organics in the waste
stream. Manure is a complex feedstock with many insoluble complex and slowly degradable
organics such as cellulose and lignocellulosic material that need to be hydrolyzed before being
converted into methane. The hydrolysis products (soluble simple organics) are converted by
acetogens into volatile fatty acids such as acetate, butyrate and propionate (Rittmann and

McCarthy, 2012). For manure digestion, the rate limiting step is hydrolysis.
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Total organic matter in manure (volatile solids) that would be consumed (and converted to CH4)
during AD consists of the soluble VFAs (also measured as Biological Oxygen Demand, BOD)
and the hydrolyzed complex particulate organics. Details and assumptions on volatile solids
composition and VFA/lignocellulose ratio can be found in section 3 of the SI (Tong et al., 1990,
Vedrenne et al., 2008; Moody et al., 2011). Methane generation, which is function of digested

BOD, was calculated using the following equation (Rittmann and McCarthy, 2012):

L
CHy (E) =035xQx [ABODdigestion —1.42 X Xv] (1)

where Q is the wet manure flow rate, 0.35 is given in in L CH4/g BOD and 1.42 in g BOD/g
biomass. Xy denotes the biomass concentration (mg cells/L) in the reactor, and ABOD;gestion
refers to the BOD consumed in the digester (see SI section 3 for details). The two main AD
output streams are the digestate and biogas (CH4 and CO3). The digestate consists of the cell
biomass, the effluent BOD and particulate organic matter, as well as the non-biodegradable
inorganic chemicals and inorganic suspended solids. The digestate, which still contains organic

carbon and other chemically oxidizable material is sent to an HTL reactor for further processing.

HTL is a thermochemical process carried out at elevated pressures and temperatures from 200°C
to above 400°C (Posmanik et al., 2017a, 2017b). The chemistry is based on fast hydrolysis
reactions followed by dehydration and decarboxylation of sugars, lipids, proteins and their
degradation products (Peterson et al., 2008). The relative amount of biocrude oil, hydro-char and
aqueous phase depends on the duration and temperature of the reaction (Toor et al., 2011). In this
analysis, HTL was assumed to operate at 300°C for 60 min. It was also assumed that

concentrations of heavy metals are low enough such that they don’t interfere with HTL.
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According to a recent study on the HTL of dairy manure digestate, the carbon conversion yields
(g Cproduct/ g Creea ) for biocrude, hydro-char and aqueous phase are 38%, 24% and 19%
respectively (Posmanik et al., 2017a). Note that these conversion yields represent mid-range
values and that in reality, uncertainties are associated with imperfect reactor conditions and
scale-up. In this study however, uncertainties were not included in calculating the amount of
products generated. The results of the HTL mass balance are found in Table S3 of the SI. Section

3 of the SI describes the methods and parameters used.

Anaerobic CSTRs are most effective for highly concentrated waste streams, such as animal
manure and sewage sludges (BOD of 8,000 to 50,000 mg/L) (Rittmann and McCarthy, 2012).
Treating the dilute aqueous phase from HTL (3,312 mg/L of acetic acid and 2,208 mg/L of lactic
acid) with an SRT of 15-25 days (as modeled for AD) would eliminate the cost advantage for
anaerobic treatment since the BOD loading per unit volume would be very low. Therefore, we
propose to model a high rate anaerobic digester (HRAD) system. The HRAD should be designed
to decouple hydraulic residence time (HRT) and SRT to have greater biomass solids retention
time (Rittmann and McCarthy, 2012). Such systems include fluidized bed reactors in which the
microorganisms are attached to suspended sand or activated carbon particles (forming a
‘biofilm’) that are maintained in suspension by a high upward flow rate. The high flow rate
around the particle creates good mass transfer of dissolved organic matter from the bulk liquid to
the particle surface and increases the diffusion of substrate into the biofilm. A hybrid version of
this reactor type is the Upflow Anaerobic Sludge Blanket reactor (UASB), in which the
microorganisms accumulate to form granules, or ‘flocs’, serving as the suspended biological

support media (Rittmann and McCarthy, 2012).

