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Transforming the NorRecycled Plastics of New York City to Synthetic Oil
EXECUTIVE SUMMARY

In 2010, New YorkCity (NYC)generated approximately 750500 short tons of municipal plastic waste(MPW).
Currently, only 15% of NYCMPW is designatedas recyclable plastic by e A E CD¢@adment of Sanitation
(DSNY) UWnder the DSNYrecycling guidelines, only bottles aml jugs of plastic resins #17 are source-
separated andcollected for recyclingand of those collected, only #APET and #2HDPE are actually recycled.
Approximately, only 47% of therecyclabledesignatedplastics (RDP)in NYC MPWare actually recycled. This
relatively low recycling rate has been attributed toconfusion aboutthe DSNYguidelines andcarelessnesson
the part of the waste generatos. As a result, h 2010 NYC recycleanly 7% (52,041 tons) of the total MPW it
generated. Aother 9% (68,311 tons), mixedwith about 550,000 tons of trashwas sent to wasteto-energy
facilities for energy recovery. Thebulk of N9 # 8PW - approximately 84% (630,187 tons per year) - was
landfilled.

NYCecurrently uses landfill disposal asthe primary waste management practicefor its municipal
solid waste (MSW) Although plastics are only the third largest material component of NY®ISW (after
organics and papeJ, they areone of the mostabundant material components of municipal landfilled waste.
Most plastics are landfilled because¢he diverse chemical compositions and physical properties of the plastic
material group makemechanical recycling ofmost plastics uneconomical. Approximately 60% 1 A& . o# 38 O
recycledplastics (NRP)consist of film plastics such asplastic bags.

NYC currently recycles gproximately 1.45 million tons of MSWand combusts with energy recovery
another 0.55 million tons. The bulk of the MSW approximately 5.45 million tons - is transported via trucks,
train, and barge to out-of-state landfills in Virginia, South Carolina, Pennsylvania, and Ohio. Although
landfilling is comparatively cheaper than other waste management practices,liasbecome increasingly more
expensivebecauselocal landfill spaceis sparse and NY@vaste has to consequently travefarther distances to
be landfiled. The NYC Office of Management and Budgetojects that, in the next few yearsthe cost of
landfilling for NYCfor residential and institutional waste will increase by nearly 50%(from $305 million in
2013 to $450 million in 2016). Landfilling is not a sustainable longterm waste managemensolution because
it has negative environmental impacts and the land available for landfill use is limitedSpecifically, andfilling
is estimatedto generate 26 million tons of C@emissions per year andto destroy 140 acres of green field
space per year

In this study, pyrolysis of MPWto synthetic oil wasconsidered as an alternative to landfill disposal.
Three types of pyrolysis technologieswere examinedand their potential application in processing. 9 # NR®
was evaluated The technologiesdiscussedwere developed ty JBI Ing Agilyx, and Climax Global Energy Inc.
All three technologiesprocessNRPto yield synthetic fuels and otherpetrochemical products of market value.
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the test-run feedstock for the pyrolysis technologiesdiscussed Sms generates approximdely 60 tons of



plastic residue per day, which primarily consists of film plastics. In practice, f NYC were to constructa
pyrolysis plant to process all of OE A AnEni@igad KRP (which includes landfill -bound plastic refuse in
addition to plastic residue from SimsMRF), then the total required operating capacityof the plant would be
approximately 1,700 tons per day.

* ") (PhsBcBAE | 6 jprocess § a continuous thermal catalytic process that camandle all
types of plastic waste and resins, except for #3-PVC and nylos. This highly automated processyields
consumerready No. 6 and No. 2 oils, and naphtha, which requires further blendingThe P20 process
generates 4.4 barrels of oil per ton oplastic waste A singleP20unit processes 48tons of plastic waste per
day at maximum capacity andoperates at approximately 75% availability The P20 process has low
estimated overall CQ emissions (0.15 tons CQ/ton of plastic waste), low waste generation,and low
electricity consumption because itis powered bythe off-gasgenerated during pyrolysis The P20 process is
estimated to generate a st income ofapproximately $280 per ton of plastic waste JBI Inc. currently operates
a demonstrational scale facilty in NiagaraFalls, NY and igonstructing a144-ton per day commercial facility
in Jacksonwville, E.

Agilyx operates a batch thermal pyrolysis process that converts glllastic wastetypes and resins into
low sulfur synthetic crude oil. The Agilyx process geerates 4.1 barrels of crude oiper ton of plastic waste A
single Agilyx unit (referred to as a base system) processe30 tons of plastic waste per day at maximum
capacity. The Agilyx processhas higher estimated overall CQ emissions (>0.57 tons Cgton of plastic
waste) than the P20 process and it also generates wastewater.Agilyx uses natural gas and eldricity to
power its process. Agilyx currently operates a demonstational scalefacility in Tigard, Portland, CR and a
commercial facility near Portland, ORwhich has been in operation for two years.

Climax Global Energy Inc. ((& uses microwaveenergy for the pyrolysis of plastic waste to synthetic
petroleum. Distillation of the synthetic petroleum product yields marketablediesel range fueland wax The
CGE process generates 5 barrels of synthetic petroleum per ton of plastic wastesingle C& unit processes
10 tons of plastic waste per day and operates aapproximately 85% availability. CGE requires a high
electricity demand to power its process. The C& process has higher estimatedverall CQ emissions than
the P20 procesg>0.33 tons CQ/ton of plastic waste) but lower overall emissions than the Agilyx process
CGE uses a fraction of its process affis to heat its reactor. CE&E is currently starting up a 10ton per day
commercial unitin Barnwell County, &.

On the basis ofa technical and environmental comparison of the three pyrolysis technologies
examined in this study it is concluded thatJBI) T AP2@ pocessvould be the mostappropriate for potential
application in processing. 9 # @uicipal NRP. This processhas the highest operating capacity at low
footprint and it has relatively low environmental impacts. Furthermore, the P20 procesproduces high
quality, consumerready fuels and it has a low electricity demand because it utilizes energy from the

combustion of the off-gas generated during pyrolysis. The P20 process also generates a significant net



income per ton of plastic waste.) O x1 O1 A OAEA ADPDPOI @EIi AOAT U ognicipat / OT EOC
NRP.
The recycling of plastic wastesn NYCseemsto have reached a plateauSincelandfills arebecoming
more codly and progressively frther away from NYC, pyrolysis of . 9 # é@hicipal NRP would be
advantageous becausé has low environmental impacts and it recovers a valuable energy sourcéhat would
otherwise be wasted.
Further research onthe pyrolysis of NY@ funicipal NRPshould include a feasibility studyfor the
source-separation and collection of this waste material and for thesiting, building and operafon of a
pyrolysis plant of initial capacity of 60 tons per day (21,900 tons per year), which would process plastic

residue fromthe Sims MRE
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1. INTRODUCTION

1.1 Issues with Current Waste Management of Non -Recyclable Plastics in NYCMSW

In 2010, New York City(NYC) generated approximately 7.45 million short tons of municipal solid
waste (MSW). Rasticsare the third largest component of NYQVUSW(after organics and paper) In 2010,NYC
generated approximately750,500 tons of municipal plastic waste (MPW) Of the total NYCMPW, only about
7% (52,041 tons) was recycled. Approximately 9% §8,311 tons) was sent to wasteto-energy facilities in
New Jersey and Long Island for energy recoveand the remaining 84% (630,187 tons) was disposed of in
landfills.

Some of. 9 # landfill-bound MPW consists ofrecyclable designated plastics (RDP) that were not
recycled bywaste generators The Demrtment of New YorkSanitation (DSNY)reports that recycling rates for
the various neighborhoods in NYQange from 15% to 55%?!. Although improved recycling performance of
.9#60 xAOOA CAT A AQdcexide tonriageofRDAERAE ebd up in landfills, it would not
significantly reduce the total tonnage of landfi-bound plastics becauseanost of NYC MPWSs not designated
for recycling under the DSNYs current recycling program. This is due tdoth a lack ofreliable and stable
secondary markes for most post-consumer plastics and a lack of technology to convert the postonsumer
plasticsinto marketable materials.

NYC currently recycles approximately 1.45 million tons of municipal solid waste (MSW) and
combusts with energy recovery another 0.55 million tons. The bulk of # MSW (5.45 million tons) is
transported via trucks, train, and barge to ouof-state landfills in Virginia, South Carolina, Pennsylvania, and
Ohic?. Landfill disposal is not sustainable and its continued usenay result in major environmental and
economicproblems for NYCin the near future.

The land available for landfill use is a limited resource and the landfills in 9 &déyhboring states
are reaching their full capacity. As a resulfyYChas to transportits waste to landfills located as far as700
miles away?. The farther NYC waste has to be transported in order to be disposéd a landfill, the more
expensive it is. Furthermore, since the land available for landfill us is declining and the demand for
landfilling is growing, due to increasing waste generation rateslandfill companies are charging higher fees to
dispose in their landfills.  80% of the land commercially available for landfills east of the Mississippi is

owned by only 2 companie4. The NYC Office of Budget and Magementprojects that, in the next few years,

1 New York City.Department of Sanitation.Annual Report: New York City Curbside Municipafuse and Recycling Statistic®011. Print.
2The Wrong BinDir. Krishnan Vasudevan.2011. Documentary.
3 1bid.

4 lbid.
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the costof landfilling for NYCfor residential and institutional waste will increase by nearly 50%(from $305
million in 2013 to $450 million in 2016)5.

In addition to becoming a more costly wastenanagement practice, landfilling has a negative impact
on the environment. NYC deploys 900 28n trucks to travel to landfills every day. This massive fleet of
trucks travels a total of 600 million miles per year and uses a total of 6,500 gallons of fymer day®. The high
fuel consumption required for longhaul trucking and the waste that is disposed of in landfills contribute to
emissions of greenhouse gases such as methane and carbon dioxide estimated that landfilling generates
approximately 26 million short tons of CQ per year. In addition to polluting the air, landfilling destroys
approximately 140 acres of green fieldpaceper year.

While organics and recyclable paper can be diverted from landfills via composting and more
intensive recycling efforts, there is currently noestablished technology or processhat canre-OOA  .nér¢ 6 O
recycled plastics (NRPynd consequentlydivert it from landfills. . 9 # @redominant use of landfill disposal
in its waste management programwill contin ue unless acost-effective technology is developed that can

convert NRPinto products with a high market demand.

1.2 Objectives
The objective of this studywasto characterizeand quantify. 9 # 6 O [ OT EAE D AMPWEahddoOOE A x A
assess the potentialEl O OAAT OAOET ¢ O Uhodedced MPWviE pyrolyEl.l Three.p@ratysisd
technologies were compared and aalyzed in terms of their technical and environmental aspects These
different technologiesare thermal, thermal catalytic, and micravave pyrolysis and were developed by Agilyx,
JBI Inc.,and Climax Global Energy Inc. (&}, respectively. All of these processes convertnon-recycled
plastics (NRP into synthetic oils and otherpetrochemical products of market value
Furthermore, this study compared he economic and environmental aspects of thpyrolysis technologies
to those of landfill disposal. Based on the results of B comparison, a recommendation \as made for

improving waste managementpracticesfor non-recycled MPWin NYC

5 New York City, Department of SanitatioiNew and Emerging Conversion Technolog913. Web
6The Wrong BinDir. Krishnan Vasudevan.2011. Documentary.

7 Ibid.
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2.N%7 9/ 2+ #)4983 -5.)#)0!, 3/,)%$ 7!34%

2.1 Definition of M unicipal Solid Waste (MSW)

The Department of New York Sanitation (DSNY) defines municipal solid waste (MSW)as/ waste
that is set out at the curbside byresidents and businessedor collection by the DSNY or private haulefs It
includes both trash and recycling MSW generallyconsists of durable and nondurable goods, containers
packaging, food wastesyard trimmings, and inorganic wastes. Although the Environmental Protecton
Agency (EPA) characterizes MSW as ndrazardous wasté, the DSNY reports traces of household hazardous

waste in New York City (NYC) MSW. Thereforbpusehold hazardous waste is included in 60 OOOA UG O
reported tonnages of NYC MSWWaste types that areexcluded from thE O O @iSckidsiénCof MSWare
institutional waste (waste generated by schools, hospitals, etc) anaustruction and demolition (C&D) debris
from large-scale commercial construction projects
The primary generators of MSW are the resightial and commerial sectors. The commercial sector
refers to businesses which includeoffices, retail storesrestaurants, fast food chains, food stores, and hotébs
In NYG residential MSV is collected curbside by theDSNYwhile commercial MSW is collected by private
haulers. Prior to collection, MSW is separated into three waste streanpaper recycling,metals, glass plastic

(MGP) recycling and refuse.

2.2 Recyclable and Non-Recyclable Designated MSW

NYC separatesits MSW into three waste streams: paper recyclingmetals, glass, plastic (MGP)
recycling, and refuse. The DSNY defines recyclable wastes anymaterial that is recovered after processing
and returned to the stream of commerce for reusBé. The waste that is collected for recycling is eithereused
to make the same material or it is sed to make a different type oproduct.

