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An Update onSolid Grass Biomass Fuels in Vermont

Summary
This report documents recent testing involving the densification and combustion of solid, grass biomass
FdzSta Ay + avyltt O2YYSNDAIFIf o062AftSNI oonHIMAn . ¢! kK

made from Switchgrass, Miscanthus, Reed Canary, Mulcl® | YR &! 3 . A2Yl d84a¢é Kk CA S
as mixtures of these feedstocks with ground wood chips. Our findings were:

1. Onfarm, small scale densification of grass and agricultural biomass solid fuels via pucking is
feasible with a conversion (densifiaati) cost of $49148 per tonanda finished fuel cost in the
range of $85228 per ton ($5.2, 14.4 per million BTU).

2. Sustained, reliable combustion of densified grass and agricultural biomass solid fuels in a light
commercial boiler (EvoWorld HC100 BEsdgasiblewith 73-90%combustionefficiency and
with no ash fusion or clinker developmertonger, sustained overnight runs dasult insome
combustion chamber cloggingith ashand fuel residuevhich may be resolved with further
boiler tuning and clan out cycldiming adjustment

3. The test of the Ag Biomass / Field Residue fuel demonstrated feasibility at a current delivered
price of $214 per torf$13.2per million BTYsupporting gpotential payback period of 3.6 years
on the boiler. At higher production volume projecetgath to $85 per to ($5.2 per million BTY
and apotential payback period of 2.4 years

Background

The use of solid, densified cellulosic biomass fuels has been well demonstitttedood pellets in

residential and light commercial systems and wood chips in larger, often centralized systems. The Grass
Erergy Partnership of the Vermont Bioenergy Initiative has been exploring an alternative form of fuel;
INFaaSa8 RSYAAFASR AYy | ALISOAL f f R0RNRILyRLIOR { LINBRINSZC
pucks. Grass fuels may be produced on otherwise nrafagricultural land, sometimes in perennial

productionand even in buffer strips offering environmental benefftdditionally, fuel can be made by

densifying agricultural residue or biomass harvested from idle pasture or fidldshave referred to

this fuel ag¥Ag Biomass The testing summarizeid this report has demonstrated the technical and

economic feasibility of such fuels.

Earlier tests were done using pellets of various feedst@rkdch hay, reed canary grass, and switch
grassland combinations of feedstockmixed with wood)Sherman, 2011)This testing was done in a
Solagen boiler(500,000 BTU/hr) designed for wood pellets. Thmary findings of this work confirmed
reasonable heating value of the fuets]ativelyhigh ash content of the grass fuels (4.3%), different
combustion air and mixing requirements of the fuel with potential for fusion (clinkers), and relatively
highlevels of chlorine in the grass fuels which is suspettdextceleratecorrosion ofinternal appliance
surfaces.This report also noted that the challenges associated with high ash content and clinker
formation could be alleviated with appliance desigmsioerations such as automated ash removal and
a moving floor or cleanout cycle. Detailed emissions profiling was also conducted as parpadbthis
work.

A review of the potential for a grass energy industry in Vernmastalsobeenconducted earliefWilson
Engineering, 2014This wok focused on assessing several production and marketing models (Closed
Loop No Processing, Small ScaleFamim Processing, Regional Processing, Consumer Pellet Market). The
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report concluded that Small Scale ®arm Processing presents the greatest chalsrand that Closed
Loop No Processing would be the easiest to implement.

Thework covered byhe currentreport has demonstrated:

1. Onfarm, small scale densification of grass and agricultural biomass solid fuels via pucking is
feasible with a conversiofdensification) cost of $4248 per ton and a finished fuel cost in the
range of $85228 per ton ($5.2, 14.4 per million BTU).

2. Sustained, reliable combustion of densified grass and agricultural biomass solid fuels in a light
commercial boiler (EvoWorldC100 Eco) is feasible with-93% combustion efficiency, and
with no ash fusion or clinker development. Longer, sustained overnight runs did result in some
combustion chamber clogging with ash and fuel residue which may be resolved with further
boiler tuning and clean out cycle adjustment.