10
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To model substrate concentrations in the HRAD, both the CSTR and UASB reactor
configurations were evaluated in order to determine the optimal AD system for the aqueous
phase in terms of carbon recovery and biogas generation. Details in UASB kinetic modeling can
be found in section 3 of the SI using specified kinetic parameters (Seeliger et al., 2002; Yang and
Tang, 1991). The digested BOD is plotted against the solids residence time for both the CSTR
and UASB systems (Figure 3). A CSTR requires 15 days to reach its asymptotic digested BOD
value, while a UASB requires roughly 6 days to digest that same amount of BOD. Figure 3
shows that the UASB performs better at treating the aqueous phase (higher BOD digested in
shorter residence times). Therefore, UASB was the only option considered for secondary
digestion in the TEA. For modeling purposes, we used an SRT of 8 days where the digested

BOD reaches 95% of its maximum asymptotic value.

2.4. Techno-economic analysis methodologies

TEA was performed in order to evaluate the feasibility of the bioenergy system with a base case
of 29 farm clusters with a 90 km buffer radius. Note that NYS has 31 operational digesters. For
the base case, no sizeable farms happened to be located within 90 km of the two remaining
digesters, explaining why we only considered 29 clusters. Project-related costs and revenues
streams were determined, and a discounted cash flow analysis was performed to determine key
financial parameters such as NPV, internal rate of return (IRR) and levelized cost of electricity

(LCOE).

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

Transportation cost model

Transportation costs were evaluated according to a contracted fleet scenario. Two methods were
assessed to evaluate transportation costs: a cost-per-gallon rate or a cost-per-hour rate. For the
cost-per-gallon method, data on fleet size, tanker truck volumes, number of pick-ups per day,
average distances travelled per trip and unit price rates ($/gal) were collected from a number of
septic companies in Ithaca, NY. An average cost was computed by weighing each unit cost by
the average distance travelled, obtaining an average cost of $255 per thousand gallons of manure
transported. The calculated cost includes fuel, labor and maintenance costs. Adjusting this
average rate by the distance between each farm and its associated central digester, we calculated
individual price rates specific for each farm. Using this method, transportation costs proved to be
prohibitive. Therefore, we adopted a cost per hour method based on a fixed rate of $82/hr of
operation (Shue Trucking) (Gooch et al., 2010). The annual transportation costs are calculated
by:

$82 hrs trip
X —— X
hr ~trip” yr (2)

Annual costs =

Where the number of trips per year for each farm is calculated by dividing the yearly volume of
wet manure by the truck volume (6,000 gal truck) and the hours spent per trip is determined by
the loading/unloading (pumping) time and trucking time. The loading/unloading time was
calculated using a 500 gpm pump mounted on the tanker truck and is given to be 12 minutes.
Accounting for a 40 min leeway time, the total loading/unloading time was calculated to be 64
minutes. Trucking time is calculated by dividing the distance travelled by the truck average

speed (assumed at 60 mph).

hrs ] distance traveled
#—— = (load /unload time) + 3)
trip speed

12
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Modeling costs of reactors

All centralized facilities have two ADs (primary and HRAD) and a HTL reactor. Although the
primary ADs are already in place, many cannot handle the increased manure flow rates due to
centralization, and hence need major upgrades and overhaul. Our analysis shows that for the 90
km buffer scenario, and based on current installed AD volumes and an HRT of 20 days, only two
digesters can handle the new flow rates, while the remaining 27 need to be upgraded. Based on
available data on installed AD sizes, our calculations show that two digesters require minor
upgrades, seven require between a two and five-fold increase in size while the rest require major
upgrades, with some requiring up to 20 and 36-fold increases in reactor volumes. For simplicity
and ease of calculation, we will assume all 27 reactors will be completely overhauled. Therefore,

the primary AD capital costs will consist of 27 new AD facilities.

The primary AD capital and O&M costs were estimated using literature data on European
digesters. The capital cost curve for AD facilities based on a survey of the literature for
centralized AD facilities processing mixed feedstock (e.g., manure and food wastes) including
the cost of CHP engine and connection to the grid, but not the cost of land is (Sanscartier et al.,

2012):

CC(AD) = 706,000 x V0.5, “)
where CC(AD) is the capital cost of the facility ($) and V,, 44t the volume of degradable waste
treated per day (m?/d) calculated by adjusting the solid content of the slurry to 10%. Since the

organic solids (volatile solids) in raw manure represent 11% of the slurry by volume, it seemed

appropriate to use equation (4) to compute the capital costs. The 0.6 scaling factor (Tsagkari et

13
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al., 2016; US EIA, 2015; Baumann and Lopatnikov, 2017) illustrates the economies of scale that

come into play with increased system size.