DSNY defines refuse awaste that iseither discarded or disposed?. Refuse is eithedisposed of in a
landfill or is sent to a waste to energy plant. At a waste to energy plant, the refuse undergoes complete
combustion and its stored chemical energys recovered for use as heaand electricity. The DSNY currently
does not distinguish between landfiltbound and wasteto-energy bound refuse in itscharacterization studies
of NYC MSW.

8 RW Beck.ResultsHighlights: 20042005 NYC Residential and Street Basket Waste Characterization Stigpls. 2007 1. Print.

9 EPA Municipal Solid Waste Generation, Recycling, and Disposal in the United States: Facts and FigurédOfddQEPA ,2011. WeBb.
10 New York City. Dept. of SanitationNew York City Waste Composition Study (198390), Commercial Sector, Volume. B/9. Print.
11 RW BeckFinal Report: 20042005 NYC Residential and Street Basket Waste Characterization Study: Glogeam; GL-6. Print.

2|pid.
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Items that aredesignated for recyclingunder DNY8 O A O O O Ad pivgramiafelisied i Table 1

Non-recyclable designatedtems are listed in Table 2.

Table 1: Items that are designated for recycling in NYC

Recyclable Designated Items

. Metals, Glass, Plastic Recycling
Paper Recycling (Blue Decal)
(Green Decal)
Newspapers Metal Glass | Plastic Beverage
Carton
Magazines Cans (soup, food, paint) Bottles | Bottles | Milk cartons
White and Colored Paper Aluminum foil Jars Jugs Juice Boxes

Mail and Envelopes

Aluminum Trays

Household metal (wirehangers, small appliances,

Paper Bags tools)
Wrapping Paper Bulk Metal
Soft Cover Books Caps and lids

Cardboard Egg Cartons and
Trays

Smooth Cardboard

Source: NYC Dept. of Sanitation: Bureau of Waste Prevention, Reuse and Recycling

Table 2: Items that are not designated for recycling in NYC

Non-Recyclable Designated Items

Paper and Cardboard

Metals

Plastic

Hardcover books

Batteries

Items other than plastic bottles and jugs
(deli and yogurt containers, plasticoys, cups, wrap, etc)

Napkins, paper towels, tissues Styrofoam
' ' (Cups, egg cartons, trays, etc)
Soiled paper cups and plates Plastic bags

Paper with a lot of tape and glue

Plastic or waxcoated paper
(candy wrappers, takeout containers)

Photographic paper

Source: NYC Dept. of Sanitation Bureau of Waste Prevention, Reuse, and Recycling
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2.3 Characterization of NYC MSW

2.3.1 Material Composition of NYCMSW
In 2010, NYC generated 7.45 millionshort tons of MSW. Approximately 57% (4.23 million tons) of the total
MSW was residential waste and the remaining 43% (3.21 million tons) was commercial wast€dculations
of the NYC MSVWgenerationtonnagesare provided in Appendixl: MSW Generation in NYC

Figure 1 shows thematerial breakdown of NYC MSW The composition of the MSW was determined
based on DSNY reported tonnages for 2010 adE A  $ Ann@IGRéport for NYC Curbside MuniclgRefuse
and Recycling Statisticand 2004 Commercial Waste Managemer8tudy Calculations for Figure 1 are

provided in Appendix I:Material Compositionof NYC MSW

Metal Glass
3.7%
3.5% Hazardous
0.6%
Miscellaneous
13.4%
lasti Nan—{r;e;::lable
B.2% )
Recyclable
1.2%
LEGEMD
Material Category [tems
Organics Food scraps, textiles
Paper, metals, glass, and plastic Recyclable and non-recyclables
Hozardous Househeold cleaners, batteries, oil
Miscelloneous Bulk, residential C&D, inorganics,
electronics, beverage cartons

Figure 1: Material composition of NYC MSW2010

As is shown in Figure 1, paper makes up the largest portion of NYC M$Wowed by organicsand
then plastics. While most of papewaste can berecycled and most of organic waste can be compostd, most
plastic wasteis landfilled. Thisis becausethere are no commercial technologiescurrently implemented in
. 9 # Waste management infrasucture that reuse the majority of the plastic waste generated Rastics that

are designated for recyclingmake uponly about 1% of NYCMSW.
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2.3.2 Recyclable and Nonrecyclable Designated Items in NYCMSW

Figure 2 shows the breakdown of NYC MSW inttesignatedrecyclable and nonrecyclablewaste. This graph

OET xO ET x | OMEW cduléEbe. reytlddiand consequently diverted from landfills if there was

100% participation in the DNY8 €cycling program and if all participantsfollowed OEA $3. 980 OAAUA
guidelines correctly. Calculations for Figure 2 are shown inAppendix |I:Recyclab® and NorRecyclable
Designatedtems in NYC MSW

Bewverage cartons,
0.3%

Plastics, 1.4%

Figure 2: Recyclable and non-recyclable designated items in NYC MSW, 2010

Based on Figure 2, approximately 43% of théotal waste generatedin NYCcan be dverted from
landfills if all New Yorkers participate inDS 96 O AOOOAT &6 OAAUAI EI ¢ DOl COAI 8
Yorkers recycle and of those who do aignificant percentage do not recycle correctly. This can be attributed
to factors such as a general lack of educatiabout the recycling program, confusing presentation of DSNY
recycling guidelines, anccarelessresson the part of the waste generatot3.

Since na all of the recyclable designated wastein NYC is actually recycled, the DSNY uses a
performance metric, called the diversion rate to evaluate the recycling performance of waste generators.

The diversion rate isdefined as follows:

13 The Wrong Bin Dir. Krishnan Vasudevan2011. Documentary.
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Diversion rate = Tons of recycling collected/ Tons of recycling and refuse collected 14

The diversion rate indicates how much of the waste generateith NYC is diverted from landfills. Figure 3
OET x O @O0 &hd2011reported diversion rates for the residential sectorsd. 9 #8 O AE QA Al Ol OCE (

m Fiscal Year 201( mFiscal Year 201:

19.4%19% 18.5%4.8.6%
16.5%6.3%

14.8%4.4%
10.7%0.3%

Manhattan Bronx Brooklyn Queens Staten Island

Figure 3: Residential MSW diversion rates of NYC boroughs
Source: DSNY Annual Report Fiscal Year 2010, NYC Curbside Municipal Refuse and Recycling Statistics

The varying diversion rates between boroughs reveal that the successb8 96 O OAAUAI ET ¢ D OI
depends largely on the waste generator.The average diversion ratefor the residential sector of NYCis
15.8%. Based on the average diversion rate and thiact that recyclable designated items make up
approximately 36% of residential wastés, it can be concluded thalNYCresidents currently recycle only about
40% of the recyclable designated wastethat they generates 4EAOAE OAR OEA TI1AET OEOU
designatedx AOOA EO 1 AT AEEI T AAS &OOOEAOQI T OAh &ECOOA o OET »
boroughs decreased from 2010 to 2011 This trendindicates that increasingly more recyclabledesignated
waste is being sent to landfills.

Although measures should be taken to improve the recycling performance of NYC waste generators,
it is a challenging task. US cities with successful recycling programs, like San Francisco and Seattle, charge a

monetary penalty to waste generators if they do not reyclel. Unfortunately, such a policy cannobe easily

14 RW Beck.Results Highlights: 2002005 NYC Residential and Street Basket Waste Characterization Stddsols. 20074. Print.
15 |bid, 2.

16 The Wrong Bin Dir. KrishnanVasudevan. 2011Documentary.
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implemented in NYCbecausethe city contains a high number of multitenant residential buildings. Since the
waste generated by individual tenants is mixed together before collection, it is difficultotidentify which
tenants recycle and which do ndf’.

Figure 4 shows the percentage of recyclable designated items in NMISGW that are actually recycled

and the percentage that are not.

Figure 4: Fate of recyclable designateditems in NYC MSW, 2010

NYC recyclesapproximately EAT £ T £ OEA xAOOA OEAO EO AT 01 A bi OAT C
recycling program. It should be noted that theotal recycling rate for NYC is slightly higher than that for the
NYC residential gctor because the diversion rate of the commercial sectds higher than the residential

sector (diversion rate for commercial sector isestimated to beapproximately 26%).

B Wrong Bin Dir. Krishnan Vasudevan. 201Documentary.
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In 2010, NYCgenerated 7.45 millionshort tons of MSW. Of the total MSWenerated 732% (5.45 million

tons) was landfilled, 19.446 (1.45 million tons) was recycled, and7.4% (0.55 million tons) was sent to waste

to-energy plants.

Table 3shows the tonnages oNYCMSWfrom each sectorthat was landfilled, recycled, andsent to

waste-to-energy plants. Figure 5 graphically shows the fateof NY@ O ®15\MD Babed on the results in Table

3. Calculations forTable 3and Figure5 are provided in Appendix I: Fate of NYC MSW
)y 0 OEI O1 A AA

TTOAA OEAO MsSWreA BAT AA & h A Dby R ACE O U

recyclable designated itemspresent in the collected recycling streams. This residue is accounted for in the

GotalMSWandEET 1 AA6 OT 11 ACAS

Table 3: Estimated tonnages of NYC MSWandfilled, r ecycled,and sent to waste-to-energy, 2010

Recycling collected
isr?enr]:tti(ca)?l Metals, glass, & Paper Total MSW Total MSW sent to Total MSW
9 of MSW plastic recycling recycling recycled waste-to-energy landfilled
(106 tonslyear) (1076 tons/year) (1076 tonslyear) (1076 tonslyear) (1076 tons/year) (1076 tons/year)
Residential Sector 4.23 0.27 0.39 0.59 0.38 3.26
Cog‘gfg‘:'a' 3.21 0.14 0.72 0.86 0.17 2.19
TOTAL 7.45 0.41 1.11 1.45 0.55 5.45

Wasteto- energy
bound
7.4%

(0.55 million tons)

Metals, glass,plastic
4.7%
(0.35 million tons)

Figure 5: Fate of NYC MS\W2010
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As can be seen from Figur&, most of NYC MSW is currently landfilled. The calculated tonnage of
landfilled waste listed in Table 3includes recyclabledesignated waste that was either not recycled or was
recycled incorrectly. Recyclabledesignated itemsthat A O Aredyofed properly end up as part of theresidue
stream of material recovery facilities (MRFs) MRFsare facilities that sort and separaterecycling streamsand
prepare the recyclableitems for manufacturers. Residue from MRFss discarded in landfills.

Only about 20% of total NYCMSWE O OA AUAT A A gliversiondratedis@lighitidhigheAthain the
reported 15.8% diversion rate for the residential sector. This differenceés attributed to the commercial
sector, which has acalculated diversion rate of about 26%. Of the recycled waste, pap& recycled 3 times
more than mefals, glass, and plastiMGP)

Less than 10% of the total MSW generated in NYC is sent to wasteenergy plants for energy
recovery.
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3.. %7 9/ 2+ MUNICIPALBLASTIC WASTE

3.1 Definition of Municipal Plastic Waste (MPW)

Plastic is a syntheticmaterial made of repeating organic monomerunits that form a chaincalled a polymer
When polymers are dried and shaped into pellets they are called plastic resins. Resin refers to the basic
chemical composition of a plastic Each resin has uniquechemical and physical properties. Plastic resins
serve asthe building blocks of allmanufactured plastic productst8. The six most common plastic resins are
polyethylene terephthalate (PET), high density polyethylene (HDPE), polyvinyl chloride (PVC), ledensity
polyethylene (LDPE), polypropyene (PP), and polystrene (PS). Tabled lists the chemical and physical

properties of thesesix plastic resins andtheir typical applications in consumer products.

Table 4: Properties and applications of common plastic resins

Plastic Resin Chemical and Physical Properties Typical Applications
PET Toughand strong; Gas and moisture resistant 1 Carbonated keverage containers
1 Food containers
HDPE Chemicdly resistant; Moisture resistant 1 Non-carbonated beverage bottles
1  Shack food packaging
1 Packaging for detergents& bleach
1  Film for grocery sacks
PVC Transparent; Chemically resistant Stable 1 Rigid: pipesand fittings
Resistant to weathering Stable electrical 1 Flexible: insulation
properties; Can be rigid or flexible f _ Flexible: synthetic leather products
LDPE Tough; Flexible; Transparent; Stable electrical 1  Shopping and grocery bags
properties 1  Flexible bottles and lids
Wires and cables
PP Heat and moisture resistant Chemically 1  Flexible or rigid packaging
resistant; Can be rigid or flexible 1 Yogurt containers
PS Clear, Hard and brittle; Excellent thermal 1 Expanded: foam cups and trays
insulator; Can be rigid or expanded; 1 Expanded: takeout containers
Lightweight (when expanded) 1  Expanded: egg cartons
1 Medical and food packaging
1 Labware

Source: American Chemistry Council

There are two main types ofplastics: thermosets and thermoplasts. Thermosets are plastics that are
set into a mold once and cannot be reoftened or moldedagain. Thermoplasts, on the other hand, can bere
molded repeatedly when heated. Most adveryday consumer plastics are thermoplases.