Methods
The following list of fuels were tested between 10/13 and 11/30/2015:
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The fuel was produced by Renewable Energy Resources (RER) using entatodensification

Y OKAYS 6daaf dz3 3 SNE (hies, asndaller ukit c&pSble @fdz0tlbihr thiraipgih and & O
larger machine capable of 4,000 Ib/hr throughput. Thus far, the main machine used has been the
smaller one due to the relatively low volume demand for the fuel from the market. For this tefieig
was made on the smaller unit in relatively small test batches given the number of different fuels being
made.

The feedstock was sourced from Meach Cove Trust (Shelburne, VT), a farm that has been active in
research and demonstration of solid biomdssls from perennial grasses. Meach Cove Trust also
hosted the combustion testing of these fuels in their EvoWorld HC100 Eco boiler. This boiler allows a
high degree of fuel feed rate and combustion air tuning and also incorporates automated combustion
floor cleaning and ash removalue to schedule and budget limitations, the combustion testing was
also combined with basic tuning. This tuning mainly focused on fuel feed rates and combustion air
settings with the goal of minimizingarbon monoxide (C@nd smoke number and maximizing
combustion efficiency.

Each feedstock and feedstock combinat{oe. mixes with woodhoted in the list above was densified
in batches of approximately 700 Ibs by RER and stored in %2 ton sling bags with an average of 14 %wt
moisture content.
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The fuels were measured into 5 gal buckets, weighed and fed to the boiler via the primary feed auger
during a timed combustion tesasting generally one houDuring the combustion testing, the heat
distribution system was isolated drdepowered so that only the water contained in the boiler and the
storage tank would be heated (aside from heat loA$)he start of each test, the temperature of the
boiler and the top and bottom of the hot water storage tank were noted. Heat wasvethfsom the

hot water storage tank as needed to allow for a full test run using a hydronic unit heater and forcing a
call for heat. By measuring the temperature change of the boiler and tank water volume and the
amount of fuel fed to the boiler over a rsured period of time thénput and output heat rates were
determined allowing an estimate of groggermalefficiency. A combustion analyzer §Mer A500) was
used to measure exhaust oxygen,(@, carbon monoxide (C®PN), nitrogen oxide (NOPPN), sufur
dioxide (S@ PPN, and stack temperatur€l). Carbon dioxide (@9 is calculated by the combustion
analyzer based on the fuel used and the measurement of oxygen. Additionally, smoke number was
obtained using a standard hand pump and filter pap8moke numbers were determined by a single
observer for consistency.

A sample of each fuel used in this testing was sent for analysis to Twin Ports Testing, Inc. (Superior, WI).
The fuels were analyzed for moisture content, ash content, calorifie\akating value), carbon,
hydrogen, nitrogen, oxygen, sulfur, $@nd chlorine.

Results

Feedstock Densification / Making Fuel Pucks

Fuel production was variably successful. Each fuel could be densified, but the process was not able to
be optimized in tle time allowed for this test period. Some of the fuels included a high proportion of
chaff or loose feedstock and others included very dense and large pucks that were not able to be fed
into the boiler. Occasionally smalléienserpucks were found to bkk the feed mechanism and result

in a shutdown of the boiler. Future work on optimizing the fuel production process (mixing and mix
moisture content control, densifier rate/pressure/temperatuaejustmen), including fuel quality

control processes and e filtering or screening fuel as it enters the boiler fuel bin and feed system
would likely resolve these issues.

Combustion Tests
Each of the fuels made were successfully combustdtkre were no fuel mixes that did not combust
and heat the water systersuccessfullyThe following observations were made during these tests.

f Nocclinkerg 2NJ of 201 & 2 Werdatser8dd durirg Eis tesfirghefbdisr
cleaning system successfully cleared ash and residual fuel between tests.

