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Summar y

TheDepartment of Energy Bioenerdechnologies Office (BETOhvestsin research and
developmenbf newpathways focommercially viableeonversion of biomass intirop-in ready
transpotation fuels fuel blendstockand products. The primagmphasidias been oterrestrial and
algae fedstocks but more recentl BETO has begun to explore the potential of wet wastes for biofuel
productionwith focusonwastewater residuals, manure, food waatel fats, oils and greasé recent
resource analysis estimates thatillion dry tons per gar ofthesewastes are generated annually, 65%
of which are underutilized for any beneficial purpés&pproximatly 14million dry tons of the total
resourcas wastewater residuals (sludge and biosolids) generatedratatitei on6s wast ewat er t
plants(WWTPS.2 Conversion of this resource into transportation fuels could significantly contribute to
thecreation of a new domesticdainergy and bioproduct industry, whilepiding an economically and
environmentally sustainable alternative for cotreaste disposal practices.

Hydrothermal liquefaction (HTLjs aprocess that uses hot, pressurized water in the condensed phase
to convertbiomass to a thermally staldé product al so known as fAbitemoudeodo, w
catalytically upgaded to hydrocarbon fuel blendstock$TL is conceptually simplehas a high carbon
efficiency, and can be applied to a wide range of wet feedstocks at similar processing contigons.
purpose of this report is to document the conceptual design,rasnand supporting data for ladgge
to-fuel pathway vigHTL and biocrude upgrading. The configuration includes a pl@htthat isco-
located with aWWTP and aarger scaldiocrude upgrading plant for production of hydrocarhgai
blendstocks.Expeimental datdrom bench scale testirgf a 1:1 mixture of primary:secondary sludges
areused to establish the economic and technical assumptions for the arBfsdesign represents a
goal case for the pathway, targeting performance that is antictgabedachievablby 2022with further
research and developmerithe year 2022 is BETOO6s target year fo
pathways’ As this analysis represents @afjcase, assumed values of several design parameters represent
improveaments in the technology relative to what has currently been demonstrated in the laboratory.
While HTL is fairly well developed and may therefore be ready for commercialization prior to 2022,
there are specific advancements addressed iarhiysis thaare necessary to enhance performance
compared to what has been demonstrated to date. In addition, an important aspect to the ghthway is
upgrading of biocrude téuel blendstockan area that has received much less attentionegites
significant research to validate the goal case performance parameters.

Summary economics for trebudgeHTL plant and théviocrudeupgrading plant arpresentedn
Figures ESL and E, respectively The estimated plant gat@nimum fuel selling pricéor fuel
blendstock from sludge HTL and upgrading B4 gasoline gallon equivalent (go@igure ES?). This
price is within the tolerancg-$0.49/ggep f B E$B/@o@psogrammatic cost targeandillustratesthat
fuel blendstocks generated from HTL of sludge and centralized biocrude upgrading have the potential to

1 DOE. 2017.Biofuels and Bioproducts from Wet and Gaseous Waste Streams: Challenges and Opportunities
Bionergy Technologies Office, Energy Efficiency and Renewable Energy, U.S. Department of Energy, Washington,
D.C.

2Seiple T, AM Col eman, iasipadvasRivateddudgg gssa sustairalelbibresourae M the
Uni t ed JSEndroneManagel97:(2017) 673680. http://dx.doi.org/10.1016/j.jenvman.2017.04.032

3DOE. 2016.Biomass MultiYear Program Plan Bionergy Technologies Office, Energy Eféincy and

Renewable Energy, U.S. Department of Energy, Washington, D.C.
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be competitive with fossil fuelsThis analysis illustrates the feasibility of HTL for peoftgeneration
conversion of waste feedstock at a scale"Rat of the standard lignocellulosic biorefinery scale
typically used in BETO design caseBhe relevance of this work reaches beyodtewater treatment
sludge to lay the groundwork for application to other distributed wet wastes and blends that togeth
represent a significant resource of underutilized biomass.

Minimum Selling Price
Minimum Selling Price

Biocrude

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

Cost Year
CAPITAL COSTS

Sludge Dewatering $1,400,000
HTL Oil Production $13,100,000
HTL Water Recycle Treatment $3,100,000
Balance of Plant $600,000
Total Installed Capital Cost $18,200,000
Building, site development, add'l piping $3,300,000
Indirect Costs $12,900,000
Working Capital $1,700,000
Land (plant located at WWTP) $100,000
Total Capital Investment (TCI) $36,200,000
Installed Capital per Annual GGE Biocrude $4.5
TCl per Annual GGE Biocrude $8.9
Loan Rate 8.0%
Term (years) 10
Capital Charge Factor (computed) 0.141

Biocrude from Sludge Hydrothermal Liquefaction

Primary/Secondary Wastewater Treatment Sludge (25 wt% solids; 15% ash)

$2.35 $/gge biocrude
$2.53 $/gal biocrude

4.1 million ggelyr
0.47 trillion Btu/yr

132 gge/US ton AFDW sludge
15 million Btu/US ton AFDW sludge

10%
40%
2014

8%
2%
17%

3%

100%

MANUFACTURING COSTS

Plant Hours per year 7920
Feed rate, dry sludge 110 ton/day
Feed rate, dry ash-free sludge 93.5 ton/day
Feed rate, slurry 69 gal/min
$/gge biocrude $lyear

Avoided sludge disposal cost 0.00 $0
Natural Gas 0.14 $600,000
Chemicals 0.18 $800,000
Electricity 0.11 $500,000
Fixed Costs 0.68 $2,800,000
Capital Depreciation 0.27 $1,100,000
Average Income Tax 0.16 $700,000
Average Return on Investment 0.81 $3,300,000

2.35

PERFORMANCE

Net Electricity Purchased (KW) 818
Net Electricity Purchased (KWh/gge product) 1.6
(Energy in Biocrude) / (Electricity+Natural Gas Input) 4.1

Overall Carbon Yield to Biocrude
On sludge + natural gas
On sludge

66%
2%

Figure ES1. Summary economics for sludge HTL plant.
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Liquid Fuels from Sludge HTL Biocrude Upgrading

Biocrude Feedstock Cost:

Minimum Fuel Selling Price (MFSP)
Diesel Fuel Selling Price
Naphtha Fuel Selling Price

Naphtha
666

9.1

11

0.22

Diesel
1991
29.6

3.4

0.73

Internal Rate of Return (After-Tax)
Equity Percent of Total Investment

CAPITAL COSTS
Hydrotreating
Hydrocracking
Hydrogen Plant
Steam cycle
Balance of Plant
Total Installed Capital Cost

Building, site development, add'l piping
Indirect Costs

Working Capital

Land (included in feedstock cost)

Total Capital Investment (TCI)

Installed Capital per Annual GGE Fuel
TClI per Annual GGE Fuel

Loan Rate
Term (years)
Capital Charge Factor (computed)

Cost Year

$33,600,000
$6,600,000
$27,200,000
$1,600,000
$6,500,000
$75,500,000

$12,400,000
$52,800,000
$7,000,000
$2,700,000

$150,400,000

$2.0
$3.9

8.0%
10
0.168

$2.45 $/gge biocrude (includes $0.10/gge transport cost)

$3.46 $/gge
$3.71 $/gal
$3.42 $/gal

Total

2,700 BPSD
39 million ggelyr
4.5 trillion Btu/yr, LHV basis

0.95 gge fuel/gge biocrude

10%

40%
2014
MANUFACTURING COSTS
45%  Plant Hours per year 7920
9%  Biocrude feed rate 38 mmgally
36%
2% $/gge fuel blendstock $lyear
9%  Biocrude 2.58 $99,900,000
100%  Natural Gas 0.07 $2,800,000
Catalysts & Chemicals 0.01 $500,000
Waste Disposal 0.002 $100,000
Electricity and other utilities 0.02 $1,000,000
Fixed Costs 0.24 $9,200,000,
Capital Depreciation 0.002 $4,700,000,
Average Income Tax 0.07 $2,800,000
Average Return on Investment 0.46 $17,700,000
3.46
PERFORMANCE

Net Electricity Purchased (KW)
Electricity Produced Onsite (KW)
Electricity Used (KW)

Net Electricity Purchased (KWh/gge product)

Overall Carbon Yield (Naphtha + Diesel)
On biocrude + natural gas
On biocrude

1,637,
1,812
3,449

0.3

83%)
89%)

Figure ES.2.

Summary economics fdriocrude upgrading plant.
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1.0 I ntroducti on

For several decadethe Department of Ener@ioenergy Technologies Office (BETO) has
supportedesearch and developmdat the advancement dioenery pathwaydor terrestrial and aky
feedstocks.More recently, BETChas begun to explore the potential of wet wastebifduel production,
andestimateghat 77 million dry tons per year offastewater residuals, manure, food waste, and fats, oils
and gease (FOGaregenerated annuall$5% of which areunderutilizedfor any beneficial purpose
such as for fertilizer, biodiesel or comp@0OE 2017). Conversion of this resource into transportation
fuels coul d signi fi c anewdblgenergggoalsmard bravidereecormmidallye nat i o
and environmentallgusténable alternative for current waste disposal practices.

Approximately 14million dry tons of wastewater siluals are generatedannualy t he nati ono:¢
wastewater treatment piss (WWTPS9 (Seipleet al.2017) Costs associated withanagement and
disposalbof these residualsccounts foabout45-65% of the totaWWTP6 eperating expenses (Nowak
2006;Gray 2010 City of Detroit 2014. Shipping is a significant portion of totsludge management
cost, with some municipalitidgaving to transpotheir sludge great distances for treatment and didpos
(Peccia and Westerhoff 2018sieh2013) While costestimates vary widelyt is evident that reducing
sludge management and displ costss a strongndustry incentiveahatintroduceshe opportunity for
newtechnology

Hydrothermal liquefaction (L) is a process thatiseshot, pressurized water in the condensed phase
to convertwet biomass to an oil producfs such, it is prticularly well suited for processing wet waste
feedstocks and eliminates the need for drying that is required forbatimeassconversion technologies.

The oil productalso known aél b i o ¢ is andl@gous to petroleum crude in that it contains aumaof
hydrocarbons with carbon numbers in the gasoline/jet/diesel range. However, it doigtaénexygen

and nitrogen than petroleum and therefore must be hydrotreated to improve compability with petroleum
fuels.

HTL research over the past sevatatades has included a range of feedstocks from lignocellulosics
to algae to wet wasteI.he summary here will focus on liquefaction of sludge feedstock into an oil
product and will not cover the breadth of work done on other feedstocks narbonizan of sludge.
Much of the literatureon sewagesludgedescribstesting in labscale batch system&arly work appears
to haveoriginatedwith Appell et al. (197Q)whereseveralorganic waste feedstociksere testedn a 500
ml autoclave systepwhere tle effectof temperature, pressure, and the presencarbbn monoxidéa
reducing agentindsodium carbonate catalyst on oil yield and compositiere examinedA seriesof
studiesin Japartestedvarious sewage sludgatso in the presence sbdium @arbonate catalyst
(Yokoyamaet al.1987;Suzukiet al.1988 1990 Inoue et al. 1997 More recentlyVardonet al.(2011)
examined properties diocrude from aaerobically digestedludge manure and algagHuanget al.
(2013 and Lenget al.(2015)characterized biocrude from HTL of sludgsingethanolsolventand
studiedits emulsification with petroleum dieseéspectively Malins et al (2015) examined theffect of
several different catalysts as well as other reaction parameters on biocruettiggofseveral recent
studies focused on the migration and ultimate fate of metals during HTL of sludge (Huarp&t;al
Huangand Yuar2016 Lenget al.2016 Shaoet al.2015 Zhaiet al.2014).