Plastics are most commonly used for packaging and food containers but they are also found in
durable (appliances, funiture, etc.) and nonrdurable goods(trash bags, cups and utensils, etc)Plastics are a

popular material because they are chemically resistanthey@e lightweight with varying degrees of strength

. 9# $APO8 1T £ 3ATEOAOCETT " OOAAO T &£ 7AO0A 00AOATOEITh 2A00AR AT A 2AAL

11 | AOEAAT #EAI EOOOU #1 O1 AEI 8 O4EA "AOEAOG 011 UIAO $SAEETEOEIT AT A 00]
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they can be both thermal and electric insulators, theyan be molded in various ways, and theyoffer a

limitless range ofcharacteristicsand colors, which can be further enhanced with additive&°.

3.1.1. Plastic Molding Methods
Plastic products can benanufactured byvarious molding methods. The rast common molding methodsare
blow molding, injection molding, and extrusion.

In blow molding, plastic is melted and formed into a tube called a préorm. The preform is clamped
into the desired mold and air is pumped into it at high pressureAs aresult of the air, the preform expands
out to fill the dimensions and form of the mold. Once the plastic cools and hardens, the mold opens and the
plastic product is ejected. Blow molded plastics aregenerally stiff and strong. Examples oblow-molded
consumer gdastics arebottles and jugs.

Injection molding is a process in which melted plastic of low viscosity fglthe cavities of amold.
Once the plastic cools and hardens, it is removed from the moldPlastic products that are made byrijection
molding include margarine tubs,toys, and packaging Injection molding is often used for plastic products
with complicated shapes

Extrusion is a type of injection molding. In extrusionmelted plastic is forced through a mold called a
die via an extrusbn screw. Film plastics, such as shopping bags and shrink wrap, and styrofoam packaging

are all formed by extrusion.

3.1.2 Plastic Additives

Additives are used in consumer plastic products to enhance the mechanical, chemical, and physical properties
of plastic resins. Typical additives that are used in plastics are fillers, plasticizers, stabilizers, colorants, and
flame retardants.

Fillers are added to plastics to improve physical properties such as tensile and compressive
strengths, abrasion resstance, toughness etc. and chemical properties such as thermal stability. Fillers are
less expensive than polymers therefore the addition of fillers drives down the cost of plastic end prodsét.

Plasticizers areadditives that areused to improve apl©O OEAS O A OA OE | BatidizeA brd /El AGE A
used in PVC, which is an intrinsically brittle plastic. They are also commonly used in plastic film.

Some polymerbased materials are prone to mechanical deterioration as a result efther oxidation
or UV radiation. To prevent this, gabilizers are added to plastics in order tocounteract these deteriordive

processes

20

1T AOEAAT #EAI EOOOU #1 O1 AEI 8 O4EA "AOEAOG 011 UIAO $AEETEOEIT AT A 00I

21 Callister, William D. JrMaterials Science and Engineering An Introduatio3" ed. John Wiley & Sons Inc, 200898. Print.
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Colorants impart a specific color to a polymer. Colorants are used in the form ofeither dyes or
pigments. Dyes dissolve and becomeap of the polymer structure. Pigments, which are a type of filler
material, dond dissolve but instead remain as a separate phagethe plastic.

Flame retardants reduce the flammability of plastics. Most polymers are flammable in their pure
form. Exceptions are polymers that contain significant concentrations of chlorine and/or fluorine such as
PVC. Flame retarants reduce the flammability of the plastic by either interfering with the combustion
process through the gas phase or by initiating a checal reaction that cools the combustion region and ends

burning.

3.2 Plastic Resin Code

Due to the various molding methods and various additives that are used to make plastics, many plastic
consumer products are unigue unto themselves. In an effort ttcharacterize this diverse material group, the
Society of Plastis Industry (SPI) established the plastic resin code in 1988. The resin coddentifies the
different type of polymers most commonly found in MPW. Table5 lists the seven resin categories of the

plastic resin code. It should be noted that while the first six resin categories identify a specific chemical

Table 5: Resin categories of SPI plastic resin code

| Symbol | Number | Abbreviation | Resin Name
é:_‘p 1 PET, PETE Palyethylene Terephthalate
PETE
é?;‘; 2 HDPE High Density Polyethylene
HOPE
é,\) 3 PVC, V Paolyvinyl Chloride
L
Low Density Polyethylene
4 L, L L r
é:‘e) 4 LDPE, LLDPE Linear Low Density Polyethylene
Fay
&8y 5 PP Polypropylene
PP
éﬁé 5] Ps Palystyrene
és 7 Other Other Resin Types
O

Source: DSNY Bureau of Waste Prevention, Reuse, and Recycling

The SPI implemented the resin code to provide an industrwide standard that would make it easier

to identify and sort recyclable plasti@2. Although all resins in the resin code are symbolized Wit AEA OET C

%2 RW Beck.Results Highlights: 2002005 NYC Residential and Street Basket Waste Characterization Stddsols. 200744. Print.
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A O OT, wiich is an internationally recognized syrbol used to designate recyclable materias, most of the
resins in the resin code are not designated for recyclingndertheDS 986 O AOOOAT O OAAUAI ET C

following section explains which plastic resins are recycleth NYC and which are not.

3.3 Recyclable and Non-Recyclable Designated Plastics in NYC MPW

NYConly recycles #1-PET and #2HDPE plastic bottlesand jugs. Plastics of resins #37 and #1-PET and #2
HDPE plasticsthat are not bottles and jugsare not recyckd. Table 6 specifies which plastic items are
designatedfor recycling andwhich are not underOE A $ Burrénrecycling program. The DSNYecycling
guidelinesfor plastics apply only to NYC residents and foogervice businesses Businessedn the commercial

sector, other than bod-service operations, are not mandatel by the DSNYo recycle plastic bottles and jug3*.

Table 6: Recyclable designated and non-recyclable designated plastics in NYC

Recyclable designated plastics , RDP Non-recyclable designated plastic s, NRP

1 Resin #1-7 bottles and jugs Rigid containers (i.e. deli food containers)
Plasticbags and film

Packaging

Styrofoam

Durable goods (i.e. toys)

= -4 -4 -—a -—a -2

Non-durable goods (i.e. cups and utensils)

1 Any item other than bottles and jugs

Source: DSNY Bureau of Waste Prevention, Reuse, and Recycling

There are several misconceptions about plastics recling in NYC. Onenisconception is that NYC
recycles allthe plastic bottles and jugsthat are collected by the DSN.YAs mentioned above NYC only recycles
#1-PET and #2HDPEDbottles and jugs The remainingbottles and jugs that are collected for recyclingare
discarded becausethe market for resins other than#1-PET and #2HDPEis weak?>. The market for #1-PET
and #2-HDPE resinsis stable because these resinproduce high quality recycled products andthey are in

large enowgh quantitiesin NY® KdSWto satisfy the economies of scale in collection and process#ig

23
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The DSNY collectall resin #1-7 bottles and jugs for recyclingonly to avoid confusion amongst waste
generators?’. In 2004, the DSNY guidelines ebignated only #1-PET and #2HDPE bdtles and jugs as
recyclables. DSNY later reported that such specificationsreated confusion amongst waste generatorsSince
most bottles and jugs are made of resins #PET and #2HDPE (DSNY reports that 95% of the collected
plastic bottles and jugs are #1PET and #2HDPE and only 5% are made from resins #3)28, to avoid further
confusion, the DSNY changed itsecycling guidelines back to collecting all plastic bottles and jugs for
recycling.

A second misconceptiorabout plastics recyclingis that #1-PET and #2HDPEbottles and jugs are the
only types of recyclable plastic products. On the contrary, the technology exists to recycle most kinds of
plastics if carefully sorted out by typ&°. NYCchooses notto recycle all of its plasticwaste largely because the
economics of doing so make it ipractical. The recycled products of plastic waste must compete in price and
quality with alternate materials. The end market of a recycled plastic product must be stable andable in

order to cover the cost of collection and sortingf the plastic wasté0. Currently, most plastic waste items,

other than #1-PET and #2HDPE bottles and jugs, do not have reliable markets and therefore they are not

collected for recycling in NYG! Instead, NYC chooses to landfill most of its plastic waste because it is

currently cheaper than recycling?.

Finally, one of the biggest misconceptions about plastirecycling is that the recyclability of a plastic
item is solely based on its resin composition. While #1-PET and #2HDFE plastics are generally more
recyclable than#3-7 plastics, factors such aplastic molding process types of plastic additives, anddegree of
contamination are also important in determining the recyclability of a plastic. In fact, the reason that #2ET
and #2-HDPEplastic bottles and jugs are recyclable and yet #ETand #2-HDPEtubs and trays are not lies
in the difference between he molding processes used to make each of these productBottles and jugs are
made byblow molding while tubs and trays are made by injection moldingPlastic products of the same resin
but different molding process cannot be mixed together in the remarfacture of recycled contens. If plastic
products of resin #1-PET and #2-HDPE such as tubs and trayswere mixed with #1-PET and #2-HDPE

bottles and jugs, the resulting mixture would not be usable famanufacturing a recycled material34. Since he

current market for injection-molded #1-PETand #2-HDPEplastics is weak to non-existent,it EOT 6 O AAT 11 1 EA,

to recycle#1-PETand #2-HDPEplastics that are not bottles and jugs

7. 9# $ADpO8 | £ 3AT EOAOEIT " OOAAO 1 & 7A00A 00AOGAT OEITh 2A00AR
2. 9# $ADp0O8 | £ 3ATEOAOETT " OOAAO 1 & 7A00A 00AGAT OEITh 2A00AN
2012. Web.

29 RW Beck.Focus on Residential Plastics: 202805 NYC Residential and Street Basket Waste Characterization Stddxyols. 2007. 65.
30 |pid.

31 |bid, 63.

32 The Wrong Bin Dir. Krishnan Vasudevan. 2011. Documentary.

B . 9# $APO8 1T &£ 3AT EOAQEIT " OOAADO T £ 7AO0A 00AOAT OEITh 2A06AhR
2012. Web.

34 |bid.
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Table 7 lists plastic items commonly found in NYC MW. The plastics areategorized based on resin

type, molding method, consumer use, current recycling status in NYC, and reajaté product market status.

Table 7: Recyclability of plastic items in NYC MPW

Resin Common Product Accepted Recyclable
Code Name Molding Method Examoles for Product
# P Recycling Market Status
1 Polyethylene .
PETE Terephthalate Blow Molding Soda & Water Bottles YES HIGH
2 High density . Milk jugs,
HDPE Polyethylene Blow Molding Detergent bottles YES HIGH
3 Polyvinyl . Household cleaner &
PVC Chloride Blow Molding Shampoo bottles YES WEAK
4 Low density . . S
LDPE Polyethylene Blow Molding Softsided juice bottles YES WEAK
F?p Polypropylene Blow Molding Various Bottles & Jugs YES WEAK
7 Any other type . .
OTHER of plastic Blow Molding Various Bottles & Jugs YES WEAK
1 Injection . .
PETE Molding Deli Containers NO WEAK
2 Injection Take-out containers,
HDPE Molding yogur@ cups, NO WEAK
margarine tubs
3 Injection .
PVC Molding Various Tubs and Trays NO WEAK
4 Injection .
LDPE Molding Various Tubs and Trays NO WEAK
5 Injection .
Pp Molding Yogurt cups, Margarine tubs NO WEAK
7 Injection .
OTHER Molding Various Tubs and Trays NO NONE
2 HDPE
or May be one
4 LDPE of many different Extrusion Shoppingand Grocery Bags NO WEAK
Or no types of resins
code
6PS Polystyrene Injection CD cases
or no ysty 1eC o NO WEAK
code (non-expanded) Molding Tamper proof packaging
None Styrofoam Extrusion _Cups & Plates,_ NO WEAK
Mail order packaging
Injection
None | Other rigid packaging Molding Caps, Lids, Crates NO WEAK
(usually)
None Slngleu_se Blow or |r_1]ect|on Disposable Cups, Plates NO WEAK
Packaging molding & Cutlery
Injection
None A_II other Molding House ware, Toys, NO WEAK
plastic durables Hardware
(usually) _
None Other film plastic Extrusion Garbag\eNt:Zg:, Baggies, NO WEAK

Source: DSNY Bureau of Waste Prevention, Reuse, and Recycling
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3.4 Characterization of NYCMPW

3.4.1 Composition of NYCMPW

In 2010, NYC generated 750,538hort tons of MPW. Approximately 79% (589,838 tons) of the total MPW
was residential plastic waste and the remaining 21% (160,700 tons) was commercial plastic waste.
Calculations of NYCMPW!tonnagesare provided in Appendixl: Municipal Plastic Waste Generation in NYC

Figure 6 shows the composition of NYC MPW. The composition of NY&8 O Bl AO@ESA xAOOA

AAOGAOI ET AA AAOGAA 11 $3.9 OADIT OOA R0042006 NACCHe€identidl end ¢ mp 1 £
Streetbasket Waste Characterization Stud@yd 2004 Commercial Waste ManagemeS8tudy. Calculations for
Figure 6 are providedinl PDAT AE@ ) d #1101 D1 OEQGETT T &£ .9#80 - 01 EAEDPAI 0

#2-HDPE bottles and jugs
T.4%

#3-7 bottlesand jugs
0.6%

#1-7 tubs and trays
1.5%

Rigid containers and

packaging®
2.7%
LEGEMND*
Material Category ltems

Rigid containers and packaging Soda crates, bottle carriers,
rigid and expanded PS5 packaging,
other rigid containers/packaging,

Film Plastic bags, otherfilm

Miscellaneous Single use plastic, other PVC,
fast food packaging, other plastic

Figure 6: Composition of NYCMPW, 2010

Film plastics are the largest componentof NYCMPW. they account for more than half othe total
MPW. Examples of film plastics are shoppingnd grocerybags,trash bags, shrink wrap, andpackaging Film
plastic items such as plastic bags areade oflow density polyethylene (LDPE resin. Other resins that are
used to make film plastic items arehigh density polyethylene (HDPE and linear LDPE (LLDPE). HDPE is

stronger than LDPE because its chemical structure has less branchiagd is used to make plastic bags.
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LLDPE s used to make plastic wrap, shrink wrap, and stretch wrap Film plastics are non-recyclable
designatedtherefore most film plastic waste generated in NYC isurrently landfilled.