1 Combustion efficiencwas in therangeof 73-90% This is a measure of how well the boiler
converts fuel energy into hot water, i.e. how much energy is removed from the combustion
products vs. how much fuel was burnddata inTablel is averaged for each run.

1 System thermal efficienayas in therange 7085% This is a measure of how the fuel, boiler and
tank work together with the heat distribution system isolateéd, how much energy was put
into the tank vshow much fuel was burned

1 CO levels (PPM) range: 87 (100% Miscanthd8)l (100% Switchgrass). All uncorrected PPM.

1 Smoke levels (colorimetric pull oR%0scale): 4.0 (100% Miscanthu®)5 (100% Switchgras
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1 Switchgrass and Reed Canary provided the greatest qualitative chall@spesially the 100%
samples Switchgrass pucks tended to either have high chaff or were too dense. Reed Canary
wasrelatively challengingp combustwell.

1 Miscanthus and Ag Biaass / Field Residueere the easiest tacombustwell. The Ag Biomass /
Field Residue wasourcedfrom an abandoned pasture that was full of goldenrod, chicory,
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was to test a noantentional cropthat results from land maintenance activitias a lowcost

option for increased adoption with potential secondary benefits (open space management,
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nutrient manageme
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Summary data for each fuel tested is pawnd inTablel where the data are generally average results
from test points toward the end of each 1 hour ritigher efficiency figures were noted several times
during testing, approaching 90%. Additional appliance tuairey longeruns would likely allow for

sustained operation at such higher efficiencies.

Exhaust Gas Measurements Combustion
Efficiency
Stack Temg Oxygen CO NO S02 Smoke # %

Fuel F % ppm ppm ppm
Wood Pellets 386 9.539 365 69 1 >9.0 8294
100% SG Pucks 354 13.209 143 107, 0 6.7 79%
50% SG / 50% Wood Pucks 258 17.709 215 58 0 8.5 73%
100% Reed Canary Pucks 347 14.609 184 107, 0 7.0 75%
50% RC / 50% Wood Pucks 345 14.179 153 123 0 6.0 77%
100% Miscanthus Pucks 347 14.009 58 64 0 4.5 78%
50% Miscan. / 50% Wood Pucks 322 16.059 125 70 0 6.0 74%
100% Mulch Hay Pucks 374 13.279 206 122 0 5.3 T77%
50% MH / 50% Wood Pucks 314 16.139 219 89 3 6.0 74%
100% Ag Biomass / Field Residue 374 13.279 206 122 0 5.3 77%

Tablel - Summary of combugin test results. Typicallihese data aren average of thre readings toward the end of a one
hour test runThis is ot representative of optimized performandmut rather of an initial feasibility trial

Fuel Analysis

The results of the fuednalyses are presented irable2. The energy density of the maiaddstocks (all
100% biomass fuels without wood) waimilar to pellets on a weight basis which is to be expected
(mean of 8,086 BTU/Ib dryJhe chlorine content (mean of 1,402 mg/kg) is similagddierresults

(mean of 864 pm, ppm is approximately mig), with oneexception. TheAg Biomass / FieldeRidue
wasrelativelylow in chlorine (227 mg/kg). Wood pellets wergalyzed previously and found to has2

ppm Chlorine(Sherman, 2011)The concern over Chlorine in biomass fuels is that it and other halogens
will accelerate corrosion of combustion and heat transfer surfaces. We did not observe this in our
testing, albeit short in duratiomAsh content of the main feedstocks (all 100% biomass fuels without
wood) averaged 5.26% (dry) compared to 5.37% (dry) fsmvous work(Sherman, 2011)This is §ll
relatively highcompared to wood pelletdyut with autamated removal and cleanout on startup, less of

achallenge

ol
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Summary Stats Switchgrass Miscanthus Reed Canary Mulch Hay Ag Biomass
Key Min Avg Avg |[Std Dey Max 100 SG | 50/50 SG/WO 100 MSC 50/50 100RC |50/50RC/WD 100 MH  |50/50 MH/WD| 100 ABM
Main MSC/WD