While batchsysteminvestigations provide useful imfmation, continuousystentesting is necessary
to facilitate engineering scale up and economic analysis of commercial sySiewesal studies of



continuousHTL focused orsewage sludgean be found in the literaturéppell et al.(1971) conducted
initial trials of a continuous00-500 g/hrunit developed based on thaiitial batch testing (Appell et al.
1970)with the use of reducing agentSolvent extraction was used to separate the oil product from the
reaction mixture.While the focus othis effort was conversion alvastesincluding sewage sludgtey
reported resultenly for cellulose A study by PNNL for the U.S. Environmental Protection Agency
(EPA) conducted larger scale continuous thermochemical liquefactiop@ssilealternativesludge
disposal technology (Molton et al. 1986). In this work, a gtale (30 L/hr) reactor system processing
primary sludge at 20% soli@nd 5% sodium carbonate concentrati@s demonstrated asdlvent
extraction was used to recover the dibh et al (1992) tested a mixture of primary and secondary sludge
with no added catalyst in a 500 kg/d@j L/hr) continuous systerand demonstrated continuous
separation of theil usinghigh pressure distillationVilladsenet al (2012) tested a range whste
feedstocks including sludge ir3@ L/hrcontinuous pilot system called CatBi¢roor et al.2012) with

the focus being to develop and apply analysis methodology for identification of specific compounds in
HTL biocrudes Their process utilizesoth homogeneous and heterogeneous catatysite reactorand

a centrifugeor biocrude separation

As part of a collaborative projebetween BETO anthe Water Environment & Reuse Foundation
(WE&RF), PNNL recentlyconductedtontinuous HTL of primarysecondary and anaerobically digested
sludges in al.5L/hr bench systerfMarrone2016). Representatives frofVWTPs, the EPA, academia,
and engineering consultidigms participated in the joint projecfThis work was tle basis of a
preliminary techneecoromic analysigTEA) for sludge HTL andubsequertiocrude upgrading
(SnowderSwanet al 2016)andhelped to guidéollow-on experimentsvith moretargetedun
conditions, the results of which provide the basis for the present andlysigplementingatier
continuous systerstudies PNNL work described in Marrone (2016) and herein provedeésnsive
characterization ofludge feedstock amtoducts from HTLjntroduces potential strategies feducing
ammonidevelsin the HTL water stream recycledttte WWTP, andprovides testing angdroduct
characterizationata fromhydrotreating of sludgderived biocrude.

The purpose of this report is document theonceptual desigmconomics and supporting data for a
sludgeHTL plant colocated with aWWTP and a centralized sludge biocrude upgrading piant
production of hydrocarbon fuel blendstockBhedesignand TEA represents a goal case for the pathway
targeting erformancedhat isanticipated to bachievableoy 2022( BET Obs t ar getiongfear
biofuel hydrocarbon pathwayslith further research and developme#ts suchyalues ofkey design
parameterssuch as biocrude yield, sludge feed solids, ash content, and sludge heat transfer rate,
represent improvements in the technology redatbwhathascurrentlybeendemonstrateth the
laboratory This workbuilds uporand complement$he algae HTL design cag#oneset al.2014)and
thepreliminarysludge HTLTEA (SnowderSwanet al.2016)to providegoal case economidsr an
example 6HTL for onsite, poirtof-generation conversion of distributed wet wadteaddition,the
resource and fuel potentiahalysis illustratepotentialregionalbiocrude collectiorscenarios thatould
enableincreaseddel production byaking advantagefahe lowfuel productioncost ofthe largest scale
WWTPs in the nation.

1.1 Wastewater Baekhgmeunnd

Municipal wastewater treatment includesriouscombinations oprocesssteps, depending on the
constituentsieeding removal and the levels of remaemuired Tchobanoglous et a22014. The

f

or



complete set of steger takingsewage to clean water for discharge to the environment is commonly
referred t o adFigarelfshowseadypicaldreatmertt tramingtonventionalprimary
settlingand secondarliologicaltreatment.Preliminary treatmentonsists of screening of large debris
and settling of grit, both of whichretypically landfilled. Primary treatmeninvolvesphysical settlingf
solids from the waswater while scondary treatment includes biological and/or chemical means to
removéreduce biodegradable organicspasmallymeasured by bihemicaloxygen demand (BODynd
total suspended solidg SS) Primary sludge resis from sedimentation afrganic solidge.g.,toilet

paper and excremerftpm thewastewater. Approximately 50% of the suspended solids and 33% of the
BOD are removed in the primary stefnfudaet al 2008) Removalof FOG/scunmay be carried out in
separate tanks at the primay sedimentationtanksSThe scum i s either sent to
digester (ifpresent or landfilled. Secondary treatment typicallisesaerobicmicrobes to convert the
remaining organicnaterialinto microbial biomass which is theettled andemoved in the secondary
clarifiers. The removed solids are commonly referred to as waste activated sludge (TWagal solids
concentrations grimary sludge and secondary sludge are 3%0a8fh,respectively Tchobanogloust

al. 2014. Secondary sidge is often concentrated te136 solids using dissolved air floatation thickeners.
Tertiary treatment with filtration/screening is sometimes used to remove residual suspendged solids
particularly for anywaterreuse applicationsin addition, somelarts include nutrient removih their
secondary or tertiary treatment stegspeciallyif they are neatheir permitted nitrogeand/or
phosphorugffluent limits (Tchobanoglougt al.2014. Nutrient removal may be carried out either
biologically or thrauigh chemicamethods More restrictive limits on effluent nutrient levajenerally
existin areas near water bodies that are vulnerable to eutrophieatiotlegraded water qualitifhe

final stepin theliquid treatment trairns disinfection after whch the treated water @#ischargd to the
environment.Various water streamesultingfrom thickening and dewatering of sludges and digested
biosolids are generally routed back to the plamt f | u leeadwork® (Tchdbanogloust al.2014).

Given inceasingly strictegulatorylimits, the trend is toward more thorouglatercleaning to remova
greater number afonstitutents and at highesmovallevels {Tchobanoglous et 22014). The industry as

a whole is also moving beyond the conventionalefpipe treatment role to becomisgstainable
resource recoverfacilities of the future driving toward options that maximize energy and nutrient
recovery while producing clean water

Tertiary
o Primary ) Treatment
| Preliminary Treatmentl Treatment | Conventional Secondary Treatmen} (optional) | Disinfection‘
{ ! ! ! { \
Grit Primary Aerobic Secondary Filtrati
Screening removal settling treatment settling iltration
Raw Waste ] — — —
water , ‘ —— = N
- 7

( ) Effluent to
Environment
i

. . Return activated sludge Backwash to
Scree“l'“gjf.?”d gt primary scum Waste activated headworks
anarn
and sludge sludge

Figure 1. Typicalsteps for conventional biological treatrhah aWWTP (adaped fromTchobanoglous
et al 2014.

Themost common methodeatWWTPs use to manage their sludge include stabilizadiod land
application Jandfill disposalor incineration. Stabilization iscommonly achieved through anaerobic
digestion(AD), but can also be accomplished by alkaline addition, drying, or composting. The AD



procesgroduces biogathat can beised for onsite hear power andfibiosolid®, whichcanbeland
appliedas afertilizer alternative Land application of biosolids is regulated accordin@kdR 40 Part

503 The type oflandto which biosolids may be applied depends orptitbogen and pollutafimetal)
concentrations in the biosolidkand application of biosolidsrpvidesbenefit to soils by adding nutrients
and decreasingvaporative water loss, butsome areafaces the challenge of public concern over health
risks (SCAP 2013Peccia and Westerhoff 2005HTL could provide a more sustainable alternative than
current sludge management methods, with additional benefits of relatively small fodtjgimt,

operational certainty, high percent solids reduction, and destruction of bioactive components.

1.2 Overall Sludge to

Fuel

Process Summa'

A simpleblock diagram of the overallHTL plantand biocrudeipgradingprocesschemes shown
in Figure2. TheHTL facility is assumed to beo-located with thaVWTP to avoid the cost of
trangorting sludge It is possible thatailectionof sludgewithin a reasonable radius withilensely
populated regions mdye feasible and should be further investigateehtable larger economies of scale
for the HTL facility. The HTL procesgsroduces an oil phase (biocruda)solids stream containing
mostly ash andome char, andn agueus stream containinty3% carbon.Theflow of theaqueous
stream is less than 1% of theadworkdlow, howeverit is highly concentrated in nutrieng®lative to
the influent)and therefore may need treatment prior to recyclamklio the headworks of thReWTP.
The biocrude is transported by tanker truck targer scaleentralzed upgrading plarfor conversiorto
fuel naphtha and diesblendstocks The use of atural gas imssumedt both the HTL andpgrading

facilities for process heat and hydrogen, respectively.

Clean Water Effluent WWTP / HTL Plant
>

Wastewater D ed
Influent Wastewater Sludge Sludge
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(Headworks) | | Treatment (HTL)

Natural
Centrate Gas (for

T heat)

Treated Aqueous Phase

A
Solids

Biocrude -B
o

Biocrude Upgrading

Plant

Fractionation

Catalytic Hydrocarbon
Hydrotreating Biofuel:
and Product (Diesel,

4

Naphtha)

Off-
gas

»|Hydrogen

Natural
Gas

Plant

Figure 2. Simpleblock diagram for theVWTPMTL plantand centralized biocrude upgrading plant.

1.3 Tech-Boonomic Anal ysi s

Approach

The approach to developing conversion process teebonomics is similar to that empla/an
previousanalysexonductedor the Bioenergy Technologies OfficBETO) (Dutta et al2015;Jones et
al. 2013 2014 Tan et al. 201p Process flow diagrams and models are based on experimental results
from compléed and ongoing research, as well as information from commercial vendors for mature and
similar technologiesTo asure consistency across all biomass conversatimwaysBETO developed a
set of economic assumptions thatused for allTEAsand are dac me nt e d

Program PlaniOE 201§. An i mpor t ant
design,as described belaw

aspect

of

iMuollti-BeBrT O6 s
thes'el asigwmptio



1.31 Definition of Nth Plant

A standard reference basis common to the conceptual design reponts) kna s "ot hpel afinnt desi g
is used. These assumptions do not account for additioatd that would normally be incurred for a
first-of-a-kind plant including special financing, equipment redundancies, large contingencies and longer
startup times nessary for the first few plants. Fdf plant designs, it is assumed that the costs reflect a
future time when the technology is mature and several plants have already been built and are operating.
The specific assumptions are showTablel. These assumptions are consistent across BETO design
cases, thus allowing a standard basis for comparison of different conversion technologies within the
context of a weldefined hypothetical plantWhile WWTPs mayuse otheeconomic asumptions or
methods okstimatingprojectfeasibility when evaluating alternative sludge treatment technolatiss,
analysisshould providdhe keyi nf or mat i on needed tcocurasqmpcesitisdlso a s pe
worth noting that tax inceiwes and other credits that may be applicgélg., credits under the
Renewabld-uel Standarar cellulosic biofueldoonus depreciatiorjut are excluded from the analysis to
represent plant economics independent of any government subsidies.