The maintenance costs of the AD system, including disposal of the residues, digestate, full time
staff and utilities on-site is 3% of the capital cost (Sanscartier et al., 2012) while the operational
costs are around 10-12% of the capital costs, with a range of 4-15% (Smyth et al., 2010). For

simplicity, we used 11% in our analysis.

The HTL system capital costs consist of the HTL reactor, heat exchangers, product separation
and pumping systems. The capital cost associated with each of the system components are
estimated to be $956,000, $1,530,000, $215,000 and $991,000 respectively, amounting to a total
of $3,692,000 (Van Doren et al., 2017). Note that these values are based on a flow rate of 200
kg/hr dry biomass feedstock. The capital costs associated with each system component were
calculated using cost correlations that account for the economies of scale and the sizing of the
reactor (Ulrich and Vasudevan, 2003; Turton, 1998). The HTL capital costs for the different
farms was estimated using each farm’s HTL influent dry flowrate. In order to get more accurate
cost estimates, rather than using a simple linear scale-up based on the flow rate of 200 kg/hr, a
non-linear cost function was used with the same 0.6 exponential scaling factor used in equation
(4). The details of the methodology used to estimate HTL capital costs are given in section 7 of

the SL

The annual operational and maintenance costs for the HTL-HRAD system consist of electricity

and external heat (natural gas) import, labor costs as well as equipment maintenance (Van Doren

14
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et al., 2017). The cost of heat and electricity, however, are negligible for an anaerobic digester
compared to an HTL system, and most equipment maintenance cost are associated with HTL.
We then assumed that the total annual costs as provided by Van Doren et al. (2017) represent
only that of HTL. The yearly costs are $8,070, $5,480, $199,000 and $399,000 for electricity,
heat, equipment maintenance and labor costs respectively, amounting to $611,550 (Van Doren et
al., 2017). As before, the estimated O&M costs are scaled similarly to the capital costs (See SI

section 7 for actual equation used).

The HRAD capital costs were estimated using 'AD Budget Calculator' Software (Astill et al.,
2018). In fact, since the aqueous phase is much more dilute than the raw manure (0.5% vs 11%
total solids), equation (4) could not be used to determine the HRAD cost. Furthermore, equation
(4) includes the cost of CHP, so using that cost curve will double the CHP infrastructure costs.
The software calculates digester capital costs as a function of herd size (and thus influent flow
rate). Since the bulk of the flow (water) remains after passing through the primary digester and
the HTL unit, the same herd size was used in calculating the HRAD capital cost. However, to

account for the lower SRT, and hence, a lower hold up volume in the HRAD, we multiplied the

calculated capital cost by the ratio of the HRAD and Primary AD SRTs (28—0) such that:

CC(HRAD) = CC(USDA) x (%)

)
where CC(HRAD) is the HRAD capital cost, CC(USDA) is the HRAD capital cost as given by the
USDA budget calculator software. 8 is the SRT used in the HRAD system and 20 is the SRT

used in the Primary AD system. For the two facilities where primary ADs won't be upgraded

15



345  (90km buffer case), the CHP costs will be calculated using the Budget Calculator software since

346  equation (4) (which includes the cost of CHP) wasn't used to calculate capital costs.
347
348  Revenue model

349  The revenue streams consist of (1) selling biocrude oil to refineries for further processing, (2)
350 selling electricity from methane combustion, and (3) selling hydro-char as a soil amendment.

351  Waste heat from Combined Heat and Power (CHP) plants could also be used to supply the onsite
352 heating or cooling requirements (Usack et al., 2019) or that of nearby towns using district

353  heating. However, the inclusion of this additional source of revenue was not considered in this

354  study.