Form 2" Puck 2" Puck 2" Puck 2" Puck 2" Puck 2" Puck 2" Puck 2" Puck 2" Puck
Description 100% 50% 100% 50% 100% Reed| 50% Reed | 100% Mulch| 50% Mulch 100% Ag

Switchgrass| Switchgrass| Miscanthus | Miscanthus | Canary Grasy Canary Gras Hay Hay with 509 Biomass

with 50% with 50% with 50% Wood (Field
Wood Wood Wood Residue)

Moisture 10.23 1399 1245 256 17.27 15.22 17.27 13.61 16.53 10.7€G 14.27 10.23 16.76 12.54wt%
Ash 3.32 5.26 4.95 1.36 7.20 3.31 3.32 3.45 5.22 7.20 6.98 6.11 5.12 4.69wt% (dry)
Gross Calorific Valug 7,898 8,073 8,086 143 8,344 8,353 8,344 8,105 8,07¢ 7,898 7,900 7,952 8,18C 8,123BTU/Ib (dry)
Carbon 39.2] 40.25 4111 0.9¢ 41.45 41.15 39.85 41.08 39.22 40.69 39.21 41.18 39.29 41.45wt% (dry)
Hydrogen 475 495 506 015 517 4.92 4.81 5.06 4.78 5.10 4.88 5.17 4.75 5.06wt% (dry)
Nitrogen 026 061 066 022 0.90 0.33 0.33 <0.17% 0.26 0.70 0.83 0.90 0.58 0.69wt% (dry)
Oxygen 33.43 34.68 35.58 1.01  36.29 35.03 34.39 >36.59 33.95 35.47 33.69 36.29 33.43 35.53wt% (dry)
Sulfur 0.024 0.07§ 0.079 0.04¢ 0.143 0.048 0.031 0.024 0.035 0.137 0.143 0.119 0.069 0.067qwt% (dry)
SO2 0.065 0.214 0.212 0.124 0.401 0.12¢ 0.085 0.065 0.09¢ 0.37C 0.401 0.317 0.192 0.1801b/MMBTU (calc'd
Chlorine 227 1434 1,402 1,151 3,312 973 899 352 341 3,312 2,983 2,146 1,211 227 mg/kg

Table2 - Summary of fuel analysis results for the fuels tested in this trial. Testing was conducted by Twin Ports Testing, ibr¢c WW8uper
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Economics

The consideration of a biomass heating system as an alternative to fossil feshsygtnerally comes
down to investing greater capital in the conversion system or appliance and recouping that investment
in recurring savings via less expensive fuels. Recently depressed fossil fuel prices pose a significant
challengeto biomass systemdemonstrating feasibility or at least economic attraction.

However, this testing has demonstrated the feasibility of an alternate fuel source and form in an
advanced heating appliance. The cost of the fuel varied depending on the feedstock, but was in the
range of $85228 per ton ($5.2, 14.4 per million BTU). Even at relatively lonces today, propane at

$2.75 per gallomas a normalized cost of $29.85 per million BTU and fuel oil at $2.014 per gallon has a
normalized cost of $14.58 per million BTU (US DOE EIA, 3/12/Zb&6hormalized savings possible

when using densified grass biomass fuels ranges from nearly z8g#1t65 per million BTU depending

on the fuels being compared and current pricing and assuming comparable appliance efficiencies which
is reasonable when considering modern designs.

The assessment of basic economic feasibility and bewfedih alternate sstemmust consider 1)
feedstock costs, 2) densification costs and 3) appliance cost premium all in the context of current
standard fuel costsThese items are reviewed in the following sections.