Miscellaneous plastics are the second largest component RYCMPW. The miscellaneouscategory
includes all plastic items that do not fall under any oftte specific product categoriedisted in Figure 6. The
miscellaneous plastic category includes a diverse range of plastics that vary in resin type, additive
combinations, and molding metha. Examples & miscellaneous plastics include fast food packaging and
single-use plastics such as plastic plates and cups. Similarly to film plastic, miscellaneous plastics are not
designated for recycling and therefore areurrently disposed of in landills.

The third largest component of NYC MPWIs rigid containers and packaging.In the context of Figure
6, QRigid containers refers to any plastic containers that are not plastic bottles, jugs, tubs, and trays.
Examples of rigid containers arecoffee containers and deli food containers.®ackagingrefers to both rigid
and flexible packaging. Blystyrene (PS)is a common resin that is used in packaging in both its rigid and
expanded form. Examples of rigid packaging include caps and lids and examples of flexible packaging include
mail order packaging Since rigid containers and packaging are nerecyclable designated plastics, this

material categoryof NYC MPWs alsocurrently landfilled.

3.4.2 Recyclable and Nonrecyclable Designated Plastics in NYCMPW

Figure 7 shows the breakdown of NYOMPW into recyclable designatedand nonrecyclable designated
plastics (RDP and NRP, respectivelyA AOAA 1T 1 $ 3 pldstic cyditd @rogkdmO This graph shows
ETl x 1 OAE 1T £ . 9# ouldl bdrechoeddnd consdydeatifk diverted from landfills if there was
100% participation in the DNY8 €ecycling program and if all participants folloned OE A $ 8ecy8lifigd
guidelines correctly. Calculations for Figure 7 are provided inAppendix |: Recyclable anbon-Recyclable

DesignatedPlastics in NY@Junicipal Plastic Waste.
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#1-7 tubs and trays
1.5%

Rigid containers and
packaging
B.7%

Figure 7: RDP and NRRn NYCMPW, 2010

Only 15% of N\YQUIPWE O AAOECT AGAA £ O OAAUAI ET ¢ O1 AAs3s OEA $3.
than 15% of RDPis actually recycleddue to carelessnessn the part of waste generators
Table 8 shows the tonnages dRDP and NRPresent in the collected NYCresidential waste streams
(refuse, metals, glass, & plastic (MGP) recycling, armhper recycling). Tonnagesare based on 2010 DSNY
OADiI OOAA OT1T1TAGCAO &I O OEA OAOEAAT OEAI OAAOT O200¢i A DI AO
2005 Residential and Streetbasket Waste Characterization Study.
Figure 8 shows the percentage oRDP and NRPresent in the collected residential recycling and
refuse streams.
The tonnages inTable 8 and Figure8 are based on the tonnags of residential plastic waste thatare
collected forrecycling and are disposedat the curbside as refuse Calculations of these tonnages apovided
in Appendix IFate of NYC Municipal Plastic Waste.
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Refuse Metals, glass, & plastic Paper MSW
Material Subgroup Material Category % Tonnage % Tonnage % Tonnage % Tonnage
#1 PET Bottles PET bottles 0.90 32119 6.46 17564 0.07 273 1.21 51198
#2 HDPE Bottles HDPE Bottles: Natural 0.28 9993 3.15 8564 0.01 39 0.46 19464
HDPE Bottles: Colored 0.3 10706 3.27 8891 0.01 39 0.48 20310
#3-7 Bottles #3 PVC Bottles 0.01 357 0.04 109 0.00 0 0.01 423
#4 LDPE Bottles 0.01 357 0.01 27 0.00 0 0.01 423
#5 PP Bottles 0.01 357 0.10 272 0.00 0 0.02 846
#7 Other Bottles 0.07 2498 0.20 544 0.00 0 0.07 2962
TOTAL RECYCLABLE
DESIGNATED PLASTIC&RDP) 1.58 56,386 13.23 35,971 0.09 352 2.26 95,627
#1-#2 Tubs/Trays/Other #1 PET tubsltrays 0.00 0 0.02 54 0.00 0 001 | 423
Containers
#2 HDPE tubs/trays 0.05 1784 0.21 571 0.00 0 0.05 2116
#3-7 Tubs/Trays/Other Containers #3 PVC tubs/trays 0.00 0 0.01 27 0.00 0 0.00 0
#4 LDPE tubs/trays 0.01 357 0.01 27 0.00 0 0.00 0
#5 PP tubs/trays 0.17 6067 0.42 1142 0.00 0 0.17 7193
#7 Other tubs/trays 0.04 1428 0.06 163 0.00 0 0.04 1693
Other rigid containers/packaging Soda crates and Bottle Carriers 0.01 357 0.07 190 0.00 0 0.01 423
Rigid PS containers/Packaging 0.27 9636 0.28 761 0.01 39 0.24 10155
Expanded PS 0.64 22840 0.10 272 0.04 156 054 | 22849
Containers/Packaging
Otherrigid containers/packaging 0.79 28193 1.34 3643 0.04 156 0.75 31734
Film Plastic Bags 3.22 114914 0.94 2556 0.23 898 2.73 115513
Other film 5.44 194140 3.09 8401 0.71 2773 4.76 201408
Other Plastic Products Single Use Plastic 0.6 21413 0.22 598 0.02 78 0.51 21579
Other Plastic Materials 1.92 68520 3.54 9625 0.20 781 1.85 78278
Other PVC 0.02 714 0.04 109 0.00 0 0.02 846
TOTAL NONRECYCLABLE
DESIGNATED PLASTICGIRP) 13.18 470,361 10.35 28,140 1.25 4,883 11.68 | 494,211
TOTAL PLASTICS 14,76 | 526,748 | 23.58 64,111 1.34 5,234 13.94 | 589838

Source: DSNY Bureau of Waste Prevention, Reuse, and Recycling
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m Recyclable Designated Plasti  m Non-Recyclable Designated Plasti
13.18% 13.23%

10.35%

1.25%
0%
Refuse Metals, glass, plastic recyclir Paper recycling

Figure 8: RDP and NRPFn NYCs collectedresidential waste streams

As can be seen from Figur8, approximately 2% ofcollected residential refuse consists oRDPthat
was disposed of instead of recycled A small percentof collected paper recycling isSRDPthat was incorrectly
disposed of inthe paper recyclingstream. This plastic residue igventually disposed of in landfills after being
sorted outat MRFs

Approximately 10% of themetals, glass, & plastic (MGRgcycling collected by DSNtonsistsof NRP.
Since platics make upapproximately 24% of the total MGPcollection, this indicates that almost half of the
total plastic waste collected forMGP recycling is nm-recyclable. Such astatistic indicates that there is
significant confusion amongst NYC residential waste generators about plagtiecycling in NYC.

DSNY attributesconfusion about plastics recyclingto the fact that all rigid plastics have thechasing
arrow recycling symbol printed on them35. While almost all rigid plastics cantechnically be recycled, the
recyclability status of the product varies with location. Ede city, county, and township chooses what they

can recycle based on local factors. Plastic manufacturers print the recyclable symbol on their plastic products

AAAAOOA xEAO EOI 6O Aiil 1 AAOCAA A O OAAUAITETC tdforT T A AT
recycling in another community of their consumer bas#. In an effort to clarify the matter, the DSNY has
AAAT AAOGEOGAI U ET OT1 OAA xEOE ' OAAT "1 OA8O0 3O0O00AET AAT A

How2Recycle labeld’. How2Recyclelabels hdp consumers understand what products and packaging can

s . 9# $APO8 1 £ 3ATEOAOGEIT " OOAAO T &£ 7A00A 00AOADEI T h 2A00AR AT A 2AAL

. 9# $ADO8 1T £ 3AT EOAOGETT "OOAAO 1T &£ 7TAOO0A 00AOGAT OET T h 2AB0AR AT A 2AAL

37 |bid.
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and cannot be recycled based on where they live. The labels also remind consusntr check their local
recycling programs before disposing of waste itens.
In addition to the diversion rate, anotter performance metric that the DSNY uses to evaluate

recycling performance is the capture rate. The capture rate is defined as follows:

Capture rate = Tons of recycl ables collected/Tons of recycl ables in total waste (refuse & recycling) 3°

The capture rate indicates how much ofecyclable designated materialds actually being recycled.
Table 9 shows theestimated capture rate of RDPAI O . 9#86 O OA OE A AdoeBpbrdingdofaA OT O AT /
capture rate for NYCwhich was calculated by assuning 100% capture rate ofRDPin the commercial sector.
This assumption was made because plastics make up a small amount of commercial MSuily food-service
i PAOAGET T O AOA OARNOEOAA Ol OAAUAT A bl AGOGEAOR I1AT Ah Ol
businesses are charged a monetary penalty if they do not recycecording to DSNY recycling guidelinegs.
Calculations for the capture rates shown in Table 9 are provided iAppendix I:Fate of NYC Municipal Plastic
Waste.

Table 9: Estimated capture rate sfor NY@ RDP, 2010

NYCresidential plastics capture rate 37.6%

NYCtotal plastics capture rate 46.6%

Table 9 and Figure 9 show thaNYC recycles only half of th&DPthat it generates. The remainder of
RDPends up in landfills.

B . 9# $APO8 T &£ 3AT EOAQEIT " OOAADO T £ 7AO0A 00AOAT OEITh 2A00AR AT A 2AAL
39 RW Beck.Reslts Highlights: 20042005 NYC Residential and Street Basket Waste Characterization Stddyols. 2007. 4Print.

w0, 9# $APO8 T &£ 3AT EOAQGEIT " OOAAD T &£ 7AO0A 00AOGAT OET T h 2A0MAR AT A 2AAL
Web.
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Figure 9: Fate of RDPin NYCMPW, 2010

3.4.3 Fate of NYQVIPW: Tonnages Landfilled, Recycled, and Sent to Wasteto-Energy
In 2010, NYC generated 750,538hort tons of MPW. Of the totalMPW, 84.0% (630,187 tons) was landfilled,
6.9% (52,041 tons) was recycled, and 9.1% (6811 tons) was sent to wasteto-energy plants.

Table 10 shows the tonnages oNYCMPW from each sectorthat waslandfilled, recycled, and sent to
waste-to-energy plants. FigurelO graphically shows the fateof . 9 # Bt MPW based on the results in
Table 10. Calculations for TablelO and Figure 10 are provided in Appendix I: Fate of NY®lunicipal Plastic

Waste

a8
(@}

It should be noted that in Tableloh OEA AAOMRWIAAUDUADAT AGAT OAR
present in the collected recycling strearsd 4EEO OAOEAOA E QotaAMBEW IOT DARI

@.
B

tonnage.