Table 1. Nth-plant assumptions

Assumption Description Assumed Value
Internal rate of retur(iRR) 10%
Plant financing debt/equity 60% / 40% of total capital investme(tCl)
Plant life 30years
Income tax rate 35%
Interest rate for debtrfancing 8.0% annually
Term for debt financing 10 years
Working capital cost 5.0% of fixed capital investment (excluding lan
Depreciation schedule 7-years MACR® schedule
Construction period 3 years (8% %yr, 60% 2%yr, 32% 3% yr)
Plant salvag value No value
Startup time 6 months
Revenue and costs during stapt Revenue = 50% of norme

Variable costs = 75% of norme
Fixed costs = 100% of norme

On-stream factor 90% (7,884 operating hours per ye:
(a) Modified accelerated cost recovezystem

1.3.2 General Cost Estimation Basis

All costs in this report are on a 2014 constant dollar basis. This is the current reference year that
BETO uses to facilitate comparison @rious conversion technologies (DOE 2018)dices used to
convert cpital and operating costs 014 ddlars can be found iAppendix D

Capital costare estimated from a variety of resources. The heat and material balances generated by
the simulation software (Aspen Pl#sspenTech 2013) are usd to size the major pieces of equipment.
These arénput to Aspen Capital Cost Estima{@'CCE) softwareto determine the installed capital cost.



In addition, select data from commercial vendors, either as budgetary estimates or from their published
literature are used when available.

The original cost reflects the year of the cost quote or estimate, and the scale of the equipment. All
capital costs are adjusted to an annualized 20114
published indices:

_ _ 2014 index = 576..1
Cost 1% 2Q@Li pment cos—t—|—H—g—u—ete ear . |
guot e ost year index

The scale is adjusted toatch the appropriate scaling term (heat exchanger area for example) by
using the following expression:

. N scale ufd capacity
Scaled equcpmengti nad . . I .
original <capacity

where 6nbdb is the scale factor, typically, 0.6 to

Once the equipment is scaled and adjusted to the common cost year, factors are applied to calculate
the total capital investment. Individuaktallation factors calculated BY\CCE are multiplied to
equipment costs, unless installed costs are already available from vendors. The total direct cost is the sum
of all the installed equipment costs, plus the costs for buildings, additional pipirsit@mevelopment
Indirect costs are estimated as 60% of the total installed costs. Factors for the calculation of these
additional direct and indgct costs are listed ifable2. The sum of the direct and indirect costthis
fixed capital investmer(FCI). The total capital investment is the fixed capital plus working capital and
land costs.

Table 2. Costfactors for direct and indirect costs

Direct Costs

Item % of Total Installed Cost (TIC)
Buildings 4.0%
Site development 10.0%
Additional piping 4.5%
Total Direct Costs (TDC) 18.5%

Indirect Costs

ltem % of TDC
Prorated expenses 10%
Home office & construction fees 20%
Field expenses 10%
Project contingency 10%
Startup and permits 10%
Total Indirect Costs 60%
Working Capital 5% of FCI




Operating costs are estimated by using the results from the Aspen Plus heat and material balances and
applying the assumptions shown in SecBdh For the cooling tower, is assumed that water is
available at 90 °F with a 20 °F allowable temperature rise.

20 Process DeGogmh Bstwdi mati on

This section desibyes the bases for tlkesign and costing of the sludge HTL plant and the
centralized biocrude upgrading plant. &iktd heat and material balances are present&dpendix A

21 Basi sSlfuodfgeee d s tPolcakd a,lae &1 udge
Composition

Sludges from primary and secondary treatment, as well as biosolid#\fbonave all been shown to
beviable feedstocks faheHTL proces{Marrone 2016) A commonprocessonfiguration includes
bothprimary and secondary treatmeaund herefore, mixed primary/secondary sludgas selecteds the
feedstock for thdaseline modelWhile there will be vaation from plant to plantn therelative
proportions ofprimaryandsecondangludgegenerated, a 1:1 ratisaschosen as representative of a
typical plant(Turovskiy andviathai2006 ASCE 2000) HTL can also be applied to biosoliftem AD,
howeverdirect conversion of sludgebviouslyresults in a greatgtieldo f | i qui d fuel from
influent wastewater carbon

Existing municipal wastewater treatment plants range from < 0.1 million gallon per day (MGD) to
950 MGD(EPA 2016) The largesB% o these plants (>3AMGD) produce approximatel§0% of the
total sludge genated in the U.S. (Seiple et al. 201As the size of'WWTPsis highly variable, the scale
of the HTL and upgrading plant were chosen through an iterative process whereby esovenaic
evaluated and then sensitivity amdjional analysewere performed to support a reasonable base case
scale that is in contexif the currentWWTP sizerange and geographiddilstribution. Through this
process, dasecasescaleof 110 dry ton/daysludge(includingash)wasselectedasthe approximate
minimumsizethat is economically feasibl@ue to economies of scal€lhis corresponds ta WWTP
that processes abolt0 MGD incoming wastewater argbrvesapproximately 13 million people EPA
2016). While this plant scaleepresents the minimal scale economically feagdslan individual HTL
plant, theregionalanalysispresented irsection4.0 exploreshow collecting biocrude in the most densely
populatedareasf the country can make smaller plants viadseparf alarger supplynetworkto a
centralized upgrading facilitylt is important to ote that the economics presented in this anafgfisct
the cost otonventional orsite construction( stick-b u i that istypical forchemical plants and
refineries. Alternatively, nodularizationof HTL systemds possible which could enable smaller scale
applications though reduced investment cdstés an example, e company estimated that, through
reduced fiall costsmodularizatiorresulted in a 15% lower project cost than sticiit construction

1 Weber R, J Holladay, C Jenks, E Panisko, L Snow&l@an, M Gaalswyck, M RamireZorredores, B Baynes, B

1

Rittman, M Wright, C Hamstra, L An glanzedhProduct®nof Fleis, L Har
andotherValulnd ded Products from Distributed, WRE.te or Stranc



(Jameson 2007)Further work is needed tovestigate and develop methods for estimatingrtipact of
modularized manufacting of HTL systems on the plaptojecteconomicsand MFSP

The upgrading plaris assumed to receive biocrugem 10 HTL plantswithin a 106mile radiusand
produce,700barrels per stream daBlP D) of fuel blendstocks Further analysis by the resource
assessment team is needed to datex the optimum radius for individual regions in the counks.
illustrated by the regional analygisesentedn Sectiord.2, this scaleand associated biocrude
intermediateavailability is reasonable iseveral of thenostdensely populated regions of the country
For perspectivghe upgrader scale 54% of other BH O design cases of ~5,000 BP&[2| production
and only5% of the average scale foombinedgasoline and diesel production at U.S. refineries of about
51,000BPSD(EIA 2016).

Sludgetreatment and disposal currentgpresents a significant expens&M@/TPs. Therefore, the
solids reduction resulting from the HTL process would conceivably result in significant savings in
avoided disposal costs to the plahloweverthe base case model does not include this savings (i.e., a
zero feedstockostis used) in ordeto account for potential market adjustmethizt may result from
implementatiorof thistechnologyin the future Sensitivity analysis around this asgption is presented
in Sectiord.0.

Wastewater treatment sludge is composed of wiiiere basic types of organic macromolecules
proteins, lipids/fats, and carbohydratas well as some inorganic material (ash anjl. géludge
composition will vary from plant to plant depending on the treatment processes used, iggastaél
dischargers in the regidne., sewage chemistiyveather, and othéactors Compositional data on
wastewater sludge is sparse in titerdture and those that are available are highly variable and often do
not indicate thesourceof the sludgde.g., primary, secondargixed,or biosolids). While lipid,
carbohydrate and protein contevitl vary to some degree from plant to plaashcontent is perhaps the
single most important compositional paramgaerit mostdirectly impactghe overall sludge tbiocrude
yield for a given plant sizeln other words, the ash in the sludgereasegquipment size and therefore
capital expense, bdoes not contribute arfyel product. Table3 listsranges okludgeash content found
in the literaturandicating awide range of 1540%for mixed primary/secondary

Table 3. Municipal sludge ash coent (% of total solids)

Primary Secondary Mixed Sludge Sourcé?

36 14 25 This work

8 16 120) Marrone 2016

35 2333 28 Manara and Zabaniotou 2012
20-30 NR 1525 Pennsylvania DEP 2001
10-30 25-35 18339 New MexicoEnvironment Departmer2007
15-40 15-40 15-400 Tchobanoglous et a2014
20-40 1540 18-400 ASCE 2000
20-25 20-25 20-250 von Sperling and Gongalves 2007

20-30 WEF 2013

(&) All sources except this work and Marroreportedas% volatile matter (VM).Ash iscalculated a§00-%VM.
(b) Calculated average mix of 1:1 primary, secondary mixture.




Ultimate analysigor a 1:1 mixture of primargecondarsludgeprovided by theCity of Detroit and
Great Lakes Water Authorifipr HTL testingis givenin Table4. This compositionis used for the
modeled sludge feedstock with the exception of ash content, which was de&reas26% to 15%or
the goal caseA lowerash content was chosen based onreasons 1) process knowledgeom Detroit
indicates their sh content isikely on the high end dhe potential rangeue toaging infrastructureand
addition ofFeCE for phosphorus removal in its primary sedimentation;steg 2)thegoal cas@ssumes
that future renovations aging collection systenand outlated processesill lead to reduced sludge ash
content over time Ideally, enhancede-gritting andde-ashing technologghould also be pursudar
pretreatment of theludge The cost of additional processing steps needed for producing a lower ash feed
should be considered in future analys8ensitivity analysis around ash content is presented in Section
4.0.

Table 4. Sludgecomposition and ash content.

50/50PrimarySecondary Experimental

SludgeMixture Chamcteristics Data Model Experimental & Model
Component W1% dry basis W1% dry basis W1% dry, ash freebasis

C 41.06 46.83 52.11

H 5.67 6.46 7.19

@) 26.06 29.72 33.07

N 4.98 5.68 6.32

S 1.03 1.170 1.30

Ash 26.08 15.0

P 1.86 1.86

HHV Btu/Ib® 9,936

(a) Calculated by the Boie Equation: HHV (Btu/lb) = (151.2 C + 499.77 H +45473 O + 27 N)

*100 - 189.0.