Feedstock Costs

PerennialGrasses

Prior work has helped tegimate the establishmentand recurring productiorosts of perennial grass
crops(Bosworth, 2009; Ciolkos2015) The result of this previous work concludes that an average cost
of $60-80/ton is a easonable expectation for most perennial grasses

Ag Biomass / Field Residue

Hay can be cut, raked, baled and stored for $2.00 perfoalemall squares with a weight of 60 Ibs per

bale and $15.40 per bale for large round bales at an average weight #h868r balgPike, 2014)

These rates have been used to estimate the costofithe3 . A2 Yl 4&8 k CASt R wSaAaRdzS
This feedstock was gathered in small square bales. At the rates noted, this feedstock is estimated to cost
$35-67 per ton. In this case, the crop was somewhat unintentional; it was not plameéd wasnot

fertilized. But this is representative of many acres in the Northeast and elsewhere which could be

harvested for this purpose and also potentially serve a secondary benefit of sequestering nutrients that

would otherwise impact local water ecology.

Dersification Costs

The cost of densification dsiquettes orpucks (distinct from pellets) has been estimated based on the
SELISNASYyOSa 2F wow o0dAfRAY3I FyR 2LISNIFiGAy3a (62 aol
machine uses two tubes & pistorsand has a full load capacity of 700 IbXir- {1 Ay 3 wm®dp.e 2NJ HE
The large machine is made upafhttubes & pistons and has a full load capacity of 4,000 ltwaking

2¢  LJdZA&xtoanting for normal work shifts, cost of labor, cost of energy foratjmer, maintenance,

insurance and debt service the costs of densification for the small and large machine are estimated to be
$148 and $49 per ton respectively at 50% and 63% machine utilization respeiinellg3). This cost

decreases with higher utilization (i.e. higher output of tons/yasishown irFigurel).
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] Small Machinef Large machinelUnits
Maximums
Max Output 700 4,00CIb/hr
Max Operation 80 80 hours/week
50 50:weeks/year
0.8 0.8 uptime
Max Volume 1,12C 6,40Cton/year
Actuals
Work Time 10 10:hr/day
Product Volume 7,00C 40,00CIbs/day
3.5 20:tons/day
Annual Volume 560 4,00Ctons/yr
Utlization 50% 63% %
Labor
Staff 2 4ipeople
Work days 160 200 days/yr
Labor cost $15.00 $15.00:%/hr
$300 $600 | $/day
$86 $30 i$/ton
Labor Cost $438,000 $120,000:$/yr
Fuel
Gasoline Used 2 5;gal/hr
Unit Cost $3 $3 ($/gal
Fuel Cost $9,600 $30,000; $/yr
$17 $8 $/ton
Maintenance Cost $5,000 $10,000 $fyr
Insurance Cost $2,500 $2,500 $lyr
Equipment
Initial Cost $100,000 $200,000'$
Term 7 7iyrs
Interest 5.509 5.50%%
Equipment Cost $17,596 $35,193;$lyr
Total Costs of Densification $82,696 $197,693 $/yr
Unit Cost of Densification $148 $49 $/ton
at volume of 560 400Cton/year
Fixed $25,096 $47,693:$/yr
Variable $103 $38 $/ton

Table3 ¢ Summary of grass fuel densification costs based on RER experience with two scales of processing machines.
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Grass Densification Costs ($/ton) vs. Volume (ton/year)
Based on RER Machines with VSJF Funding. Net of Feedstock Costs.
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Figurel - Effect of fuel production volume on costdehsificationfor the two scale of machines built by RERhis analysis
shows a pathway to $120 per ton on the small machine and $45 per ton on the large machine when operated at full volume of
1500 ton/year and 4000 ton/year respectivaote, this is not full fuel cost, it is ndtfeedstock.

Fuel Costs

Knowing the production and densification costs of grass biomass fuels we can make a comparison to
other common fuels in order to determine potential savings in operational costs. A summary of fuel
costs, in normalized termegt current pricing is presented iTable4.