Table 10: Estimated tonnages of NYCMPW landfilled, recycled, and sent to waste-to-energy, 2010

MPW in recycling collections

35

Estimated In metals, Total MPW
generation glass, & In paper recycling Total MPW sent to Total MPW
of MPW plaslt_lc (tonslyear) recilcled waste-to- Iand/fllled
(tonslyear) recycling (tonslyear) energy (tonslyear)
(tons/year) (tonsl/year)
Residential Sector 589,838 64,111 5,234 35971 57,892 495,975
Commercial Sector 160,700 16,070 0 16,0701 10,418 134212
TOTAL 750,538 80,181 5,234 52,041 68,311 630,187

1:Assumed all commercial plastics collected faiecycling are recycled

Recycled
6.9%
(52,041 tons

Sent to
Wasteto-Energ
9.1%
(68,311 tons)

Figure 10: Fate of NYQVIPW, 2010
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3.4.4 Conposition of NYG3 KIRP. The Potential Feedstock for Pyrolysis Technologies

In 2010, NYC generated approximately 69898 short tons of municipal NRPwaste. Approximately, 10% of
. 9 # RRP (68,311 tons) is sent b wasteto-energy plants for energy recovery and the remaining 90%
(630,187 tons)is landfilled. Approximately 1,700 tons of NY@ @unicipal NRPwasteis landfilled per day.

If the pyrolysis OAAET 11 1T CEAO AEOAOOOAA ET OEEO OOOAU xAOA
landfill -bound NRP stream would be the feedstock for such technologies. Therefore, it is important to
AEAOAAOADERIA . 9#60

&ECOOA pp OEI xO OE ARA it shéuld 6enGrédithiat thie éBmpositivrdptovided in
&ECOOA pp E ONREStréam; tiistintl@esbdthQuaste-to-energy bound plasticand landfill-bound
plastic. Calculations for Figure 11 are provided iAppendix I: Composition of N6AIRP

Rigid containers and

#1-7 tubs and .
packaging™®

trays

#1-PET bottles
4.6%

LEGEND*
Material category Example of ltems Common Resin Types
Film Plastic bags LDPE, HDPE

Rigid containers and packaging Food containers;  HDPE, PS
Mail packaging

Miscelloneous Single use plastic All resins

Figure 11: Composition of NY®@ KRP. The potential feedstock for pyrolysis technologies

10 EO OEIT x1 EI1 &E qN@PisAmagepohfilmi plagi€3, siichEas plasticdbéys. Film
plastics are commonly made oflow density and high density polyethyleneresins (LDPE and HDPE,

respectively).
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3.5 Case Studyz01 AOOEA 2 A OE A& MatEd Recovesy Faxily @\J)

3.5.1 Sms Municipal Recycling

Sms Metal Management Ltd. is a global Australiabased company that specializes in metals recycling. In

2003, Sms expanded into curbside recycling in the United States and established thenS Municipal

Recycling divisiorf. $ms Municipal Recycling sorts, processes, and markets all metal, glass, arddspcs

collected for recyclingE T . 9 #8 O AEi®AMuAdipal Réxih@airrentl has oneperating material

recovery facility (MRF) called Claremont Recycling Center located in Jersey City, New Jersey. A second MRF is

currently being constructed in Sinset Park, Brooklyn and is planned to open in Summer 2013. The Sunset

OAOE -2& xEIl DOI AAOO OEA 1 AETOEBGU 1T &£ .9#60 Al i1 ETCIAA
In January 2012, the author of this study visited the Sims MRF located in Jersey City, Tk author

met with Tom Outerbridge, the general manager of the Sims plant, and went on a tour of the facilityhe

purpose of the visit was to learn more about theplastic residue stream received atthe MRF and to explore the

possibility of using Sims plasticresidue as test-run feedstock at a potential pyrolysis pilot plant in the New

York metropolitan area. A summ®U OADBPIT OO0 1T £ OEA AOOET 060 *A18 c¢mpc¢ OE

Appendix 1.

3.5.2 Characterization and Quantification of Waste Output Stream at Sims MRF
Sms processes comingled recyclables from the curbside collection of the five baughsof NYC. This waste
is transported by truck from Staten Island and Lower Manhattan. The waste collected froBronx, Queens
and Brooklyn undergoes separatia at the local transfer stations and onlythe plastic fraction is transported
by boatto the SimsMRF. According to Mr. Outerbridge, the Sims MRF receives approximately 19,0680rt
tons of waste per month which is equivalent to633 tons per day. 11,000 tonsare comingled recyclables and
the remaining 8,000 tons are the plastic fractiorof commingledwaste pre-processedat the transfer stations
in Queens, Bronxand Brooklyn

Figure 12 shows the material composition of theprocessedwaste output stream at the Sims MRF.
The material breakdown is based on rough estimates provided by Mr. Outerbridgé&igure 12 also shows the
estimated daily tonnage outputof each material groupfrom the Sims MRF. Tonnages wereased onMr.

miscellaneous material categoryn Figure 12includes milk cartons and aseptigpackaging

“3EI O - Ol EAEPAI 2AAUAIEI¢8 O(EOOI OU 1T &£ 3EI O -01 EAEDPAI 2AAUAI ET ¢86 ¢

23EI O - Ol EAEDPAI -of2nhAA0B1 EAQRAOBADADAAT OAOU &AAEI EOU E 301 OAO 0AOER " OI
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Recyclable plastic
15%
(95 tons/day)

Plastic film residue
9%
(56 tons/day)

Paper residue
2%
(14 tons/day)

Figure 12: Material composition of waste output stream at NYC'sSims MRF, 2011

Sims MRF generates between 565 tons of plastic residue per day. According to Mr. Outerbridge,
OEA OAOGET AT I DBPIOEOEIT 1T &£ 3EIi 0O OAOGEAOA EO OEIi ®04AO O1 OF
2005 Residential and Streetbasketadte Characterization Study Therefore, most of the Sims plastic residue is
made offilm plastics, specifically plastic bags. Photos of the type of waste that is received at Sims MRF and of
the output stream after processing are provided in the summaryeaport in Appendix Il All plastic residue

from Sims iscurrently disposed of in landfills.

3.5.3 Use of Plastic Residue from Sims MRF aBest-run Feedstock for Byrolysis Technologies
The possibility of sending Sims plastic residue to ypolysis plants for material and energy recovery was
AEOAOOOAA xEOE -08 |/ OOAOAOEAGA AOOET C OEAsoAelodtid 06 O OE
pyrolysis technologies discussedn this study and had even sent sample Sims residut Climax Global Energy
Inc. Mr. Outerbridge explained the current setbacks with pyrolysis and other plastic reclanation
technologiesfrom the standpoint of the $ms MRF.

Sms has enough material torun a full scale pyrolysis plant but, at the time of the visit, Mr.
Outerbridge was not convinced about the economic viability of these plants. Mr. Outerbridge stated that, as
general manager of Sims MRF, hibiggest issue with all plastics-converting technologies is that their
economic modes AOOOAT O1 U AiI 180 OAAI OEAAI A AAAAOOA OEA 1 AOE

Consequently, from his perspective,the economic modes AT 1 8 0 OAAI O1 Aurénbldn@ih x EOE C

disposal cost. Mr. Outerbridge also stated thaSims isconstantly looking for markets to sell more recyclables
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In order to commit to a plastis-converting technology, they have to be offered a price competitive to the
prices of the recyclables. Another concertvir. Outerbridge hadwith the economics of these technologs is
whether additional costs would result fom environmental regulatory standards not being met by these new
technologies.

When asked whether Sims would be willing to add nomecyclable designated plastics from curbside
collection to their waste input stream at the MRF, Mr. Outerbridge said that they preferred not to. Sims
already deals with large volumes of waste and it is problematic to handle nenecyclable designated plastics,
especially film plastics. Mr. Outerbridge explained that the liggest issue with handlingfilm plasticsis the non
uniformity of the material and the fact that some fractions have high market value and some have no value at
all.

The sectiors of this study that follow provide a detailed analysis and evaluation ofhree promising
pyrolysis technologies that convertNRPinto synthetic oil and other marketable petrochemical products. In
the analysis, Sims plastic residués assumedas the test-run feedstockfor all three technologies. As part of
the O O O Aevaldiation, the economis of one ofthe pyrolysis technologiesis compared to that of landfilling to
determine which method of plastic waste management ishe least costly. Based ora comparison of the
economic and environmental aspects of thee waste management praates, a recommendationis made for

improving waste managemat practices for NY@ @unicipal NRP.
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4. PYROLYSISTECHNOLOGIEEOR NONRECYCLED PLASTICS

4.1 Motivation to Reuse NYC8 O -Récycled MPW

4.1.1 Economic and Environmental Drawbacks of Landfilling NYC MPW

In 2010, NYdandfill ed approximately 630,187 short tons of MPW. This is equivalent tdandfilling more than
1,700 tons of MPW per day. NYC landills most of its MPW because it iscurrently the cheapest waste
management solutionavailable*3. However, as more and more local landfills reach maximum capacity, the
cost oflandfilling NYCMSWis steadily increasing. NYC currently transports itsMSWout of statevia trucks,
train, and bargeto landfills in Pennsylvania Ohio, Virginia, andSouth Carolind4. Theincreasingly farther
distances that NYC waste has to travel to be disposadd the rising rates charged by landfill companiesare
making landfilling an increasingly more expensive waste managemenpractice.

Landfilling is not a sustanable waste management solution because it poltas the environment, it
reduces green field space, and the land available for landfill use is limited. Furthermorendtills are an
aesthetic eyesore to surrounding communities and can be a source for dismcausing pathogens if
improperly operated4s.

The waste in landfills is a viable source for material and energy recoveryAlternative waste
management practicessuch as wasteto-energy and mechanical recycling, utilize the material and energy

resourcesavailablein waste and consequently reduce the total volume of generated waste that is disposed.

4.1.2 Waste Management Hierarchy

Since landfilling is not sustainable ands becoming more costly, it is importantthat NYC changgits waste
management practiceso more environmentally-friendly and economicalternatives. The hierarchy of waste
management ranks waste management practices based on their respective environmental impactgigure
13 shows the expandedhierarchy of waste management proposed by Columbia Universily@arth

Engineering Cente(EEC)

43The Wrong Bin Dir. Krishnan Vasudevan. 2011. Documentary.
44 |bid.
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Waste. reduction
Recycling
y Anaerobic
/,/' composting < | on’yfor source
i separated organics
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Modern landfill recovering and
using CH4

Modern landfill recovering and flaring CH4

Figure 13: Expanded hierarchy of waste management
Source: Themelis (2008)

As can be seen from Figure 13, waste reduction is the most favorable form of waste management
because it has the least environmental impact.Other waste management practices that have relatively low
environmental impacts compared to landfilling aremechanical recycling, composting of sourceseparated
organics, and wasteto-energy. Wasteto-energy is a type of recycling where waste undergoes complete
combustion for energy recovery. A small percentage of NYWIPW, approximately 9%, is currently sent to

waste-to-energy plants.

4.1.3 Types of Recycling for MPW

There are four types of recycling for plastics: primary, secondary, tertiary, anguaternary recycling. Primary
recycling converts postconsumer plastic waste back intdts original product or a similar material. Primary

recycling is desirable because it reduces the demand for virgin resins thusducing the costs in plastics
manufacturing#. This process isnot widely used because itrequires fairly clean feedstock of known

composition. Therefore itis only feasible with semiclean industrial scrap plastié’.

46 Themelis, Nickolas and Arsova, Ljupkédentification and Assessment of Available Technologies for Material and Energy Recovery From
Flexible Packaging Waste (FPWNew York: Columbia University, 20103.Print.

47 |bid.
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Secondary recycling which is also known as mechanical recyclingjses mixed plastic waste to
manufacture new plastic products. Unlike primary recycling, mechanical recycling catolerate mixed plastic
waste feedstock because the products of mechanical recycling havess demanding chemical and physical
properties than the original pre-consumer plastic productgs. In mechanical recycling, the mixed plastic
waste does not need to be separated. It is converted into new plastic products via physical processes such as
extrusion. Mechanicalrecycling is used to make recyclegblastic bottles, recycled bagsand plastic lumber.
Postconsumer film plastic is not a suitable feedstock for mechanical recycling technologiés

Tertiary recycling chemically breaks down plastic wastat elevated temperaturesinto its constituent
monomers. The basidiquid and gaseoushydrocarbon products that are obtained can be used as fuelor
heating or transport. Major tertiary recycling technologies for plastic waste are pyrolysis and gasificaticf.
Both of theseprocessescan tolerate mixed plastic waste feedstock with high levelsf contamination and both
processes have high yields of marketable petrochemical productsThe major difference betweenpyrolysis
and gasification is that pyrolysis occurs in the absence of oxygewhile gasification occurs in an oxygenated
environment.

Quaternary recycling recovers energy from plastic waste either through the production of
engineered solid fuel or the directcombustion of plastic wastein waste-to-energy plants. Engineered solid
fuel is produced by mixing high calorific plastic waste withMSW to yield a solid fuel of desired calorific value.
The solid fuel canbe burned as fuel in cement kilns, used in designated waste-energy plants, or cefired
with coal in power plants. Alternatively, plastic waste can be directly burned as fuel inaste-to-energy
plants. The plastic waste undergoes complete combustion and the energy that is recovered from the process
is used as heat and electricity.In waste-to-energy plants, pastic waste is mixed with MSW prior to being
burned. Thisreduces the production of harmful oxide emissions, suchas sulfur oxides (SOx) and nitrogen
oxides (NOXx) that result when plastics are combusted

This study analyzesthe potential application of pyrolysis technologies in thewaste management of

9 # o®recycled MPW Pyrolysis is a promising recycling process because it recovers the high calorific

content of plastic waste without producing high emissions of NOx and SOXx.