355  To calculate the revenue generated from selling electricity, we first determined the energy

356  content of the methane produced using its heating value (HHV,,¢nane). Combined heat and
357  power (CHP) electric efficiency (Mejectric) of 28% was used to convert methane’s energy into
358 electricity (US EPA, 2017b). This electric efficiency corresponds to that of a microturbine,

359  characterized with high durability and low maintenance requirements. One could consider the
360 higher efficiencies of reciprocating engines, but is beyond the scope of this study. Note that the
361  amount of methane produced on each farm consist of methane generated by the primary and

362  secondary digesters.

kWh
OUtPUtelectric< d ) (6)

|~

= TNelectric X HHVmethane X Vmethane X 3

o

363
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where Vi, ethane 1S the volume of methane produced per day (L/d). Using an electricity wholesale
price of $0.06/kWh (NYSERDA, 2017a), we calculate the daily electric revenues for each
centralized biorefinery. Because hydro-char has a relatively low energy density compared to
methane and biocrude oil, hydro-char produced will not be used as an energy source. Being very
rich in carbon and nutrients, a potential exists to get more value by selling hydro-char as a soil
amendment rather than as a solid energy fuel. Because of the lack of hydro-char price data from
the literature, we used an average unit price (mass based) of $2.87/kg from different biochar
manufacturers (New England Biochar, Biochar Supreme and Vermont Organics Reclamation)
(USBI, 2018). Finally, to estimate biocrude oil revenues, we used a biocrude oil selling price of
$0.55/L (US EIA, 2016b). Further details on biocrude oil and hydrochar revenue calculations can

be found in section 8 of the SI.

Cash flow analysis

The annual and capital costs associated with each cluster (i.e. each AD-HTL-HRAD system)
were determined, and used in the cash flow analysis to determine profitability. The following
equation was applied to estimate the net cash flow every year (n), which included revenues,

O&M costs and taxes.

Net Cash Flow,, = Revenues, — 0&M,, — Tax, @)
Details are provided in the SI, section 9.

The NPV is given by:
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NPV = Z P, + C, ®)

n=2
where C, is the initial capital cost at year O and B, the present value of the net cash flow at year n
discounted appropriately with equation (14) in the SI. Using Excel Solver, we also calculate the
breakeven point (BP), the year at which the project breaks even (NPV=0) and the IRR, the
interest rate at which the project breaks even at exactly the end of its lifetime. Finally, we
computed the levelized cost of electricity (LCOE), which combines all cost factors into a cost-
per-unit (i.e. $/kWh) that is comparable between energy technologies. The LCOE is obtained by

summing up all annual costs and dividing by the annual electricity output:

total annual costs ($)
LCOE = . €)
Annual electric output (kWh)

The total annual costs consist of the O&M costs, the annualized capital cost and taxes. The

annualized capital cost is given by:

i(1+)"
Annualized CC = Co x (4/p,i,n) = C; X (18”% (10)

where i is the discount rate, n the lifetime of the project, C, the initial capital cost. The financial
analysis was performed for both 15 and 90 km buffer cases. To be conservative in our economic

analysis, we have neglected any depreciation on equipment capital costs.

However, the LCOE is not an accurate indicator of financial profitability because it does not
consider the revenue streams produced as a result of anaerobic digestion and HTL. Therefore, the
effective LCOE takes these cost factors into consideration and gives a better representation of the

minimum electricity selling price for breakeven conditions and is given by:
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effective LCOE = LCOE — Rpyarochar — Rbio oit — Retectricity (11)
where Rpyarochars Rpio oit @0d Reectricity are the annual hydro-char, biocrude oil and electricity
revenues normalized to the annual electricity output respectively ($/kWh). In this situation,
breakeven conditions correspond to a net profit of zero over the lifetime with all investment costs
and interest paid. The minimum electricity selling price is calculated by setting the effective