22 FeedstoepmgpalPati on

Dewateringof sludge feedstocis necessaryo minimize capital and operating costs for the HTL
process.This section describes thguepment andissociated capitalecessaryo preparghesludge
slurry feedstock

Figure3 shows a simple diagm of the proposed feed preparatibeps. Sludges argjeneratedrom
theWWTPO s  p raid segongary treatment steps at 3% and &8kds content, respectively
Primary sludge and secondary sludgay be thickened separately before tasmixedas part of
normalWWTP operations.For this analysis, it is assumed tkiz¢ mixed sludge ismterceptedand
mechanically dewatered to the target solids contenb%%f. 2T his target is considered the maximthmat
is attainable with conventional dewatering technolagyle still enabling effective pumpintprough the
HTL system Secondary sludge typically more difficult to dewater than primary sludge because of
interstitial water contained in cell mass, therefore mixing the sludge prior to dewatering is likely to
produce the target solids content.

Dewatering of sludges and biosolids is cutlseparried out to varying degrees\&WTPs to
minimize costs for treatment, transport, and disposition. Common units for dewatering to a high solids
content arehecentrifuge belt filter pressandscrew press. Although dewatering equipment are likeely
already be present at tidN TP, capital forinvesting in a neveentrifuge is included in the analysos



account for situations in which the existidgwateringunit is toward the end of its life and/or is r@ot
large enough capiéy to handle raw sluges (e.g.in the case of replacing ADXChemical conditioning of
the secondary sludgeassumed to beequired to maximize dewaterimgficiency. Water soluble
polymers, or organic polyelectrolytes, are the most commonly used conditioning agentsHaniced
dewatering and act as flocculants that enhance solid/liquid separation in the Sladgbaoglous et al
2014. Cationic polyacrylamidés the backbone of maost polymer used in the indu3tchigbanoglous et
al. 2014. Polymers provide addeeibefit over inorganic conditioners by not addasito the sludge.

Polymer

Mixed Primary Dewatered Sludge
Secondary Slud /N to HTL >

Centrifug

Centrate Return to Headworks

Figure 3. Process flow forlarry feed preparatian

The @pital cost for theentrifugeis based ora vendor budgetangstimate The installed equipment
cost for thecentrifugeis $1.4 million (2014 $)for 30,000 gal/hr feed capacityndividual plants have
differing configurations and therefore slight modifications to capital investmerdardting costare to
be expectedAlso, certain configurationsf biological treatment, such as the use of membrane
bioreactors in lieu of the conventional activated sludge prooefise use of nutrient removahake
sludge that is difficult to dewatéfchobanoglous et 22014). Centrifugation of anixture ofprimary
sludgeWAS of 2-4% solids contentyith added polymer at-56 Ib/dry ton dry solidds expected to
achieve25-35% solidscontent in the produ¢Stubbart et al2006).

23 Hydr ot her mal Liqguefaction

Themain process steps in thRE L section ofthe plantare shown inFigure4. The base case plant
processes 100 dry tons per day of sludblee modeledprocesss largely based on previoasnceptual
designgor wood HTL and algae HT[Knorr et al.2013; Jonest al.2014). The 25% solidsground
slurry feedis pumped to 290-3000psia and then preheated to 35¢288C) in two doublepipe heat
exchangers in series using hfram thereactor liquidproduct(biocrude/aqueousixture). High-
pressure pumping of biomass slurries tidg been demonstrated at bench and smaller pilot scale
however,t is generally thought to be more easily accomplished at large scale (Elliott BXrgj)in et
al. (2012) indicated that pumping a 15% solids wood slurry at HTL pressures is viable witiecoat
off-the-shelf equipmentsuch as a twiscrew feeder/piston pump type of systedtudge is more easily
pumpable than wood slurry and therefore should be possibbala and ahe higher feed solids
assumed in this analysié fired heatemwith hot oil systems used tdring the pressurizedeedup to the
reactor temperature 666°F (347°C) and provide reactor heaDff-gas from the react@ong with
purchasecdhatural gas are burnédthe fired heateto providethis heat Scrubbing of theff-gas may be
required, depending on local permit requiremeigsproximately 20% of the heat is provided by the
HTL off-gas, which is composed of 9286, and 8% G-Cs gasseps
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The heated pressurizstiirry is fed to the HTL reactor where the contenéscanverted to aarganic
biocrude phase, aqueous phassglids andand a small amount glases.Water at subcritical
conditionshas amuchlower dielectric constardindhigher ion producthan water at normal conditions
andtherefore providea readbn medium with improved solvent and catalytic propeiigbott 2011;
Elliott 2015. TheHTL chemistry is complicatedhoweverthe generateaction pathwaysan be put into
three basic categoriet) depolymerization of the biomass components, 2) dposition of biomass
monomers by cleavage, dehydration, decarboxylization and deamination, and 3) recombination of
reactive fragments (Toat al 2012). The biocruddrom sludges similar to biocrude from algae HTL
andcomprises a mixture datty acids,amides, ketones, hydrocarbopfienolsalcohols and other
components

The HTL reactor effluent is fed to a hot filter where solids are remoVkd.solidsstream consists of
60-70% waterash char, and low levels of organics from the aqueous phaséiacdude phaseThe
biocrude tends to adhere to the solid particles and therefore the amount lost to the solidsugepethds
ash content in the feedhe mass balandeom testing indicatethat the solid phase frotastingof
Detroit sludge (20% faksolids and 26% askpntained D% of the total produced biocrude. It is
estimatedhatabout half of this biocrude can be recovatedugh further work on improved separations
methods The solids arassumed to bdisposed of in a landfillSolids fom experimental HTL testing
were analyzed fdnazardous metatsontent with the toxicity characteristic leachimggedure (TCLP)
and determined to hinder the federal regulatory limit§Vhile these rest indicatethat HTL solids are
northazardousthe metals content will depend on the incoming sludge composition and therefore TCLP
testing would need to be performedeathplant and probably on a periodic basiv¢oify that the solids
can be landfilled Metals tested include arsenic, barium, cadmichromium, copper, lead, mercury,
nickel, selenium, silver, and zinc (s&ppendix B. An attractive alternative to landfilling is to recover
value from the HTL solids, either in the formag#paratautrients(e.g., phospbrus)or a combined
fertilizer product. Further work is needed to explore the technical and economical feasibility of this
option.

After solids separatiorthe remainindiocrudeaqueousgasmixture iscooled to 14€F (60°C),
reduced to 30 psiand sparatedn a threephase separatoil he biocruderoductis stored andhen
shipped to a centralized upgrading facility where biocru@dsssimed to beollected from multiple HTL
plants in the areaThe aqueous streamvhich containeffluentwater,anyremainingsoluble organics,
ammoniaand metal saltss routed taheHTL aqueous phase treatment sectiothefplant(see section
2.4).
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Figure 4. Process flow for sludgeTL.

2.3.1 Sludge HTL Design Basis

Table5 showsthe experimental testing conditions and product results fgrthery/secondary
sludgeandthe modeled parameteusedfor thegoal case desigrThe expemental data were collected
from P N N Lb&rgh scale systesimilar to previous stlies(Elliott et al.2013;Marrone2016).

Biocrude yield and feed solids content en@ortantcost driverghat can be improved with further
research.As such, these parameters have been improved for the goal case relative to the experimental
results, vith values the experimental team expects can be realized with further re&tiththere are
potentially thousands of individual compounds present in the biocrude, a simplified list of chemical
compounds is used in the process model. This analysisiasghe same set of compounusdeledn

the previous analysis for algae HTL and biocrude upgrading (&b¢2014) as listed iPAppendix C

This is a reasonable assumption, as biocrude from wastewater sludge ha®tadio sie similar in
composition to biocrude from algae (Jareisal.2017).
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Table 5. SludgeHTL experimental results and model assumptions

Aspen Model
Experimental Results ~ Assumptia (Goal

Operating Conditions and Results (WWO06 SS2) Case)
Temperature, °F (°C) 656 (347) 656 (347)
Pressure, psigMPa) 2979 (20.5) 2979 (20.5)
Feed solids, wt%

Ash included 20% 25%

Ash-free basis 15% 21%
LHSV, vol./h per vol. reactor 3.6 Hybrid CSTRPFRY 6 PFR
Equivalent residence time, minutes 17 10
Product yield® (dry, ash free sludge),
wit%

0]] 44% 48%

Agueous 31% 25%

Gas 16% 16%

Solids 9% 11%

HTL dry oil analysis, wt%

C 78.5% 78.3%

H 10.7% 108%

@] 4.7% 4.8%

N 4.8% 4.9%

S 1.2% 1.2%

P 0.0 Not modele?

Ash 0.06% 0.0%
HTL dry oil H:C Ratio 1.6 1.6
HTL oil dry HHV, Btu/lb (MJ/kg) 17,000(39.5© 17,100(39.7)
HTL oil moisture, wt% 4.4 wt% 4.0 wt%
HTL oil wet density 0.98 0.98
Aqueous phase COD (mg/L) 61,300 61,100
Aqueous phase densifg/ml) 1.0 0.98 Aspen est.

(8) Recovered fter separations

(b) Phosphorus partitioning is not directly modeled in Aspen because of the small quan
mostof which reports to the solid phase

(c) Calculatedusinpoi ebs equat.ion (Boie 1953)

(d) Theexperimentabystemincludesa continuous flow stirreteink reactor (CSTR) followec
by a plugflow reactor (PFR) The CSTR helps prevent overheating of the feed.

2.3.2 HTL Capital Costs

The HTLsection capitatosts arg@rimarily based orestimategleveloped by Knoret al.(2013)for a
wood HTL system under the National Advanced Biofuels Consortium (NA&E)scaled to theateof
the sludge HTL plantMajor equipment costs adaptiedm the NABC workincludethe feed/product
exchangers, trim preheater, hot oil system, solidsr fiind oil/water separatoDue to the corrosive
nature of the HTlenvironmentstainless steel 316is selected for proceggjuipmentThe experimental
HTL system is constructed of stainless steelBI@&ith the exception of the CSTR, which is Inconel
for which no measurablcorrosion has been detected dutexjing of sludges. In addition, materials of
contruction testing, including systematic&i coupon testing, isitu coupon testing, and destructive
evaluation of system components indéchto measurable corrosion of stainless stdélL coupons
during 1000 hours exposure timé&eed/product heat exchange is modeled using two dijxetype
exchangers iseries Attempts to obtain budgetary estimates for these exchangers were unsiiecessf
therefore capital costwescaled on estimates provided by Knorr et al. (20T8)e feed/product
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exchanger areageadjustecbased ora more optimistiheattransferratethat is thought to be attainable
for the goal caseThe heat transfer cdefient is dependent on thghysicalproperties of the sludge (e.qg.,
viscosity, heat capacity, density) as well as flow properties (Bpg diameterine velocity). Testingof
the PNNLbench scaléubein-tube heat exchangbas showran overall heatransfer coefficient (Ubf

50 Btu/hr/ft?/°F for heatinga 15% wood slurrfrom 77°F to 549°F 25-287°Q with hot oil. Thegeneral
trend in viscosity among feedstock slurrggsimilar solids contertitas been observaa PNNL testingas
algae<sludgewoodand therefor@a higherheat ratés expectedor sludgecompare tavood. In addition,
sludgeviscosityshould decrease with shear rate andsequentlgcaled up systems should provide for
higher heat rateswith higher line velocities and higher ReydsINumbers,maoverall U of 100
Btu/hr/ft?°F for the combined feed/product exchangsrsonsideredchievablén the goakase
timeframe. Further work is needed ttharacterizehe rheology of the sludgs relevant line velocities
and temperature raag investigate configurations/strategies for improgadigeheating evaluate the
effect of fouling on the heat transfer coefficiand ultimatelydemonstrat¢he achievablbeatexchange
rate at largethan benclscale.