48 Themelis, Nickolas and Arsova, Ljupkadentification and Assessment of Available Technologies for Material and Energy Recovery From
Flexible Packaging Waste (FPWNew York: Columbia University, 2010. 24Print.

49 |bid, 25.

50 |bid.
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4.2 Pyrolysis

Pyrolysis is aprocessthat thermally de-polymerizes pladics at elevated temperaturesin an oxygendepleted

environment. Pyrolysis of plastic waste yield gaseousand liquid hydrocarbon products that can be useds
fuel or as other petrochemical products, such as industrial waxes and lubricantsDuring pyrolysis, asolid

residue by-product called char is alsoformed. Charcontains inorganic materials from the plastic waste
feedstock that are separated out during pyrolysis The proportion and quality of the desired pyrolysis
products and residue are diectly related to the plasticwaste feedstock composition, the pyrolysis operating
conditions, and thepyrolysis reactor type>s1.

Pyrolysis generally occurs between operating temperatures of 300 to 600 degrees Celsius at
approximately atmospheric pressure. Increased yields of gaseous pyrolysis products are obtained at higher
operating temperatures®2, Reactor types that are used for pyrolysis processes include fixed beds, fluidized
beds, and rotating kilns.

Pyrolysis is advantageous comparedo other plastics recycling technologies because itan process
highly contaminated mixed plastic wasteand generate ligh yields of valuable marketable products with
minimal waste generatiorp3. Pyrolysis is advantageousover gasification because itoccurs in an oxygen
depleted environmentand therefore produceslow emissions of NOx and SOYlso, there is lower heat loss in
pyrolysis than in gasification because pyrolysis occurs at lower operating temperaturés

Some disadvantages of pyrolysis are that usually requires an external energy source and the
quality of the desired products may be inconsistent on a day to day basis due to the varying composition of
the plastic waste feedstocke.

There are threemajor types of pyrolysis thermal, thermal-catalytic, and microwave pyrolysis. The

following sections describe each of these pyrolysis processes in detail.

4.2.1 Thermal Pyrolysis

Thermal pyrolysis achieves decomposition of plasticsat elevated temperatures. Thermal pyrolysiscan
achieve complete decomposition ofpure plastic compounds at a minimum operating temperature of 400
degrees Celsiu®. In order to achieve extensive plastic decompositionor mixed plastic waste,thermal

pyrolysis operating temperatures must be greater than 120 degrees Celsius and residence time must be

51 Themelis, Nickolas and Arsova, Ljupkadentification and Assessment of Available Technologies for Material and Energy Recovery From
Flexible Packaging Waste (FPWNew York: Columbia University, 2010. 2&rint.

52 |pid.

53 |bid, 25.
54 |bid, 38.
55 |bid, 31.

56 Bhatti, JawadCurrent State and Potential for Increasing Plastics Recycling in theNkv York: Columbia University, 2010. 50. Print.
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long5”. The discrepancy inoperating temperatures for the thermal pyrolysis of pure plastic compounds
versus plastic waste is attributed to the difference in contamination level. Thermal pyrolysis generally yields

wax-like petrochemical products that solidify at room temperatures.

4.2.2 Thermal-Catalytic Pyrolysis
Thermal-catalytic pyrolysis utilizes a catayst in the pyrolysis process. In general, the catalyst reduces the
pyrolysis reaction temperature, increases the rate of d@olymerization, and allows for more specificity and
control of the end product parameters®. Thermal-catalytic processes are geneiidy faster and less energy
intensive than thermal pyrolysis. The minimum operating temperature for thermakatalytic processes is
approximately 200 degrees Celsiu$.

Catalysts may be added to the plastic feedstock in either a homogeneous or heterogeneous phase.
Homogeneous catalysts are difficult to separate from the final pyrolysis products. Heterogeneous catalysts
are easy to separate but present difficulties in dedivation because they suffer from cokingt. Catalysts are an
added expense to thermakatalytic pyrolysis processes because thegleactivate after a certain period of time

and thus they must beperiodically replenishedwith a new batchof catalyst

4.2.3 Microwave Pyrolysis
Microwave pyrolysis uses microwave radiation to heat plastic feedstockto the elevated temperatures
required for thermal degradation of the plastics Microwave radiationis a beneficial method of heating
because it provides a uniform distribution of heat and allows greater control over heatirt§,.

Plastics are poor absorbers of microwave radiation because they have low dielectric constafits
Therefore high, microwave absrbent materials such as graphite carbon are added tthe plastic waste
feedstock The graphite absorbs the microwave radiation and heats up the surrounding plasioia

conduction.

57 Bhatti, JawadCurrent State and Potential for Increasing Plastics Recycling in the NEsv York: Columbia University, 201049. Print.
58 |bid.

59 |bid, 50.

60 |bid.

61 |bid.

62 |bid.

63 Sharobem, Timothy Tertiary Recycling of Waste Plastics: An Assessment of Pyrolysis by Microwave RadiierY.ork: Columbia
University, 2010. 27. Print.
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For plastic waste products coated with aluminum, such as packaging fenacks,some microwave

pyrolysis processes argeported to achieve 100% aluminum recovery4.

4.2.4 Commercial Pyrolysis Technologies

Pyrolysis is a wellestablished technology that has been applied in the area of waste management over the
past forty years. Major developments in pyrolysis waste management applications were made in the 1990s.
Although pyrolysis is an established and proven techslogy, it still struggles to compete as a commercially
viable alternative for industrial scale plastic waste management.improvements in energy input, purity of
products, and feed capacity are required to make pyrolysis technologies more competitive at ardustrial
scales.

The following sections of this study provide a detailed analysis of three promising pyrolysis
technologies for the treatment of non-recycled plastics (NRP. The technologies are thermal, thermal
catalytic, and microwave pyrolysis andwere developed byAgilyx, JBI Inc.,and Climax Global Energy Inc
(C&), respectively. All companiescurrently operate demonstrational scale pyrolysis plants. Agilyx also
operatesa commercial facility, which has been in operation for the past two yearslIBI Inc.is currently in the

process of constructing their first commercial faciliy and CGE is starting up its first commercial facility

64 Themelis, Nickolas and Arsova, Ljupkadentification and Assessment of Available Technologies for Material and Energy Recovery From
Flexible Packaging Waste (FPWNew York: Columbia University, 2010. 5%rint.

65 |bid, 27.
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4.3.1 Overview

JBlIncd O 001 ARRO¥pidaeds I lacbntinuous thermal-catalytic pyrolysis processthat converts plastic
waste to synthetic fuel. JBI Inc.is a publicly owned companythat was founded in 206 by John Bordynuik
and is located in Niagara Falls, NYJBI Inc. began developing the P20 process2009 and it is currently a
patent-pending process JBI Inccurrently operates a demonstrational scalefacility in Niagara Falls, NYand is
in the process of constructing @44-short ton per day commercial facility in Jacksonville, EL

In September 2012, EA AOOET O | £ OE E Odeén§ration faiyO K@ Avthormet) ) 1T A8 O

with Mr. Bordynuik and was given aOi OO0 1T £ 11 A 1 A-tod pel dayi\proteBshd uhdsOTha
purpose of the visit was to learn more about the comph U ®2ZD processand to consider its potential for
application inNYC. & ET AET CO &£O0i i OEA ABOEI 060 OEOEO 61 =*") )1 As A

The P20 process converts plastic waste into fuel vihermal-catalytic pyrolysis. The process accepts
almost all plastic waste as feedstock except fét3-PVC and nylons. The primary consumer products of the
process are No. 6 oil, No. 2 oil, and naphtha. The No. 6 and No. 2 oils aigpat and carbe sold directly to
the consumer. The primary residue of this process ipetcoke.

The P20 process is a continuous closddop process that is powered by the offjas produced during
pyrolysis. The footprint of the current fifth generation P20 unit is 10 fiong x 120 ft wide x 20 ft. high and its
maximum feed capacity is 48ons per day. The fifth generation unit operates at 75%availability. Based on
the 2011 performance metrics provided by JBI Inc., it was calculated that the P20 fiftfgneration unit
producesapproximately 4.4 barrels of oil and 8.2 kg opetcoke per ton of plastic waste feed.

The following sections include a detailed technical description of the P20 process, results of
calculated mass and energy balancesn the P20 systema discussion othe emissions andenvironmental
impacts of the processand an economicanalysis of theA T | D A busirfe$8 modelfor a 31,700-ton per year

P20 commercial facility

4.3.2 Process Description

4.3.2.1 Rastic Feedstock
The current fifth generation P20 unit at the Niagara Falldemonstration facility can process up to 48 tons of
plastic waste per dayat maximum capacity. Its current sources of feedstock are commercial and industrial
waste streams. JBI Inc. is lookingnio partnering with local universities and MRFs to provide plastic waste
from the residential stream as well. The P20 process accepts a wide array of plastic wastes with regard to
resin type, product type, and degree of contamination.
The P20 unit proesses the following plastic resins: #HDPE, #4LDPE, #5PP, and #7Other. The
O1T EO Al 0T DPOI AROOAO EOAI O OEAO AT180 EAOGA A AROGECT AGAA
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#1-PET but it is not a desired feedstock because when pyrolyzed iemgrates terephthalic acid, which
corrodes process equipment JBI Inc. does not accept #3VC or nylon as feedstock primarily because they
yield harmful pyrolysis products that pollute the environment.

The P20 unit can handle a wide variety of plastic ve&e products. Examples include food containers,
gas tankswine bags, automotive plastic, and consumer waste plastic film. When a new type of plastic waste
product is received at the facility, it is tested on site for suitability as feedstock. Based thre test results, the
plastic waste is either incorporated into the feed or shipped back to the supplier.

The P20 unit accepts unwashednd unsorted plastic waste, composites and commingled materials.
The P20 unit can process plastic waste with food and oil residue and plastic waste that is commingled with
metal.

When plastic waste arrives at the Niagara Falls facility, it is temporarily stored in large plastic totes
on skids. The waste is not chemically prepared prior to being fed to the P20 unit. Mechanical preparation of
the waste feed is required only if the size of the plastic waste items exceeds the-idéh diameter of the feed
intake receiver. Items exceeding 24 nches in diameter areshredded prior to being fed tothe P20 unit.
@Al P1 A0 1T £ Pl AOOEA xAOOA OEAO Ai 1860 OANOEOA OEOAAAET C
bottles, shampoo bottles, markers and crayons. Examples of plastic waste that mguire shredding are
items from the automobile industry such as gas tanks and bumpers. JBI Inc. shreds its plastic waste in a JBI

Inc. owned plastic shredder located at anaterial recovery facility (MRP in Thorold. Ontario, Canada.

4.3.22 P20Process
The P20 unit operates continuously and is fed up to 2 short tor§g,000 Ib) of plastic waste per hour
using a forklift. The plastic waste stored in a reusable tote is dropped into a hopper and is continuously
loaded into a jacketed cylindrical rotatingkiln called the pre-melt tank. The premelt tank is operated at a
temperature between 300 and 500 degrees Celsius. Prior to entering the pmeelt tank, the plastic feed in
the hopper is purged with nitrogen in order to remove any oxygen that is preseniThe hopper is intended to
hold approximately 1 ton (2,000 Ib) of plastic waste with a bulk density of approximately 25 Ib/fé (specific
gravity: 0.4)
JBI Inc. takes pride in being able to maintain a continuous feed rate to the pmeelt tank. Plastic feed
enters the tank approximately every 2minute®0 OEA A EAAA OAOAx AT A Ol EAA CAOAO:
own design and according to them, ishe reason why the tank can be fed continuously. The controlled feed
OAOA EO OEIi AA PAOEAAOGI U O OEAO OEA EAAGkAnKkBHUA OOEA Al
avoiding a major mechanical issue that is often encountered with plastic extruder
Once in the premelt tank, the plastic feed is directly heated by 2 burners located at each end of the
tank. The fuel source for the burners is recycled effas from the process itself. The offas is combusted in

the jacket chamber of the premelt tank. During the premelt stage, the plastic feed is liquefied and mixed
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waste from automobile manufacturing, and metal are separated out durg the pre-melt stage.

Any steel and metal that is present in the P20 feedstock remains in the preelt tank and is backed
out every 70 tons (140,000 Ib) of plastic feed. The steel and metal are removed in conjunction witfietcoke
residue, which is gaerated in the pyrolysis reactor. Residue from the hopper, prenelt kiln, and pyrolysis
reactor are collected in a container located below the hopper. Currdgt residue removal doesid require
complete shutdown. However, during removal, feeding is stogped and the kilns are cooled off In 2012, JBI
Inc. adced a third kiln to the P20 unit and an automatic slide gate directly below the hopper to improve
residue removal rate. The third kiln is designed to condition the residue to remove it in real time atrate of
70 Ib/hr.