LCOE to zero and solving for Rejectricity-

Sensitivity Analysis methodology

A sensitivity analysis was finally performed in order to examine the sensitivity of financial
parameters such as the NPV, breakeven point (BP), IRR and LCOE to the following variables:
discount rates, buffer radius, electricity selling price, project lifetime and biomass energy tax
credits. This is done by changing the value of the base case variable while keeping other
variables constant and measuring the resultant change in the different financial parameters. This
is repeated for every variable. The base case variables are listed in Table 2. The different
electricity prices considered are (1) Wholesale - W, (2) Wholesale with subsidy - W/S, (3) Retail
- R and (4) Retail with subsidy - R/S. The subsidy was assumed to be part of a NY state public
authority’s renewable energy development funding plan or policy initiatives (i.e. NYSERDA,
REV!). It was assumed to amount to $0.04/kWh. Wholesale and retail prices were obtained from
NYSERDA'’s (2017a and 2017b) monthly average electricity prices for the year 2017. Two types
of tax credits were evaluated. The first is the Biomass Energy Tax Credit (BETC) currently

applied in South Carolina (US DOE, 2007). It allows a 25% income tax credit for industrial

! Reforming the Energy Vision, Governor Cuomo’s energy strategy for New York (Government of New York)
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customers engaged in energy projects involving biomass, AD and other forms of bioenergy
(DSIRE, 2015). Total credits claimed cannot however exceed $650,000 per year or 50% of the
tax liability, whichever is lower. For the second tax credit incentive, we assumed a biomass
investment tax credit (BITC) similar to the solar ITC incentive (US DOE 2015; SEIA), where
customers are eligible for a certain deduction in their investment costs used to purchase and
install equipment and reactors used to create energy from biomass sources. It was assumed that
the BITC would amount to 25% of initial capital costs. The annual tax rebate was calculated by
taking 25% of the CC and annualizing that amount over the lifetime of the project. The results of

the NPV and effective LCOE sensitivity analysis are shown in Figure 5.

3. Results & discussion

The entire centralized bioenergy system can potentially generate around 590 million liters of
methane per day, equivalent to 7.4 trillion Btu per year (7.8 Petajoules). This primary source of
energy can be used to generate electricity and heat, resulting in significant reductions in GHG
emissions (Gooch et al., 2010) in NY State. We determined that the UASB was the optimal
anaerobic system to treat the HTL aqueous phase as it is more efficient at producing methane at
shorter retention times. In fact, for a same SRT, the digested BOD in the UASB system is higher
than that of a CSTR (Figure 3), implying more methane generation. Our analyses demonstrate
that 162 thousand liters of biocrude oil are generated daily, equivalent to 1.85 trillion Btu per
year (1.96 Petajoules). Biocrude oil can be sold to refineries for further processing into useful
fuels such as diesel or gasoline. Upgrading will be necessary, but is beyond the scope of this

study. In fact, selling high-value refined products may increase the revenues at the expense of
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higher system costs (e.g. including the refining unit process with all its associated capital and
annual costs within the system boundary). Together, methane and biocrude oil produced account
for only 5% of the total amount of energy consumed in NYS from biomass resources in 2016
(US EIA, 2016a). This suggests that this system should not be viewed uniquely as an energy
system, but also as a sustainable resource recovery and dairy waste management plan that may
have other potential environmental or social benefits such as nutrient and water recovery, job
creation and education. The evaluation of such benefits is beyond the scope of this study.
Overall, around 87% of the total energy embedded in the 18 million liters of manure treated per
day is recovered via methane and biocrude. Around 117,000 kg of hydro-char would be
generated daily, serving as a soil amendment product (Fang et al., 2018) which can be given
back to farmers at no cost, which may reduce the need to purchase synthetic fertilizers. In fact,
although most types of hydro-chars have low nutrient content and cannot be used as fertilizers by
themselves (Fang et al., 2018), adding hydro-char to the soil can enhance the effect of fertilizers
by reducing the amount of fertilizer lost through surface run-off (Bargmann et al., 2013;
Schimmelpfennig et al., 2015). Besides energy and soil amendment production, the high HTL
temperatures eliminate pathogens in manure digestate. The quantification of pathogen removal
and its related benefits were not evaluated and are beyond the scope of this study. A summary of
all revenue and cost streams associated with the bioenergy system for the base case at 90km

buffer radius is shown in Table 3.