The HTL reactor is a jacketedrpentine pipe with heating oil in the annular space, similar to a
doublepipe heat exchanger. To minimize pressure drop, a configuration of two reactors in parallel is
assumegdsimilar to the design in Knorr et. 42013) The developed parameters fack reactor are
listed inTable6. ACCE was used to estimate the equipment cost of a fully jacketed pipe with elbow
fittings for the reactorBased on the PNNL experimental runs to dategihjacket is recommended to
minimize heat lossesver the length of the reactofhe reactor design in Knorr et al. (2013) also
assumed a serpentine pipe type reactor, but without an oil jatiketefore, the capital estimate
presented in this analysis is slightly more expensive thanrber esign

Table 6. HTL reactor specifications

Spec Value Spec Value
Feed Rate, Ib/hr (gal/hr) 18,300(2,100 Overall Length, ft 530
LHSV, hr1 6 Line velocity, ft/min 53
Reactor Volume, gal 350 Surface Area, ft 550
InsidePipe Diameter, inch 4 U, Btu/hr/fe/°F 154 (Knorret al.2013)
Pipe Thickness, inch 0.67 Q, mmBtu/hr 24
Pipe Material SS316 Pipe section length, ft 25
Pipe Schedule XXH Number of pipe sections 21

Note: Two of the specified reactors are used in pakddir the process.

The capital costor each of the major process componerithe HTL section are given ifiable?.
Individual equipment costs as well as scaling assumptions and installatiors fean be found in
Appendix B

14



Table 7. Sludge HTLcapital costs

Purchased Installed,
million USD million USD
Item (2014) (2014) Source
HTL Reactor System: Pumps, heat $567 $1134 Knorr et al.2013; ACCE
integration, HTL reactor, knockout drums (reactor)
Phase separation $0.47 $112 ACCE (product coolers);
Knorr et al.2013
(separators)
Hot oil system for reactor and trim heater $0.48 $064 Knorr et al.2013
Total $6.6 $131

24 HTL AqueoudSr eaament

2.4.1 Aqueous Treatment Design Basis

After separation from the biocrugeoduct theHTL aqueous phase isutedback to theVWTPS s
treatment train Table8 lists themeasured HTL aqueous phasmstituentoncentrationgrom the
experimental run with Btroit sludge.While the organic and ammonia levels in the HTL water are high
relative to a typicaWWTP influent, the overall volume is small.able9 provides a comparison of the
component loadings from th€TL water versus thaverageVWTP headworkgcalculated for 100 MGD
at concentrations fromchobanoglougt al. (2014) Asshown inTable9, the HTL water contribute8%
and 18% of the BOD and ammonia load toWA&/TP, respectively. Therganic caitent, which is
essentially all dissolvedyould likely be processedithoutissueby theactivated sludgerocess (note
that the extra aerating power required is included in the analyig) high ammonigon the other hand
could cause problena someplants, such axicity impacts and/or pass through to YW&VTP6 s
discharge to the environmerignificantly highphosphate levelsay also pose a problenSomeplants
may be able to recycled¢HTL aqueoustream directlypack to primary or secondateatmentvithout
pretreatment Othersparticularly those that are already near their permitted effhiogen and/or
phosphoruéimit and/or do not already have an enhancettientremoval step in the main treatment
train, might have to treat thistream to reduce loads on the plant. In any daiseanticipated that
effluent limitswill become increasingly stringent andtrientrecovery willbecome mor@mportant for
WWTPs in the future Therefore, a a consrvative measurdreatment of th&lTL water is included in
the design
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Table 8. HTL aqueous phase constituent analysis from experimental run

Constituent mg/L®
BOD@ 22,900
COD 61,300
CODs Not measured
TOC (total organic carbon) 20,550
Total Carbon 24,700
TKN® (total Keldahl nitrogen) 7,670
TSS (total suspended solids) Not measured
Nitrogen (total) 7,700
Free ammonidNitrogen 4,900
Calcium <1
Phosphorus (total) 11
Potassium 280
Sodium 140
Sulfur 461
Silicon 294
Chloride 280
Nitrate 36
Phosphat <10
Sulfate 196
Alkalinity as CaCO3, tot&P 15,700
Dissolved Organics
Acetic Acid 5,450
Acetone 1,090
Ethanol 240
Methanol 6,870
P-Cresol 1,170
Propanoic acid 2,040
Phenolics, total recoveralfie 69
pH 7.8

(a) Detroit sludge; WW06 SS2 (20% slids feed; LHSV=4r?)
(b) Detroit sludge; WW06 (composite of LHSV ar! and 4hr?)
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Table 9. Comparison oHTL effluentwater andVWTP headworksomponenflows.

Contribution of

Untreated WWTP HTL Effluent water

Headworks HTL Aqueous to Headworks
Wastewater Phase Effluen Loadings(%)

Flow Rate for 100 MGD WWTP, gal/min 69,444 67 0.2%
Constituent Ib/day® Ib/day % Contribution
BOD@ 166,907 16,512 9%
COD 423,945 44,200 9%
CODs 147,713 Not measured Not measured
TOC (total organic carbon) 136,864 14,817 10%
Total Carbon Not listed 17,810 Not listed
TKN®©@ (total Keldahl nitrogen) 29,209 5,530 16%
TSS (total suspended solids) 162,735 Not measured Not measured
Nitrogen (total) 29,209 5,552 16%

Free ammoniditrogen 16,691 3,533 17%
Calcium Not listed <0.7 Not listed
Phosphorus (total) 4,673 8 0.2%
Potassium 13,353 202 1.5%
Sodium Not listed 101 Not listed
Sulfur Not listed 332 Not listed
Silicon Not listed 212 Not listed
Chloride 49,238 202 0.4%
Nitrate 0 26 100%
Phosphate 653 <7 1%
Sulfate 30,043 141 0.5%
Alkalinity as CaCO3, tot&) Not listed 11,320 Not listed

(a) UsingTable8 data and ssumingl00 dry ton/day sludgie generated
(b) Based on concentrations givenTiohobanotpus et al2014

Possiblgreatmenoptionsfor ammoniaremoval from the HTL aqueous streamludephysical
methods such as ammonia strippingmembranesas well adiological methods An air stripping
system was selected for the design as this ojmiwvell establisheénd reliabldor lowering the
ammonia content of wastewater (EPA 20083 shown inFigure5, theHTL aqueousstream is initially
treated with limgCaO)to raise the pHo 11and shift the NEINH4" equilibrium to the gas phasé.ime
treatment causes Cag@nd CaP®to precipitate ands therefore effective for removing phosphate
present. Ater clarification of precipitate€€aCQ and CaP@ theeffluent water containing dissolved
ammoniagasis contactd with an air stream in a packed towdreretheammonia gass stripped from
the wastewaterPreliminary modeling indicates thair stripping will also remove volatile oxygenates
(e.g., ethanol, acetone, acetic acid, butainoljp the wastewateat leves thatare likelytoo highto
recover anarketable ammonia productherefore, themmonidair stream is treated with thermal
oxidationunit (THROX) where ammonia and organics are catalytically combustig CO, and HO
and released to the atmospher
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A membrane systeind biologicabased methodsere alseexaminedas possible options for
ammonia removal from thdTL aqueous streamit is possible a membrane system could be used to
recoversaleableammonia byproducbutthe efficacy of anembrae is highly uncertain afouling from
precipitated saltdollowing pH adjustmenjtis a significant risk Biological treatmensystems for the
anaerobioxidation of ammonim (anammoxjn WWTP sidestreambave been installed at several
facilities intheU.S. andEuropeWWTP (Pugh2015. Preliminarydiscussions wh vendordgndicate that
a hybridsystem consisting of aanaerobidlanket ancanammoxLu et al. 2016)s a plausibleoption
However, thisoptiondoes not allow fonutrient productecovery 8 ammonia is oxidized to nitrogen gas
in the biological processRecovery of a nitrogeproductpure enough to be salealdl likely require
removalof the organics prior ttheammonia recovergtep For example, atalytic hydrothermal
gasificatbn (CHG), whichcan be used toonvertorganicsn wastewateto methandJones et al. 2014)
could be coupled with air stripping or a membrane system to recgugeammoniabyproduct.

Thermal
Oxidizer
Natural gas
Quicklim Air N2, H20
(CaQ .
Stripper
Lime <
HTL Aqueous softening& —»—Q
clarifier

l Air
CaP@, CaCQ Treated Water
To Headwork

Figure 5. Pracess flow foHTL aqueous phase treatment.

Table1l0summarizes some @antages and disadvantagé&ach treatment method considered for
this initial technology screeningNote that this list is not intended to be comprehensis¢here are
likely other possible treatment options that could not be included in this initial scrediageatment
scheme usingmmonia strippings preliminary and as such, further experimental testing and analysis is
needed to test its feasibilignd to determine the most appropriatel economicateatment option for
the HTL aqueous phasé@dditional work isalsoneeded to determine tlogerallimpactof recycling the
HTL water on theVWTP. For example, there may be components other than aiartiat could build
up in the HTL water and at the least, require a purge.
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Table 10. Possible HTL wateammonia removal/recovery optians

Option Pros Cons

No Treatmenf{direct recycle Little/no cost May cause WWTP diffient nitrogen level to

to WWTP) increase.

NH3 Stripping Conventional technology;  Organics in NH stream may be too high for saleak
Potential recovery of NH product; destruction of NHs expensive and GHG
byproduct intensive; Does not remove other nitrogen.

Membrane Off-the-shelf; Potential Potential membrane fouling with organics and/or
recovery of NHbyproduct;  suspended solids; Organics in Néfream may be
Simple system; small too high for saleable product; Does not remove ot
footprint nitrogen.

Biological (Anammox or Fairly well-established for ~ Additional biological operations and associated

Nitrification-Denitrification) WWTP AD centrate potential for upsetdylay require methanol (for
treatment nitrification-denitrification;No option for product

recovery (produces Nyas).

2.4.2 Agueous Treatment Capital Costs

A separatgpreliminarymodel for the aqueous phase treatnsemtionwas developedi t h Aspends
electrolyte package to enable more accurate prediction of diquerements for pH adjustmesmdget
initial estimates focapital and operating cost€apital costs fothe lime softeningair stripping, and
thermal oxidatiorequipment were estimated wtlCCE. Table11 shows the purchased and installed
cost for the comple treatment process.