After the pre-melt stage, the liquefied plastic is transported to a jacketed pyrolysis reactor via a
screw. Like the premelt tank, the pyrolysis reactor is also a cylindrical rotating kiln. In the reactor, the
plastic undergoes pyrdysis at an operating temperature between 300 and 500 degrees Celsius. During
pyrolysis, the plastic feed is mixed with the same proprietary catalyst that is used in the praelt stage. The
burners in the pyrolysis reactor are fueled by the offyas geneated by the process. JBI Inc. employs-gitu
EUAOT CAT ACEIT ET OEA DPUOI T UOGEO OAAAOGI O O AOOOOA OEAO
consequently inspec.

The petroleum gas products from the pyrolysis reactor flow through a cyclan to remove any
particulate matter and then enter Reactor Tower 1 where the gases are further pyrolyzed. The cracked gases
are then sent to Towers 2, 3, and 4 where No. 6 dio. 2 oil and naphtha are separated out. Light gaseous
hydrocarbons from Towers 4 are compressed to approximately 2 psig and the compressed afés is used as
fuel for the pre-melt and pyrolysis burners. The composition of the of§as includes methane, ethane,
propane, butane, and hydrogen.

The final products of the P20 processra collected from the reactor towers, cooled, and sent for
storage. Prior to storage, naphtha is passed through an oil/water coalescer to knock out any additional water
still in the product.

The separation systems installed in the four reactor towers areompletely automated. This allows
JBI Inc. to closely control the composition of their fuel output. The degree of control that JBI Inc. can employ
in their P20 process has allowed them to produce consistently-spec No. 6 and No. 2 fuels that can be dol
directly to the consumer. Naphtha igurrently sold to a fuel blendingsite where it is injected with additives
to turn it into gasoline.

11 TEI DOI ABAOO 1T & OEA 0¢/ bOkite faiviatonAtd Aakddudl UUA A
that the oils are in-spec with the current market products.

Figue14EO A &A1 1 xOEAAOG T &£ *") )1 A8860 0¢/ DOI AAOOS
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Figure 14: JBI Inc.'s Plastic20il process
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4.3.23 Input and Output
The material inputs of the P20 process are

1 Plastic waste (except for #3-PVC and nylons)
1 Proprietary catalyst

1 Water (minimal)

The plastic waste is the feedstock for the P20 process The proprietary catalyst helps achieve certain
specific operating parameters that allow for the production of irspec fuels. The water is used for cooling the
equipment; the processuses approximately 1,000 gallonsper day.

The material outputs of this process are:

1 No. 6aill

1 No. 2oil

1 Naphtha

1 Petcoke (byproduct)
1 Steel (by-product)

l

Off-gas (acombustible mixture of methane, ethanepropane, butane,and hydrogen)

No. 60il is usedas fuel in industrial boilers and ships. No. 60il is consumerready directly from the
DOl AAOGON EO AT AOGI 860 OANOEOA A&EOOOEAO Al AT AET C8 )y O EO
the cleanest No. @ils available on the market. While the industry regulations allow for the sulfur contenn
No. 6 oil to be up to 30,000 arts per million (ppm)h  * " ) ) dil Aa8 Bss thdnd6 ppm of sulfur. JBI Inc.
currently sells their No. 6 oil to US Steel and Indigo Energy.

No. 20il can be used as fuel for industrial boilers gmwith the additio n of additives, it can be used as diesel
transport fuel. Similar to No. 6 oil,No. 20il is also consumesready directly from the P20 process.The P20
process includes an idine injection of additives to make diesefuel when desired. JBI Inc. currenty sells its
No. 2 oil to Coco Paving Inc. and US Steel.

Naphtha is used in high or regular grade transport fuelsNaphtha product from the P20 process requires
further blending before it can be sold to the consumer. Naphtha producetithe Niagara Fal$ facility is sold
directly to GTI Oil and Chemical for blended fuel distribution.

Petcoke is a byproduct that is formed in the P20 process. Thaetcoke that is formed is a very fine
black powder with highly uniform particle size. JBI Inc. is currently looking to sell theipetcoke residue
either as pigment, to be used in manufacturing, or to be used in the coking processes of steel companies.

Steel is an additional byproduct of the P20 qocess. Steel is separateftom the plastic feed during

the pre-melt stage. JBI Inc. recovers a significant amount of steel because it is often commingled with plastic

O
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waste from the automobile industry. JBInc. sells the removed steel to Metallico Incof which they receive a
scrap metal fee.
The oftgas of the P20 process is composed of hydrogen and light hydrocarbons . Thegaff that is

generated during pyrolysis isrecycled andused to fuel the buners in the premelt tank and pyrolysis reactor.

4.3.3 Material and Energy Balances

4.3.3.1 Material Balance

JBI Increportsthe following massyields for its P20 process:

1 86% marketable fuel product
1 10-12% off-gas (recycled)
1 2-4% petcoke

JBI Inc. controls the output of the P20 process based on the fuel demandtsfclients. In terms of mass
percent, the process can yield 80:20 No. 2 oitlight naphtha, 70:30 No.6 oil-light naphtha, or 100% light
naphtha.

JBI Inc. provided the author othis study with performance metrics of the fifth generation P20 unit
for the operation period of June to December 2011 Basedon these metrics a mass balance on the system
was calculated. Table 11 compares theported yields of the P20 process to thealculated yields from the

mass balance.

Table 11: Comparison of reported and calculated yields for P20 process

JBI IncS Reported Yields Calculated Yields?

Tons/ ton of plastic Tons/ ton of plastic
Mass of crude oil 0.86 0.65
Mass of petcoke 0.02-0.04 0.01
Mass of off-gas 0.10-0.12 0.08
Mass of non-hydrocarbons 2 Not given 0.27
TOTAL 1 ton 1ton

1: Yields calculated by D. Tsiamis
2; Calculated as the difference between plastic tonnage processed and hydrocarbon produesorted by JBI Inc. for the operating period
of JuneDecember 2011 (presumed to be moisture, inorganics and paper in feedstock)

As is shown in Table 11,He calculated mass balanceestimatesa lower yield of crude oil per ton of
plastic than is reported by JBI Inc. JBI Ingeports that 1 ton of plastic feed will yield 0.86 tons of crude oil.

However, based on the mass balance, it was calculated that 1 ton of plagtied yields only 0.65 tons of crude
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oil. The discrepancy in thereported and calculatd yields can be attributed to the presence of residue in the
plastic feed. Plastic waste contains metals, paper fibers, and organic residues. Based on the mass balance,
residue accounts for 27% of the mass of the plastic feed. Therefore, the presenéeesidue consequently
lowers the yield of crude oil produced per ton of plastic feed. It would be more accurate for JBI Inc. to report
that the 86% yield of crude oil is only based on the hydrocarbon content of the plastic waste feed.

Based on the resul of the calculated mass balance, it was determinedhat the P20 process yields
approximately 4.4 barrels of crude oiland 8.2 kg ofpetcoke per ton of plastic waste. Tablel2 shows the

calculatedyields of the P20 process in terms of barrels of oil andams of residueper 1 ton of plastic waste.

Table 12: Calculated yields of P20 process

Total synthetic oil 4.4 barre | (bbl) oil/ ton plastic
No. 2 oil 1.6 bbl oil/ ton plastic
No. 6 ol 1.0 bbl oil/ton plastic
Light naphtha 1.8bbl oil/ton plastic
Total petcoke residue 8.2 kg/ton of plastic

4.3.3.2 Energy Balance

The energy inputsof the P20 process are

1 Natural gas (for startup)
91 Electricity
1 Off-gas (recycled)

JBI Inc. uses 8 million British Thermal Units (BTU) of natural gas to start up the P20 procesdt uses
approximately 53 kilowatts (kW) of electricity daily (1.3 MWH day) to power fans, pumps, and small motors
The off-gasgeneratedduring the P20 processs recycled andis usedto fuel the burners in thepre-melt tank
and pyrolysis reactor.

An energy balance was calculated based on the performance metrics of 2011. The lower heating values
(LHV) of the plastic wastefeed andprocessproducts were taken from a previous EEC study for the American

Chemistry Counciland theyare as follows:

1 Non-recycled plastics: 14,000 Btu/lb

1 Crude oil: 18,400 Btu/lb
1 Petcoke: 12,700 Btu/lb
1 Off-gas (assimed mostly CH): 20,300 Btu/lb
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It should be noted that the LHV of norrecycled plastics, which was assumed to be equivalent to the LHV
of MPW, is only 76% of the LHV of crude oil. This discrepancy is attributed to the fact that plastic waste is
contaminated with residue which consequently reduces the energy content of wasteTable 13 shows the

calculated energy distribution that is achieved irthe P20 process.

Table 13: Energy distribution in P20 process

. % Distribution of
Btu/ H(featllng_va;lued K heating value of
(Btu/ton of plastic feedstock ) feedstock
IN
Plastic waste 28,000,000 100.0%
ouT
Crude oil 23,855,211 85.2%
Petcoke 229,109 0.8%
Hydrocarbo n gas combusted to heat process? 3,915,680 14.0%
TOTAL 28,000,000 100.0%

1: Calculated as the difference between the heating value of plastic feedstock processed and the hydrocarbon products reportedBi
for JuneDecember 2011

In the P20 process, wst of the chemical energy that is stored in the plastic waste feed is recovdre
in the crude oil product. Approximately 14% of the stored chemical energy is used to power the P20 process

via the combustion of the offgas.

4.3.4 Environmental Emissions

Emissions from the P2(processcome from the flue gas that is generated during pyrolysisThe flue gas goes
through a stack before it is released into the environmentThe reported emissions of greenhouse gasesor
the P20 processre: 0.02 ppm SQ@, 15.1 ppm NOx, and 3.1 ppm C@Q emissions from the P2Qorocessare
estimated to be approximately1,129 short tons CQ per year. (These emissions are based on a P20 unit
processing approximately 36 tons of plastic waste per dagt 75% availability).

The electricity consumption of a48-ton per day P20 unit is approximately 1.3 MWh per day (53
kW/day). Assuming 75.3% availability (275 daydyear) of the P20 unif the total annual electricity
consumption of P20unit is estimated to beapproximately 350 MWh per year. Assuming that the éectricity
provided to the process is generated from coal, the G@missions from the electricity consumptionare
estimated to be approximately 364 tons CQ per year (this is based on the Energy Information
overall CQ emissions ofa P20unit are estimated to be approximatelyl,493 tons CQ per year.

The P20 process passed multiple @nestogaRovers & Associates (CRA) stack tests that were
conducted in 2010 and 2011 Air emissions were well within the regulatory criteria established by the Nw

York Sate Department of Environmental Conservation (NYSDECjhus reaffirming that the P20 process is a
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Al AAT O Cés8 AJBbIncbréckied an air permitting exemption from the environmental protection
agency for the new commerciafacility that will be constructed in Jacksonville, E.

The primary waste product generated by the P20 process fgetcoke. JBI Inc. is cuently seeking
Beneficial Use Determination (BUD) for the purposes of potential sale of tipetcoke residue.

Although the P20 process uses cooling water for the equipment, no wastewater is generated. The

cooling waterruns in a closed loop and is never ioontact with the chemicals in the process.