The plot of the NPV over time (Figure 4) for the 90 km buffer scenario shows that the project
breaks even at year 19. The NPV at the end of the 40-year lifetime of the project is around $395

million, making the project financially attractive. The calculated IRR for a lifetime of 40 years is
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7.4% which is higher than the discount rate, further highlighting the economic viability of the
project. As for the 15 km buffer scenario, the project breaks even at year 57 (figure 4), with a
negative NPV of -$49 million at the end of year 40. Under the base case conditions consisting of
a moderately reasonable discount rate, wholesale electricity selling prices and no tax incentives
and/or government subsidies, the project would only be financially attractive under the 90 km

buffer scenario, illustrating the benefits of economies of scale.

With an annual electricity output of 607 million kWh for the 90 km buffer scenario, the LCOE
was calculated to be $0.29/kWh. This LCOE is higher than the wholesale selling price of
electricity ($0.06/kWh), suggesting electricity is sold at a loss. However, the financial
profitability of the project is not solely measured by selling electricity, but by also selling
biocrude oil and hydro-char. The minimum electricity breakeven selling price obtained by
accounting for normalized hydro-char ($0.20/kWh) and bio crude oil ($0.06/kWh) revenues is
given to be $0.02/kWh. With a wholesale electricity selling price of $0.06/kWh, the system at
90km buffer radius therefore results in $0.04 of net profits for every kWh produced

(corresponding to the effective LCOE of -$0.04/kWh).

The LCOE for the 15 km buffer scenario was calculated to be $0.33/kWh, suggesting an increase
in LCOE with smaller system scale. Furthermore, the effective LCOE calculated for the 15 km
buffer case is $0.01/kWh (figure 5). This difference in LCOE is attributed to the higher revenues,
and increased electricity generation as a result of the 90 km buffer scenario. The number of

farms in the 90 km scenario is higher, therefore the increased manure processing revenues
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associated with a higher influent feedstock flowrate outweighs transportation and reactor
upgrades costs. The capital and operating costs associated with the increased system scale do not
vary significantly from the 15 km buffer case, therefore the number of farms directly affects the
total revenues produced. Here, the minimum electricity selling price (accounting for revenue
from hydrochar and biocrude oil) was calculated to be $0.07/kWh corresponding to a $0.01/kWh
net loss starting at year zero. So, it can be seen that system scale-up improves the financial

parameters such as the NPV and the effective LCOE.

Higher electricity selling prices greatly benefit the project, resulting in higher NPVs, lower
effective LCOEs and higher IRRs. Compared to other regions in the US, namely California
(CAISO) and Texas (ERCOT), NYS (NYISO) had higher average wholesale electricity prices in
2017 (US EIA, 2017), implying better economics and more incentive to invest in bioenergy
projects. Raising the electricity selling price from wholesale ($0.06/kWh) to retail ($0.18/kWh)
prices (for the 90 km case) results in a 3-fold increase in NPV (at the end of the 40-year lifetime)
and a 1.3-fold increase in IRR. Using retail electricity selling prices also reduces the effective
LCOE from -$0.04/kWh to -$0.13/kWh, which means the project will generate 13 cents of net
profits for every kWh of electricity sold at retail price starting at year zero. The net profits would
be allocated between farmers and system infrastructure (i.e. increasing digester sizes to
accommodate higher waste streams through potential co-digestion, or the addition of new AD

facilities throughout the state to optimize manure transportation logistics).

Using various forms of tax credits such as a 25% income tax credit or 25% investment tax credit
slightly improves the financial parameters. For example, using the 25% BITC in the 90 km

buffer scenario increases the NPV by 40% and increase the IRR by 31%, while it reduces the
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effective LCOE from -$0.04/kWh to -$0.05/kWh. Higher discount rates lead to lower NPVs,
higher effective LCOEs and longer breakeven points, to the detriment of the project. Federal and
state regulations should work on developing tax credits that would encourage developments in
biomass conversion and energy recovery, which would ultimately benefit the state by decreasing
the environmental impacts associated with the dairy and agriculture industries. Furthermore, the
state could devise a special low discount rate aimed at farmers and developers involved in
biomass energy projects. As can be seen in Figure 5 (a and b), tax credits and decreased discount
rates (from the base case of 4%) can greatly benefit farmers with higher NPVs and IRRs, and
lower effective LCOEs, especially considering shorter-term projects of 20 years (around the 19
year breakeven point of the 90km buffer scenario under base case conditions) or less.
Government subsidized electricity selling prices that reflect the “renewable” or “green” origin of
the electricity produced can quickly help offset capital investments and provide a steady source
of income to the farmers. With an electricity selling price of $0.22/kWh, the project breaks even
at year 11 and year 7 and results in 40-year NPVs of $677 million and $1.86 billion for the 15

and 90 km buffer cases respectively (figure 6 and figure S7 of the SI).