Table 11. HTL aqueous phasenmonia removal system capitalsts

Purchasedmillion Installed million

Equipment USD (2014) USD (2014) Source
Lime softening and clarification $0.43 $1.04 ACCE, v. 8.8
Air stripping $0.63 $151 ACCEVv. 8.8
Thermal oxidation $0.2 $0.53 ACCE, v. 8.8
Total $13 $3.1

25 Centrali zedpBiradn mdye

The HTLbiocruderequires catalytic processing to remove oxygen, nitrogeasulfur before it can
be used as fuel blendstocRiocruce produced from multiple plants withirgaographical area is
collected at a centréécility where itis hydroprocessed and finishedo fuel products.The upgrading
plant is assumed to proce&sg00BPSD of biocrude, which is equivalent to thepuitoftenHTL
facilities, each processing 110 dry ton/day sludflee upgrading plant flow diagramstown inFigure
6 andbased orthatmodekdin Jones et a(2014). Prior to upgrading, desalting processmilar to that
used in a petroleum refinery is usede@move inorganic components from the biocrude to prevent
deactivation of the hydrotreating catalysSthe biocrudes thenpumped to ~150@sig mixed with
compressed hydrogen, and preheated to the hydrotreatarnesmeperature ot 750 F (400°C).
Hydrogen is produced onsite via steam reforming optibeesff-gas andadditionalpurchased natural
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gas(seeSection2.5.3. A guard bedlirectly upstream of the hydrotreater is usedemovesolubleiron

that may be present in the biocruda.contrast to algae HTL biocrudéafvis et al. 2006 no solubilized

iron complexesvere observeth the sludge HTL biocrudandthereforea filter may be sufficient for

mineral removal iieu of a guard bedh the future However, there may be other mineral compounds
present that are unlikely to lbaptureddy a filter. Furthemvestigation's needed in this arda verify

effective biocrude cleanup strategid3uring the hydrotreating procedsocrude oxygen is converted to

CO, and water, nitrogen is converted to ammonia, and sulfur is converted to hydrogen Jiléde.

resulting hydrocarbon product consists of a mixture of paraffins, olefins, naphthenes and aromatics that
lie within the gaseline, jet and diesel boiling range$he hydrotreatereactor effluent is cooled to

condense therpduced water and hydrocarbons amel ¢rganic phass fractionated intdour boiling

point cuts: C4 minus, haphtha randeselrangeand heavy oitange material The heavycutis cracked

in a conventional hydrocracker to produce additional naphtha and diesel range pradumtsduct cut
analysis is not yet availablénsuilated distillation data are used to estimate the volumes of naphtha, diesel
andheavy oil boiling range materiallhe wastewater from the process is high in ammonia and therefore
will likely require treatment prior to sending to&MWTP. A strippingsystem similar to that described for
HTL water treatment is assumed for the upgrgdgiitant.

Makeup Compressor

G311
Hydrogen From 400

Biocrude Feed °
P-310
Hydrotreate
HX320@ R310 C

 k
)

Recycle Compressor
G310

H-311

PSA
» V-300

HP Flash
V-311

D><

Offgas to >
A350

To Water >
Treatment

LP Flash
V-315

Feed Product

HX318A Air Fin Condenser

ITo Gasoline >
Pool

Figure 6. Process flow foHTL biocrude hydrotreating

2.5.1 Biocrude Hydroprocessing Design Basis

Thedesign basis for hydrotreatimgpresenteth Table12. The expemental data was collected
from bench scale flow reactors at PNNL. The modgteal case assumes improved hydrotreated product
yield andreactorspacevelocity relative to that demonstrated in the testiBgsed on the experience of
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the experimental tegrnthese values are expected to be attainable within the time frame of the goal case

with further research and development

Table 12. Sludge biocrude hydrotreating experimental results and model assumptions

Experimental Model

Component (HT-6200560) (goalcase)
Temperature, °F (°C) 752 (400) 752 (400)
Pressure, psia 1540 1515
Catalyst CoMo/aluminaF CoMo/alumina
Sulfided? Yes Purchased presulfided
LHSV, vol./hour per vol. catalyst 0.18 0.50
WHSYV, wt./hr per wt. catalyst 0.29 0.81
HTL biocrude feed rate, il 5.6 Commercial scale
Total continuous run time, hours 302 (total run) Not applicable
Chemical H consumption, wt/wt HTL biocrude (wet) 0.0%6 0.04
Product yields, Ib/Ib dry biocrude (vol/vol wet biocrude)

Hydrotreded oiF 0.82 (0.99) 0.84 (0.97)

Aqueous phase 0.14 (0.13) 0.13 (0.19)

Gas 0.08 0.07
Product oil, wt%

C 85.68% 85.2%

H 14.6% 14.1%

O 1.0% 0.6%

N <0.032% 0.04%

S 7-10 ppm 0.0%
Aqueous carbon, wt% 0.10% 0.17%
Gas analysis, volume%

COo,, CO 0% 0%

CHs 51% 33%

Cot+ 49% 38%

NH3 Not measured 26%

NH4HS Not measured 3%

TAN, feed (product) 59 (<0.01) Not calculated
Viscosity@40 °C, cSt,

feed (product) 400 (2.7 Not calculated
Density@40 °C, g/ml

feed (product) 0.98 (0.79 0.98(0.79)

(a) Yield after phase separation

The hydrocarbon compounds used to modehtfizotreated product are similarttiose used for
previous algae HTL modeling (Jonetsal.2014) andarelisted inAppendix C Figure7 shows the
boiling point curves from simulated distillatioA$TM MethodD2887% for the hydrotreatedroduct
from experimentatestingand themodekd hydrotreated producActual distillation was also performed
on the hydrotreated produatéimatched well with the D2887 results
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Figure 7. Boiling pointdistribution(ASTM D2887)for hydrotreategroductfrom sludge biocrude

The heavy oifractionfrom hydrotreating is assumed to be hydrocracked into additiasalige and
diesel range fuelNo experimental data are yet available for hydrocracking of hydrotreated HTL
biocrudeso it is assumed that the heawtis processed similar to petroleum operationke
hydrocracking assumptions for the model are ginerablel3.

Table 13. Hydrocracking model assumptions.

Process Basis Assumptions
Hydrocracking heavier than ~ No experimental data, assumed to b H, chemical consumption:
diesé portion of hydrotreated similar to conentional hydrocrackers 0.004 wt/wt heavy oil
HTL biocrude LHSV=1

Product breakdown:
Gas (excluding excess} 3 wt%
Liquid fuels: 96 wt%
Aqueous: 1 wi%

Temperature734°F (390 °Q
Pressure: 186 psia

2.5.2 Biocrude Hydroprocessing Capital Costs

Tablel14 shows the capital costs for the hydrotreataf laydrocracker systems, whiahe based on a
review of conventional naphtha, diesel and kerosene hydrotreaters iahgaiih thdHS 2014Yearbook

and from PetroleurRefining Tecmology and Economics (Gary 2007.dditional cost details can be
found inAppendix B
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Table 14. Hydrotreater and hydrocrackeapital osts

Purchased, million Installed, million USD

Item or Area USD (2014) (2014) Source
Hydrotreater system {32BPSDfeed 21.1 33.6 IHS 2014
Hydrocracker systen1(020BPSDfeed 44 6.6 IHS 2014a

The costs spanned a broad range from simple naphtha hydrodesulfurization units;$tageilti
hydrocrackes. In addition to the reactor(s), each system at least includes recycle compressers, multi
stage flash systems and distillatiorhe hydrotreater system also includes cost of desalter and guard
bed. Costs for a generic hydrocracking system (20§i@)pvere chosen as the basis for hydrotreating and
hydrocracking. While these costs are generally applicable to HTL oil hydrotreating as they employ
similar temperatures and pressures, conventional refining space velocities tend to be higher. Reactor co
sensitivity is considered in SectidrD.

2.5.3 Hydrogen Generation Desigh and Cost Basis

The hydrogen plant is a conventional natural gas based steam reformer. Most ef#isfised to
fire the reformer.However, a portin of the offgas is compressed and mixed with makeup natural gas
which is then sent tolaydrodesulfurizer (HDS) unitFigure8 (Jones et ak014)shows the simplified
flow scheme for hydrogen generation by steam reforminguifral gagIHS 2014b; Meyers 2004H,A
2013 combined with the offjas streams from hydrotreating and hydrocracking. Hydrogen for the HDS
unit is supplied by the ofjas stream. The gas exiting the HDS unit is then mixed with superheated
steam and setihirough an adiabatic preformer to convert & compounds to methane prior to entering
the main steam reformer to produce syngess reduces the rate of coking in the main reformer. The
syngas hydrogen content is increased by high temperatureAtét.condensing out the water, the
hydrogen is purified by pressure swing adsorption (PSA)-gééffrom the PSA is recycled to the
reformer burners.
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Figure 8. Process flow for hydrogen producti(fmom Jones et ak014)

Saurated and superheated steams are generated by recuperating heat from the reformer exhaust and
coolingthe product from the water gas shift reactdhegeneratedteam is usenh the reformer andlso
to provideprocess heatncluding thedistillation column reboilers.

The design assumptions are showiatle15. Gibbs minimization reactors are used to model the pre
reforming, methane reforming and burner reactions. The reactor methane conversion of 80 mole %
matches that ported bylHS (2014b).

Table 15. Hydrogen plantmodel assumptions

Equipment Assumptions
Outlet temperature 925 F (496 C)
Prereformer Outlet pressure 429 psia
Steam/carbon ratio 3.5
Steam pressure 670 psia
Methane Reformer Outlet temperature 1562F (850 C)
Outlet pressure 399 psia
Bridge wall temperature 1800 F (982°C)
Burners . i
Pressure Slightly positive
Outlet temperature 568 F (300 C)
Shift Reactor Outlet pressure 388 psia
Approachto equilibrium 98%
PSA Hydrogen delivery pressure 376 psia
Hydrogen recovery 90%

Capital costs for hydrogen generation are taken frontHBePEP2014 Yearbook and scaled to the
necessary hydrogen production rate usingif&scale factor. Theqriipment includes a sulfur guard
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bed, prereformer, primary reformer with nickel catalyst, high temperature shift reactor, pressure swing
adsorption unit, waste heat recovery producing high pressure steam and all absotsate battery

limit equipment. Conventional steam reformer hydrogen plants range in scale from 1 to 100 million scf
of hydrogen per day. The hydrogen plant scale needed foethalized biocrude upgradipdant is at

the low end9 million scf per day. Theurchased capital andstalled capal cost for this plant i$14.2
million and$27.2million (in 2014 dollars)respectively Additional cost details can be found in

Appendix B

30 Process Economi cs

The process economic analysis involves fietednining the total capital investment (TCI), the
variable operating costs, and the fixed operating dostsach of the HTL and biocrude upgrading plants.
Discounted cash flow rate of return analysis is then used to determine the fuel productisingost
standard methodology used for all BE@6Esign casesThe summary economics and performance for the
HTL plant and the upgrading plant are presented in the following sectamsitivity analysis around
key technical and econaecrassumptions is prested in Sectiort.0.