Fuel Cost Cost Units Energy Energy Unitd Normal!zgd Fuel Cost
Content $/million BTU

Propane 2.79%/gal 92000BTU/gal 29.8
Fuel Qil 2.01%/gal 129500BTU/gall 15.6
Wood Pellets 225.00%/ton 8600BTU/Ib 13.1
Wood Chips 56.00%/ton (green) 9.9/mill BTU/ton 5.7

Ag Biomass 85-214%/ton 8123BTU/lb 5.2-13.2
Switchgrass 129-228%/ton 8353BTU/Ib 7.7-13.6
Miscanthus 129-228%/ton 8105BTU/Ib 8.0-14.0
Reed Canary 129-228%/ton 7898BTU/Ib 8.2-14.4
Mulch Hay 129-228%/ton 7952BTU/Ib 8.1-14.3

Table4 - Comparison of fuel cosits normalized terms.

Potential Fuel Savings

Given the assumed fuel costs above and the potential for modern biomass appliances to operate at
efficiencies similar to standard fosfileled appliances it is possible to achié¥82% savings when using
densified grass biomass as a combustion flidls is a wide range given the variability in grass biomass

10
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productioncostsand fossil fuel prices. It is likely that propane will be at least $3 per gallon (§32.6
million BTU) in the future when a mature grass biomass fuel can be produced for $180 (®r.93

per million BTU. This suggests a future scenario of 75% fuel cost savings pdteatiaipact of that
savings depends significantly on the cpsgmiumof the appliance and the amount of heating load the
site has.

Appliance Premium

The EvoWdd HC100 Eco has aantput heat rating of 34,200 BTU/hrand costs approximately $53,500
(net of balance of plant and fuel bin)Ve will constrain our consideration of appliances to this rating
since it is what the current testing was focused énpropare unit heater with the same rating costs
approximately $3,000 An oilfired boiler with the same rating costs approximately $43500he cost
premium of the advanced biomass boiler in this case is approximately $50,000.

Cost / Benefit

A building with gpeak design load that matches the 341,200 BTU/hr of the EvoWorld boiler in this study
would have an overall heat transfer coefficient and area products8@ BTU/hF ¢10 degF design
temperature for Burlington, VT & 65 F inside temperature assumeds iffformation allows us to

estimate annual fuel usage by applying heating degree days.

Using Burlington, VT heating degree da¥86,457 (65 F basis), annual heat loss is estimated to be 705
million BTU which translates to 830 million BTU of fuel imth an assumed heating appliance
efficiency of 85%.

At this rate of fuel use, grass biomass densified as pucks has the potential to suppbitnam

payback period 02.5years on a $50,000 appliance premigwith biomass fuel delivered at a savings of
$24.6 per million BTU.e. 82% savingbest casdased on propane at $2.75 and Ag Biomass at $85/ton
in puck form)®. Even with a migange delivered fuel price of $9.8 per million BTU ($159 per ton) a
paybadk period of 3 years is estimatedhe test of the Ag Biomass / Field Residue fuel demonstrated
feasibility at a current delivered price of $214 per ton supporting a payback period of 3.6 years on the
boiler. At higher production volume projects a path#5 per ton and a payback period ob¥ears.

! Dayton Model#WP14783. Online Quote @aainger 2016 03 11.

2WeikMcLain Model#481. Online Quote véi&omfort 2016 03 11.

3 Premium is $50,000. Annual saving$29.8 per million BTU (Propane at $2.75 per gallon) less $5.2 per million
BTU (AdBiomass at $85 per ton) = $248vings per million BTU. Simple Payback Period = $50,000upne (830
million BTU of fuel per year$24.6 savings per million BTU) = Z/d&rs
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Figure2- Small bales dfAg Biomass / Field Resiude. This feedstock was cut and baled from a fallow field that is generally brush
hogged annually. The material included goldenrod, oak leaves, chicory, and other native weeds.

Figure3 - A representative "dense" puck that was noted to cause feed jamn@egerallya puck that could be cleaved in half
radially in one hand was of reasonable density for the feed system.
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2 . 2 i | ; L Lo

Figure4 - A variety of potential mmass fuels that can be used in the EvoWorld HC100 Eco (Left to Right: Wood chips, Ag
Biomass Pucks, Wood Pellets).
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