Increasing the lifetime of the project by 20 years (from the base case of 40 years) increases the
NPV by 40% (figure 5), slightly increases the IRR by 5.4% (SI, figure S6) and maintains the
same effective LCOE of -$0.04/kWh for the 90 km buffer scenario (figure 5). However, a higher
lifetime doesn’t always improve the economic parameters. Such parameters are constantly
influenced by the long-term changes in energy conversion technologies and demand for the
energy co-products. As such, the development of more efficient biomass conversion technologies
may decrease the selling price of bio crude, which can reduce revenues. Similarly, more efficient
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electricity storage systems may reduce the selling price of electricity at times when it is needed
most. The switch to a hydrogen-based energy system might reduce the demand for biocrude oil,

eliminating that source of revenue.

Finally, compared to a single-stage AD system (existing/current method), a hybrid system
presents better economics, such as higher NPVs, higher revenues and lower effective LCOEs
(Table 4). However, Table 4 suggests that implementing a secondary digester (i.e., HRAD
following HTL) might increase capital costs (+$73M) with only marginal increases in revenues
(+$4M) and energy generation (+1 B MJ/yr) as compared to an AD/HTL system. This is
illustrated by a higher NPV and lower effective LCOE for the AD/HTL system. Therefore, from
an economic standpoint, it is best not to implement an HRAD. The aqueous phase can then be

processed using a cheaper alternative or sent to a waste water treatment facility, at a cost.

4. Conclusions

The economic feasibility of implementing a distributed bioenergy system in NYS depends on
many factors, including electricity and other co-products selling prices, system scale, project
lifetime, subsidies and incentives and other financial parameters. For base case conditions,
consisting of wholesale electricity ($0.06/kWh) and specified biocrude oil prices ($0.55/L),
discount rate (4%) and capital and O&M costs (Tables 2 and 3), electricity selling price and
discount rate were the most determinant factors. Increasing electricity selling price from
wholesale to retail ($0.18/kWh) increases the NPV from $395 million to $1.5 billion over a 40-

year project lifetime. Other variables such as system scale and government support in forms of
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tax incentives, moderately improve the economics of the project. However, for smaller
distributed systems, such variables alone without heavily government-subsidized electricity
selling prices are not enough to make the project economically attractive. Furthermore,
expanding the energy system for the entire state of NY, proper distribution of AD and HTL units
is key to reduce transportation costs and benefit from the economies of scale. The spatial analysis
showed how farms could be grouped to optimize transportation logistics. This study
demonstrates the benefits of having an integrated AD/HTL system to recover energy from waste
products. HTL allows the recovery of carbon from an otherwise wasted material (digestate) and
produce a variety of useful by-products such as biocrude oil and hydro-char, which helps to
expand the revenue streams of the project. This study focuses on the prospects of energy and has
not considered nutrient recovery from the processed aqueous phase nor the environmental
benefits such a system would have over its life cycle. These considerations are essential for a full
life cycle (LCA) of the project, which might give a more balanced and comprehensive view of
the overall benefits of the distributed system. TEA alone is not enough to develop sustainable
energy systems grounded in good policy. More work should be done in terms of quantifying the
environmental impacts the system would have in terms of GHG emissions and heavy metals
contamination resulting from the different processes involved in the dairy industry life cycle.
Recovery of nutrients and clean water for fertilizer and irrigation use respectively, the co-
digestion of manure waste with food processing wastes for better digestion efficiency and the
role of electric utilities should all be evaluated to create a more inclusive and sustainable system.
Finally, a policy framework should be developed to more effectively manage the different

transactions involved (energy, water, waste, capital, etc.) within the dairy industry.
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Nomenclature

AD: Anaerobic Digester

ASABE: American Society of Agricultural and Biological Engineers
BETC: Biomass Energy Tax Credit