31 Sl udge HTL Pl an

Tablel6 lists the feed anbiocrudeproduct flow rates for the sludge HTL playdal case

Table 16. Annual feed andiocrudeproduct rag¢s forthesludge HTL plant.

Stream Million gallons/year Million Ib/year
Dry sludge (15% asHeed N/A 73
Dry, ashfree sludgdeed N/A 62
Total slurry feed (25% solids) 33 290
HTL biocrudeproduct 38 30
HTL aqueous phase 25 9.4
HTL solids(dry) N/A 2000

3.1.1 Total Capital Investment

Tablel7 summarizes the costs presented in Se@ibffor the sludge HTL plargoal caséncluding
the balance of plant items such as the tank farm, flare and codbeg system.The HTL sectiorof the
plantcontributes 2% the totalinstalled capital
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Table 17. Total capital investment for sluddd¢TL plant

Cost ltem Million US Dollars (2014%)
Sludge dewatering 143
HTL biocrude produdbn 131
HTL aqueous phase treatment 3.09
Balance of plant 0.62
Total Installed Cost (TIC) 18.2
Buildings (4% of TIC) 0.73
Site developmen(tl0% of TIC) 182
Additional piping(4.5% of TIC) 0.73
Total Direct Costs (TDC) 21.5
IndirectCosts
Prorated expenses (10% TDC) 215
Home office & construction feg20% TDC) 4.30
Field expense€l0% TDC) 215
Project contingency10% TDC) 215
Startup and permitg 0% TDC) 215
Total Indirect 129
Fixed Capital Investment (FCI) 34.4
Working Capital(5% of FCI) 172
Land® 0.0
Total Capital Investment (TCI) 36.2

(a) Scaled on Dutta et al. 2011

3.1.2  Operating Costs

Variable operating costs and supporting assumptions for the sludge HTL plant are giable ir8.
The largest contributerto annual operating cost are quicklime for HTL aqueous phase ammonia
stripping, natural gas for the HTL procesztra aeration power needed for processing the recycled HTL
water ntheWWTP6 s b i ol o g istegaahd polymecartsumedfdr sludge dewatering
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Table 18 HTL plant variable operating costs

Total Cost (2014),

Variable Value Source million USD/year
Sludge Dewatering
Polymer $/lb (20139%) 1.73 City of Detroit 2014 0.33@
HTL Processing
Natural Gas$/1000 scf (20143%) 5.62 EIA 2014a 0.39
Electricity, ¢/kWh (20143$) 7.09 EIA 2014b 0.10
HTL Aqueous Phase Treatment
Quicklime, $/ton(2014$) 107 USGS2016 0.42
Natural gas (for THROX unit), $/1000 scf 5.62 EIA 2014a 0.18
(2014%)
Extra Aeration at WWTP

Electricity, kWh/lb COD removed 0.40 Wan et al2016 0.36
(assuming100% COD removal)

Total 1.78

(a) For a polymer dose of 10.5 Ib/dry ton secondary sludge.

Fixed costdor the HTL plantare shown iMable19. Salaries are taken from Dugtal.(2011) and
converted to a 2014 dollar basis using US Bureau of Labor Statistics labor cost indices. The factors for
benefits and maintenance, insurance and taxes are the standard assumptions useddesigk T@ses.

Table 19. HTL plant fixed operating costs

Total Cost (201X
Position Title Number million USD/year
Conversion Plant (unburdened)

Plant Manager 1 0.15
Plant Engineer 1 0.07
Maintenance Super 1 0.06
Lab Manager 1 0.06
Shift Supervisor 3 0.14
Lab Technician 1 0.04
Maintenance Tech 1 0.04
Shift Operators 4 0.19
Yard Employees 1 0.03
Clerks & Secretaries 1 0.04
Subtotal 0.81
Overhead & maintenance 90% d labor & supervision 0.73
Maintenance capital 3%of TIC 0.98
Insurance and taxes 0.7%of FCI 0.24
Total Other Fixed Costs 2.76
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3.1.3  Minimum Biocrude Selling Price

The minimum fuel selling price (MFSBJ the biocrude is determined using a discounted flagh
rate of return analysisThe MFSP is th@lant gateselling price of the fuel product that makes the net
present value of thprojectequal to zeravith a 10% discounted cash flow rate of return over a 30 year
plant life and 40% equity with the remaier debt financed at 8%téerest for a 10 year terrageTablel,
Sectionl.3). The resulting MFSP for the 100 dry ton/ddydge HTLplant is$2.35/ggebiocrude or
$2.53/gallon The modeled biocde has dower heating valu¢LHV) of 124990Btu/gal. ALHV of
116,090 Bu/gal (ANL 2016)is used to convert the heat value of the fuel products to a gasalioe g
equivalent basisTable20 shows the breakdown of costs cdlmtting to the MFSPf the biocrude This
MFSP correspatts toa revenue fronbiocrudesales of$9.6 million/year. Thepayback perioaf the
project, calculated as the fixed capital investment divided by the average annual cdBeftowet al.
2004) is 13 years at the assumed 10%ernalrate of retur{IRR). This payback period doemt
consider any avoided sludge disposal costs that would be incurred due to reduction of solids from HTL.
Figure9 shows the contribution @&ach section of the HTL platd the overall MFSP. e HTL section
of the plant constitute&2% of the production cosSensitivity analysis around key financial and
technical assumptions and their impact on the MFSP is presented in $e@tion

Table 20. Biocrude MFSRost breakdown

$/gge $lyear

biocrude (2014 USD)
Natural Gas 0.14 $600,000
Quicklime, Polymer 0.18 $800,000
Electricity 0.1 $500,000
Fixed Costs 0.68 $2,800,000
Capital Depreciabn 0.27 $1,100,000
Average Income Tax 0.16 $700,000
Average Return on Investmer 0.81 $3,300,000
Total 235
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32 Bi ocrlWwpdger adi ng Pl ant

Table21lists the feed and produftow rates for theeentralized sludge biocrude upgradfagility.

Theplantprocesses 230BPSD ofbiocrude feedfrom 10HTL plants)and produces 860BPSD of
diesel and gasoline blendstocks.

Table 21. Annual fed and product flows for centralizdxiocrude upgrading plaifprocessing biocrude
from 10HTL plants)

Stream Million galyear Million Ibs/year
Biocrude feed 37.9 296.2
Hydrotreated oil 36.6 242.6
Diesel blendstock 27.6(29.6 milli on gge/yea)® 183.8
Naphtha (gasoline blendstock) 9.2 (9.1 million gge'yean) @ 56.5

(a) Based oragasolineLHV of 116,090 Btu/gal ANL 2016.

3.2.1 Total Capital Investment

Table22 summarizes the costs presented in Se&iOior the sludge HTL biocrude upgrading plant
including the steam cycle and balance of plant items asitte tank farm, flare and cooling water
system. The hydrotreating section of the plant has the single highest instatiial cast.
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Table 22. Totalcapital investment fdbiocrude upgrading plant

Cost Item Million US Dollars (2014%)
Hydrotreating 33.6
Hydrocracking 6.6
Hydrogen plant 27.2
Steam cycle 16
Balance of plant 6.5
Total Installed Cost (TIC) 75.6
Buildings (4% of TIC) 3.0
Site developmentl0% of TIC) 76
Additional piping(4.5% of TIC) 18
Total Direct Costs (TDC) 87.9
Indirect Costs
Prorated expenses (10% TDC) 8.8
Home office & construction feg20% TDC) 17.6
Field expense€l0% TDC) 838
Project contingency10% TDC) 8.8
Startup and permitd 0% TDC) 8.8
Total Indirect 52.8
Fixed Capital Investment (FCI) 140.7
Working Capital(5% of FCI) 7.0
Land (6% of TPECY 2.7
Total Capital Investment (TCI) 150.4

(a) Total purchased equipment cost
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3.2.2 Operating Costs

Table23 andTable24 list the plant variable and fixedperating costs and supporting assumptions for
the biocrude upgradinfgcility. Biocrude cost is the large majority (95%) of the operating cost and
therefoe efforts aimed at reducirig production cost are critical to necng thefinal fuel MFSP

Table 23. Biocrudeupgrading plant variable opeirag costs

Total Cost
(2014), million
Variable Value Source USDl/year
Biocrude cost, $/gge (2014%) 2.42@  This analysis 99.9
Hydrotreating catalyst, $/lb (2@%$) 16.6 IHS 2014 0.40
(2 yearlife)
Hydrocracking catalyst, $/lb (2@%) 16.6 IHS 2014c 0.03
(5 yearlife)
Hydrogen plant catalyst, $/1000scf H 0.0205 [IHS2014b 0.06
(20143) (5 year life)
Natural gas, $/1000scf (28%) 5.62 EIA 2014a 2.79
Cooling tower chemical, # (2007) 1.36 Humbird et al. 2011 0.01
Boiler chemical, $/Ib (2007%) 2.27 Humbird et al. 2011 0.01
Electricity, #kWh (2014$%) 7.09 EIA 2014b 092
Water makeup, $n (2001$) 0.20 Humbird et al. 2011 0.06
Wastewater fee, ®in (2001$) 048 Peters et al. 2004 0.07
Total 104.2

(a) Includes 10 cents/gge cost for biocrude transgion to the refinery (Sheppard 2011)

Table 24. Biocrudeupgrading plant fixed operating costs

Total Cost (2014),
Position Title Number million USD/year

Conversion Plant (unburdened

Plant Manager 1 0.15
Plant Emgineer 1 0.07
Maintenance Super 1 0.06
Lab Manager 1 0.06
Shift Supervisor 3 0.14
Lab Technician 3 0.12
Maintenance Tech 6 0.24
Shift Operators 25 1.20
Yard Employees 4 0.11
Clerks & Secretaries 1 0.04
Subtotal 2.19
Overhead & maintenance 90% of labor & supervision 1.97
Maintenance capital 3%of TIC 4.05
Insurance and taxes 0.7%of FCI 0.9
Total Other Fixed Costs 9.18
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3.2.3  Minimum Fuel Selling Price

The MFSPfor the goal caseentralizedupgrading planis $346/gge fuel blendstockTable25
shows the breakdown of costs contributing toftled blendstockMFSP. Note that the cost of the
biocrude feed is given per gge of upgraded fuel, considering that 1.05 gge of biocrudiedstoerake
1 gge of upgraded fueFigure10shows the contribution of each section of tpgradingplantto the
overall MFSP.Again, the overriding impact of biocrude pricetbe fuel production prices evident.
Sensitiviy analysis around kefjnancial and technical assumpticensd theiimpact on the MFSB

presented in SectiohO.

Table 25. Upgradeduel blendstockviFSPcost breakdown

$/gge
final
fuel $lyear
BiocrudeFeed 258 $99,900,000
Natural Gas 0.07 $2,800,000
Catalysts & Chemicals 0.01 $500,000
Waste Disposal 0.002 $100,000
Electricity and other utilities 0.02 $1,000,000
Fixed Costs 0.4 $9,200,000
Capital Depreciation 0.0 $4,700,000
Average Incone Tax 0.07 $2,800,000
Average Return on Investment  0.46 $17,700,000
Total 3.46
$4.00
$3.46/gge
$3.50
M Balance of
g $3.00 Plant
E —
E E $2.50 M Hydrogen Plant
$3
T & $200
z g ® Hydrotreating/
E & 5150 Hydrocracking
E®
'é $1.00 M Biocrude Cost

$0.50

$0.00

MFSP Upgraded Fuel

Figure 10. Upgraded fugbroduction costor the goal case
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40 Economic and Technical Sensi

41 Sensitivity Analysis

Figurell shows the results of sensitivity analysis arotiredkeytechnical anadzconomic modeling
assumptions A wide range of plant scale 60to 950 dry ton/dayvasselected tancludethe largest
plants in thecountry. Collectively this size rangewers52% of the totaWWTP capacity represented in
the 2012CWNS datdEPA 2016§. Smaller sized plantsre noteconomicallyfeasibleunderconventional
equipment scaling assumptions for stimklt plants (i.e., the sixtkenths rule)howeverbiocrude
collection scenariosenterecaround largdVWTPs in densely populated regions could include smaller
plants while still meeting thgoalfuel MFSP, as explored in Sectidr2 As dudge management and
disposakurrentlyconstitues amajor expense to the wastewater industry, the impact of avsiddge
disposal cosffeedstock costis an important aspect of reflecting the current realitfy¥@¥TPs. In some
cases, the HTL plant would be owned by W/TP, in others by a privateompany. In the latter case,
theavoidedsludge disposalost may be in the form of a fee tNatWTPs would pay to théiTL
owner/operator that would allow sharing of the cost savegween the two partie\ rangeof $200/dry
ton credit(avoided costjo a $2%dry ton sludge costas asessefbr the sensitivity analysisBiocrude
yield andfeedsolids contentvere variechased on minimum values observed in experimental testing and
maximum values thought to lp@ssiblewith extensive research and dempinent The biocrude yield
will vary depending on the composition of the sludgenerally followinghe trend of
lipids>proteins>carbohydrates (Biller and Ross 20H8nce blending ofsludge withhightlipid waste
feedstocks such &0G fromWWTP skimming operationsnd animal rendering wastes could result in
significantly higher yields Note that lhere may be competition for these feedstocks in certain areas and
this aspect needs to be considered on an individual plant basis when deteproject easibiity.

Sludge ash content widllso varyconsiderablyirom plant to plant As a comparative examplash
contentof sludges provided by MetroVancouverthe LIFT study ranged from 7 to ¥&% (Marrone
2016), while the mixed sludge providbd the Gty of Detroitwas 26 wt%. We believe the Detroit
sludge to be on the upper end and MetroVancouver tm ee lower endf the spectrum and
accordingly a range 06-30% ash contentvasinvestigated. Note that the ash sensitivity only considers
changesn yield that areproportional to organic content addes noinclude possible influencex ash
content orHTL chemistry (e.g.catalytig or oil separations (e.g., biocruddhering to solids). There is
uncertainty regarding the amount of extra heahange capacitthat will beneeded due to fouling of the
sludge preheaters heoverall heat exchangepefficient (U) wa varied by50% to + 25% of the base
case value to illustrate the potential impact of this factor on cost.

As shown inFigurel2, variability in theplant scale has the greatest impact on MFSiBcrude
yield, sludge ash content and the overall heat transfer coefficient for the feed/product heat exchangers are
key technical parametetisat significanly affect productioncost as well.Consideration of avoided
sludge disposal cqstincertainty irHTL capital cost, anthe assumetRR used in the discounted cash
flow calculationsare key economic assumptiangpactingthe MFSP A 10% IRR is assumed for all
conversion pathway TEA i n BETO6 s p WWTIPH®U plard ownds may evanearhigher
project IRR.
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Plant Scale dry ton/day sludge (950: 110: 25) SRR RRITARARES
Biocrude Yield (AFDW) (60% : 48% : 30%) PRt
Avoided Disposal, $/dry ton (200: 0 : -25 (cost)) R RN

HTL Capital (-40% : base : + 40%) PSS o]

Internal Rate of Return, IRR (5%: 10% : 15%) NN
Sludge Ash Content: (5% : 15% : 30%) SR

Total Project Investment (-10% : base : +40%) PN

Heat Exchanger U, Btu/hr/ft2/°F: (125 : 100 : 50)
On-stream factor, %: (90 : 80)

Slurry Solids Content: (30% : 25%: 15%) 7
HTL Aqueous Direct Recycle to Headworks s
Indirect costs, % of TDC: (35 : 60) AN
Polymer cost, $/lb: (1.73 : 5.00) L’
No income tax (owned by POTW) R
HTL Reactor LHSV, hr-1: (8 : 6: 3) [ N

-$2.00 -$1.00 $0.00 $1.00 $2.00
Change from Base Case of $2.35/gge biocrude

Figure 11. Sensitivity analysis for sludge HTL plant

Figurellshows the sensitivity of finalpgraded fuel MFSP to several economic and technical
parameters for the biocrude upgradpignt model.Biocrudepricewasvaried widelyaccording tahe
approximata@angeseenfrom thevariableHTL plant scalén Figurell Upgrader fiant scale wasaried
from 1,000 to 5,000 BPSD final fuel. For plant scales above the base case, it is likely that a biocrude
supply draw radius larger than the base case of 100 miles would be necessary. A sensitivity case where
the biocrude is ugraded at an existing petroleum refinery (TCI=0) is also considé&gdhown, his
option could ptentially reduce the MFSP 8050/ gge. However, more work is needed to characterize
the processing needs lmbcrudeand the oxygen, nitrogen and sulfumits that could be tolerated in a
petroleum refinery.The hydptreated oil yield range shown represents the minimum observed in the
laboratory and the maximum thought to be achievable with the highest quality biottrods. be
possible to eliminate ¢hhydrocracker through the use of a specially designed hydrotreating catalyst that
also has cracking capabilitieln this case, the heavy reaa would be recycled to the reactor with a
small purge. This case is also included as a sensitiVitg. sesitivity analysis shows that biocrude price
has the greatest impact on upgrading production cost. Plant scale, upgrading at an existing refinery, and
hydrotreated oil yield significantly affect cost as wetlis important to note thabherento the success
of acentralized biocrude upgrader scenatie thecontractual arrangemerdadlogisticalcoordination
that would be requiredetween owners/operators of the HIMWTP plants and theegionalupgrading
plant
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Biocrude Cost, $/gge (1.00: 2.42: 4.50)* S IS

S

Z

Plant Scale, Fuel BPSD (5,000 : 2,647 : 1,000) s
Upgrade at an existing refinery (TCI=0) m

Internal Rate of Retumn, IRR (5%: 10% : 15%) RN R

HT Oil Yield, Ib/lb dry biocrude (0.88 : 0.85: 0.80)
Hydrotreater LHSV, hr-1 (0.75 : 0.5: 0.18)
Hydrotreater Capital (-40% : base : + 40%)
Biocrude shipping cost, $/gge: (0.05: 0.10: 0.15)

Project Contingency: (0% : 10% : 20%)

Catalyst life, yrs
(base: 0.5 yr Hydrotreat, 1 yr Hydrocrack)

Hydrocracker Capital (-40% : base : +40%)

t t } t } t } t |
-$1.60 -$1.10 -$0.60 -$0.10 $0.40 $0.90 $1.40 $1.90 S2.40
Change from Base Case of $3.46/gge
* Includes transport cost of 50.10/gge

Figure 12. Sensitivity analysis for biocrude upgrading plant.

42 Regi oReaslouamc&uel PoAralyais

As shown in the sensitivity analysis, plant scale is a key cost driver for the sludge biocrude
production cost. The base case ©@ tiry ton/day plant is appximately the minimuntHTL plantscale
that is feasible withiB E T C#3/gge target wheanly considerirg a singleNWTP size feeding an
upgradeiof 2,700BPSD fuel production capacity. Howeve¥WTPs larger than 10 dry ton/day can
produce biocrude cheapian the base case price of 3gge. In this way, blending biocrude from
smallerWWTPs with biocrude from the larged$fWTPs couldmaximize fuel production while still
meeting deasible average biocrude price for the upgrader.

Using the sludge produoh dataet published by Seiple et 8207 and the HTL and biocrude
upgrading plant cost production models, a siting analysis was performed to identify specific regions of the
country that could suppoupgradeduel production at or below $3.50/gg&his analysis is intended
provide an initial estimate of the general regions of interest rather than identify specific siting locations.

Siting was constrained to the 034 existingVWTPs ranging from @01 to 812 MGD influent flow
This was done ipart to simplify the siting model, but also becaWs&/TPs are highly spatially
distributed in the U.S. and large scale upgrader facilities are likely to be proximal to biocrude sources due
to transport costs and logistick.is assumed that ea®WTP hasits own HTL plant and could send its
biocrude to a central upgraderesitAn initial pool of 2,621 siting candidates was developed by
identifying all WWTPs capable of producing $3.50/gge fuel when aggregating biocrude within a travel
radius of 100 mileswithout considering resource competition from neighboring facilities. Although only
candidateV\WTPs could represent possible upgrader locations, resources frafi\&IPs were
considered during sitingSiting begins at the candidaipgrading plantocaion with the highest total
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fuel blendstockproduction potential. Resource competition is simulated by ensuring that&sck

can only participate in a single service territory. Within a given service territory, biocrude is
incrementally aggregated byigritizing neighbors by total biocrude rather than transport distance.
Aggregation continues until the fuel price limit can no longer be achieved. Unused neighbors remain
available for subsequent siting iterations, allowing service territories to owii@msuring resource

pools are mutually exclusive. After each siting, the total fuel production potentiatatcrdated for
remaining candidates using any remaining neighbors. As siting progresses, some viable candidates
become notviable as their eighbors are scavenged by higher priority candidates. Siting continues until
all candidates are either sited or no longer able to achieve the fuel price limit.

The results of thepgrading plansiting analysisare presented iRigure13. A total ofseven
centralized upgrading sites are feasible in the U.S. given a fuel price limit of $3.50iggéal,lthese
sites utilize 346 (13,000dry ton/day)of the totaldaily sludge feedstock the U.Sto generate
approximately 1.3million gallons/dayof fuel blendstock. A total 295WWTPs (24) were utilized
during siting. They ranged in size from 0.05 to 812 M®@Rstewatemfluent flow, with an average of
40 MGD. Only twofacilities had a flow rate less thd MGD. On averageandidate sitestilized 13%
(range 6 3-31%) of their avdable neighbors, but consumed 72% (range e92%) of available
biocrudeproducedwithin the service areaRegional bioarde aggregation increaskel blendstock
production outpuby 225%, ovethe 0.41million gallons/dayof fuel that could be produced a¥@WNTPs
capable of independently producing fuel at or below $3.50/gge.

Figure 13. Regional fuel production at $3.50/gge from sludge HTL and biocrude upgrading.
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