BITC: Biomass Investment Tax Credit

BOD: Biological Oxygen Demand

BP: Breakeven Point

CAISO: California Independent System Operator
CC: Capital Cost

CHP: Combined Heat and Power

COD: Chemical Oxygen Demand

CSTR: Continuously Stirred Tank Reactor

DCF: Discounted Cash Flow
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EPA: Environmental Protection Agency
ERCOT: Electric Reliability Council of Texas
FID: Farm ID

GHG: Greenhouse gas

GIS: Geographic Information System

HHV: High Heating Value

HRT: Hydraulic Retention Time

HTL: Hydrothermal Liquefaction

IRR: Internal Rate of Return

ITC: Investment Tax Credit

LCA: Life Cycle Assessment

LCOE: Levelized Cost of Electricity

NPV: Net Present Value

NYISO: New York Independent System Operator
NYSERDA: New York State Energy Research and Development Authority
O&M: Operating and Maintenance cost

REV: Reforming the Energy Vision

SRT: Solids Retention Time

UASB: Upflow Anaerobic Sludge Blanket
VFA: Volatile Fatty Acids

VS: Volatile Solids
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Fig. 1 — Model Process Development. The process flow diagram shows the different unit
processes of the hybrid AD/HTL system. GIS: Geographic Information Systems, NPV: Net
Present Value, LCOE: Levelized Cost of Electricity, IRR: Internal Rate of Return
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Fig. 2 - Cluster Distribution (90 km buffer). Numbers 1 through 29 represent the 29
clusters created, each consisting of a certain number of farms around a centralized

digester. Each cluster is also represented by a different color to help identify clusters in
areas with significant farm density. Note that numbers 1 through 29 are just to identify the
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number assigned to each digester.
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Fig. 3 — Calculated digested BOD (mg/L) vs SRT (days) for the CSTR and UASB systems.

The dashed CSTR line is to illustrate the quantitative improvements that UASB offers.
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Fig. 4 - NPV vs time for the 90 and 15km buffer scenarios under the following assumptions:
4% discount rate, 40-year project lifetime, wholesale electricity selling price of $0.06/kWh
and no subsidies or tax incentives. Under such economic conditions, the project would only

be financially attractive for the 90km case.
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Fig. 5 — (a) NPV Sensitivity Analysis. (b) Effective LCOE Sensitivity Analysis. Base case
parameters are: 4% discount rate, 40-year project lifetime, wholesale electricity selling

price of $0.06/kWh and no subsidies or tax incentives. BITC: Biomass Investment Tax
Credit. Tornado charts for the LCOE and IRR can be found in section 10 of the SI.
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daily by a typical US dairy cow?®
Total solids (TS) (kg) 8.9
Volatile solids (VS) (kg) 7.5
COD (kg) 8.1
BOD (kg) 1.3
Total manure (kg, L) 68
Moisture content (%) 87
a ASABE, 2014
905
Discount rate 4%
Buffer radius 90km
Electricity selling price 0.06$/kWh
Project lifetime 40 years
Subsidies no
subsidies
906
907
908
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Table 3 — Summary of Estimated Costs and Revenues for the 90 km buffer

radius case

Transportation ~ HTL AD Total
Capital Cost N/A $ 353M $ 306M $ 659M
Annual Cost  $26.4M $ 58.5M $42.4M $ 127M
Electricity Biocrude Hydro-char
Revenues $ 36.4M $ 38.8M $ 122M $ 197M
Annual Tax $ 14M

Table 4 — Financial parameters and energy generation for different manure treatment pathways

for the 90 km case, under base case conditions.

Capital Revenues 40-year Primary energy®  Effective
Cost ($) ($/yr) NPV ($) generation LCOE
(MJ/yr) ($/kWh)
Direct application $0 $0 $0 N/A N/A
AD $ 233M $ 32M -$ 743M 6.9B 0.07
AD/HTL $ 587 $ 193M $ 547TM 8.8B -0.06
AD/HTL/HRAD $ 660M $ 197M $ 395M 9.8 B -0.04

a: total energy embedded in methane and bio crude oil products

41



Electricity

m Pow[er plant
gl oy