4.3.5 Economic Analysis
In 2012, JBI Inc. commissioned SAIC Energy, Environment, and Infrastiure, LLCto conduct an independent
review of the P20 process and its business model.he economicanalysis provided in this study is based on
the SAIC report and only provides a rough estimate of the expensasd revenues of the P20 process

The SAlChase casebusiness modelfor 2013 is basedon a commercial facility consisting of 3P20
units operating at 75.3% uptime (275 days/year) with an 80% yield. The annual processing capacity of the
facility is approximately 31,700 tons per year and the product stream of the facility is 70:30 N6.oil-naphtha.
No. 2 oil generation and sale is not included in this business model. Table 14 compares the P20 costs
provided in SAIC business model with costs estimated Wyarth Engineering Cente(EEQ for a pyrolysis plant

of the same capacityIn both casesthe oil yields calculatedfrom the mass balance were used

Table 14: Economic Analysis of P20 Process

SAIC Report EECestimate
Plant capacity tonslyear 31,700 31,700
Capital investment $ (total) 7,838,415 9,500,000
$/ton of annual capacity 247 300
Annual capital charge (APR 4%, 10 years) $lyear 783,842 950,000
$/ton processed 25 30
Cost of collecting/sorting/delivering PW to plant 1 $lyear | Not provided 1,595,000
Variable operating costs $lyear 562,348 634,000
Fixed operating costs $lyear 444,180 1,000,000
General and Administrative $lyear 20,000 200,000
Total operating costs $lyear 1,026,528 3,429,000
TOTAL CAPITAL + OPERATING COSTS $lyear 1,810,370 4,379,000
$/ton processed 57 138
Operating Revenues $/barrel of No. 6 oil 100 100
$/barrel of naphtha 80 80
No. 60il 2 barrels/ton of PW? 3.1 3.1
Naphtha 4 barrels/ton of PW 1.3 1.3
Total Oil Products 5 barrels/ton of PW 4.4 4.4
Revenues from No. 6 oil $/ton 310 310
Revenues from Naphtha $/ton 104 104
TOTAL REVENUES $lyear 13,123,800 13,123,800
$/ton processed 414 414
NET INCOME (REVENUEOSTS) $lyear | 11,313,430 8,744,800
$/ton processed 357 276

1: Arsova L. and Nickolas J. Themelis, "Collectiand processing of plastic wastes for use ggrolysis feedstock”, 012)
2,4,5Yields calculated by D.Tsiamis
3: PW indicates plastic waste
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Based on the SAICbusiness model,a 31,700-ton per year commercial P20 facility operating at
approximately 75% availability is estimated to generate anet income of $857 per ton of plastic waste.
Meanwhile, the EEC analysis estimates a net income of $276 per ton of plastic wast&C estimates thathe
costs of the P20 facility,specifically the capital cost, fixed operating costs, and general administrative costs
should be higher than those provided in the SAIC model. Furthermore, the EEC analysis takes into account
the additional cost of collectbn, sorting, and delivery ofplastic waste to thepyrolysis plant.

The business model of JBI Inc. is to develop processor partnerships with clients who generate large
volumes of plastic waste. From this partnership, the client would avoid the cbsf tipping fees (hich are
fees for transporting and disposingwaste in landfills) and would have access to affordable clean burning
fuels. JBI Incowns and operates all of its P2Qunits; it does not sellunits. The fuel products that are

generated by the P20 process are sold to fuel retailers, fuel brokers, aricedtly to end-users.

4.3.6 Current Status

JBI Inc. is currently in the process of constructing its first commercial facility. The facility will initially operate
with 3 P20 units (total 144 ton per day capacity). Eventually, JBI Inc. plans to insta#t 220 units and have
the facility operate at a maximum capacity of gproximately 1,150 tons per day. The commercial facility will
be located in Jacksonville, FL and will be used by Retknn, a paperboard and packaging manufacturer. To

date, JBI Inc. haproduced 461,000 gallons of fuel with its P20 process
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4.4 Agilyx

4.4.1 Overview
Agilyx uses a patented thermal pyrolysis batch process to convepiastic waste to synthetic fuel. Agilyx
(formerly known as Plastic2Fuel)is a private companylocated in Portland, @R that was founded in 200 by
Kevin Dewhitt and Chris Ulum Agilyxcurrently operates a demonstrational scaldacility located in Tigad,
Portland, OR and a commercial facility located near Portland, OR
In May 2012, aresearch a&®81 AEAOA T &£ #11 O0i AEA 51 EOAOOEOUS8 O wAOOE
l CET U@G8O AAIT1 OOOAOEIT £EAAEI EOUS 4EA %nwn# AOOT AEAOCA 1A
I £ ' CEl UG8 O &I OOOE CAT AOAOQEIT DODEBEAOKEKEC AODEAGBAOABOI AE
are reported in this section.
The Agilyx process converts plastic waste into fuel vidhermal pyrolysis. The process acceptall
plastic waste types and resinss feedstock. The primaryield of the process is a lowsulfur content crude oil
that is sold to refineries. The by-products of this processare char and light gases The char is sold as low
grade char The light gases aréburned in open flare and are an enssion of the process Agilyx is currently
looking into recycling the light gasedor use as a heat source fdts process
The Agilyx process is abatch process that is powered by an external energy sourceA single
processing unit at the Agilyx facility is called a bas system. The feed capacity of abase systemis
approximately 30 tons per day. Base systems can besed in parallelin unlimited increments to increasetotal
processing capacit§®. Based oncalculations from the EECA O O1 A suk®akybr&port on Agilyx it was
determined that the Agilyx processproduces approxmately 4.1 barrels of oil per ton of plastic waste feed.
The following sections include a detailed technical description of the Agilyx process, results of
calculated mass and energy balances othe fourth generation Agilyx system, and a discussion of the
emissions and environmental impacts of the processEconomic datavas not provided by Agilyx therefore a

analysis of the Agilyx business modetould not be performed.

4.4.2 ProcessDescription

44.2.1PlasticFeedstock

The Agilyx base systentan process up td0 short tons of plastic waste per day.Base systems can based in

parallel in unlimited increments to increase the totalprocessingcapacity of theprocess. The Agilyx system

accepts #l plastic waste types (rigid containers film plastics, etc.) and plastic resingt1-7 as feedstock The

OT EO Al O DPOI ARAOOAO EOAI O OEAO AT180 EAOGA A AROGECT AGAA

66 Agilyx, Convert WastePlastic into Crude OilAgilyx, 2012. Print.
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31 O0AAO A&EI O ! CEmatembredoveBAfdcilitiosIMRAE] pldstiz Aggregators, and plastic
manufacturers (manufacturers provide floor-sweep and offspec material). Agilyx runs tests on samples of
the plastic waste in theA T | B A dnigite Gboratory prior to processingit. If the lab test results prove that
the material is suitable for the Agilyx processAgilyx doesa trial run in the demonstration plant to test the
UEAT AGO AT A EAAOGEAEI EOU 1 £ OOETI ¢ OEA AIEAT 060 bPi AOOEA x,
Mechanical preparation of the plastic vaste feedstock is required for the Agilyx proces Rigid
plastics are shreddedand film plastics are shredded, granulated, ad pelletized prior to being fedto the

Agilyx system.

44.2.2Agilyx Process

Prepared plastic waste feed is put into a cartridgeand the cartridge isinserted into a large insulated vessel
called aplastics reclamation unit. Within the reclamation unit, air is heated via a natural gas burner ani

circulated around the cartridge The cartridge is heated byhe air and, via heat transfer, the plastics inside
the cartridge are heated and liquefied.

The liquefied plastics occupy a series ahanifolded tubes within the cartridge called candles.The
liquefied plastics are pyrolyzed in the candles The structural design of the candles maintains the proper
surface area to volume ratio for adequate crackingln the Agilyx system, he plastics are pyrolyzed at an
operating temperature between 300 and 600 degrees Celsiu®.

The resultant gaseous pyrolysis products are filteré for char and then transferred to a condenser
where they are directly water sprayed to remove heat.In the condenser, buffer agents and caustics are added
to remove halogens and organic acids from the pyrolysis products. The emulsion from the condensger
moved into a coalescing vessel to separate the oil from the agueous fraction. The oil product goes through 1
2 more settlers to remove any remaining aqueous fraction and then is transferred to a final holding tank

Figure 15 shows a schematic of thAgilyx process.

71 00i OAh , EOPEA8 O0O2ADPi OO0 £&OiI i OEA OEOCEO 1T &£ ! CEI U EAAMIRAOOAOO AT A

68 |bid, 4.
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Figure 15: Agilyx process
Source: Asova, (2012)

4.4.2.3 Input and Output

The material inputs of the Agilyx process are:

Plastic waste (all types and resins)
Air
Water

=A =4 =4 =

Buffer agents and caustics

The plasticwaste is the feedstock for the Agilyx process Air is used as a heating medium to heat the
plastics inside the cartridges. Water is used in the condenser to remove heat from the gaseous pyrolysis
products. Buffer agents and caustics are used to remov®logens and organic acids from the gases
pyrolysis products.

The material outputs of this process are:

M Low-sulfur crude oil
1 Char (by-product)

1 Light gases(a combustible mixture of methane, ethanepropane, butane and hydrogen)
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The synthetic crude ol product of the Agilyx systemsmeets petroleum specificationsand haslow sulfur,
low residuum, high API gravity, high PONA, and high calorific valtse Agilyx currently sells itscrude oil to US
refineries’o.

The char resdue from the Agilyx process issold as lowgrade char. The light gases producedduring
pyrolysis are currently emissions of the Agilyx process Agilyx is looking into reusing the light gasesas an

energy source forheating in the pyrolysis procesg.

4.4.3 Material and Energy Balances

4 4.3.1 Material Balance

Agilyx reports the following massyields for its thermal pyrolysis process2;

T 80% crude oil
1 10% light gases
T 10%char

A mass balance could not be performed on the Agilyx system becayseformance metricswere not provided
in the EEC summary report

Agilyx reports that its process yields between 4.8 t05.6 barrels of oil per ton of plastic wastgyields
depend on the plastic waste feedstocKj. To check this claim, the oil productiomate of the Agilyx systemwas
calculated based on the plastic composition of C E | feke@sock (which was provided by Agilyx) and the
energy contens of the plastics, crude oil, light gases, and char that are reported in tiiECliterature. In the
calculations, it was assumed that 80% of the plastic wastevas converted to oil and it was assumed that the
light gases were primarilycomposed ofmethane. Thble 15shows the comparisonbetween! C E | rép@ried®

oil production yields and theyields calculatedby EEC

69 Agilyx, Convert Waste Plastic into Crude OMgilyx, 2012. Pnit.

o1 001 OAR , EOPEA8 O02ADPI 00 &£O0iIi OEA OEOEO 1 £ ! CEI UG EAAFHMNOAOOADO Al A

1 |bid, 6.
72 |bid.

73 Agilyx, Our Technology: FAQO013. Web.

.
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Table 15: Comparison of reported and calculated yields for Agilyx process

Agilyx 8 Reported Yield Yield Calculated by EEC

Barrels of oil/ ton of plastic waste 4.8105.6 4.1

Even if the Agilyx process achieved 100% conversion of plastic waste into oAC E | té@ded yield
of 5.6 barrels of oilper ton of plastic wasttEO 11 0 ZAZAAOEAI A AAOGAA 11 OEA A1 AOcCU
and the energy content of crude oil. Ae calculated maximum number of barrels of oil that could be produced

from 1 ton of Agilyx plastic wastefeedis only 5.14 barrels.

44.3.2 Energy Balance

The energy inputs of theAgilyx process are:

1 Natural gasor Propane

91 Electricity

The specific amounts of natural gagpropane and electricity that are used for the Agilyx processwere not
provided in the EEGsummary report.

An energy balance waperformed on the Agilyx systemassuming the EEC estimate thad.1 barrels of
oil are generated from 1 ton of plastic waste in the Agilyx procesS.he calculations were based on the plastic
composition of Agilyx feedstock and the energy contents reported in the EEC literaturtn the calculations, it
was assumed thatthe conversion of plastic waste intochar and the light gases wasf the same magnitudeand
it was assumed that the light gases were composed primarily of methan@able 16 shows the calculated

energy distribution that is achieved in the Agilyx process.

Table 16: Energy distribution in Agilyx process

. % Distribution of
Biu/ H?atllng_vafllued K heating value of
(Btu/ton of plastic feedstock ) feedstock
IN
Agilyx pl astic waste feedstock 29,810,000 100.0%
ouT
Crude oil 21,973,530 73.7%
Char 5,116,744 17.2%
Light gases 8,178,732 27.4%
TOTAL 35,269,006 118.3%
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The discrepancyin the energy balanceof Table 16 may bedue to incorrect assumptions about the
composition of Agilyx light gases orthe assumedconversion of the plastic waste feed into char and light
gases.However,the EEC estimate for crude oil yield and the energy contents of Agilyx plastic waste feed and
crude oil are accurate. Therefore, it can be concluded that approximately 74% of the chemical enestpred
in plastic waste is recovered in the crude oil product of the Agilyx process. The remaining 26% of the stored
energy is accounted foiin the stored energy of the char, the chemical energy available in the light gases, and

the heat losses of the proess.

4.4.4 Environmental Emissions

The dr emissions of the Agilyx processare due to the combustion ofhatural gasand the flaring of the light
gas product d pyrolysis. Agilyx claims thatthe total greenhouse gas (GHGmissionsfrom a 40-ton per day
Agilyx facility are 8,159 short tons of C@per yea74. If Agilyxd @ext generation processing unit can use the
light gas productto heat the pyrolysis reactor, Agilyx estimates that the GHG emissions for a 4@n per day
facility would be reduced to 6,732 tons of C®@ per yea?s. Agilyx currently has air permits in Oregon,
California, and Horida7s.

Additional emissions of the Agilyx system come from the electricity consumption of the process.
Sinceboth! CET U@ AT A * ") Dased @énthernmalOpyralysi§) @ dad belassfimed that the Agilyx
process consumes as mucklectricity as the P20 process aa minimum; the Agilyx system has a greater
external energy demand than the P20 process because it does not recycle its light gases product for use as an
energy source of its process. Assuming thah approximately 40ton per day Agilyx system uses at minimum
1.3 MWh pe day (at reported power input of 53 kW) and operates at 92% availability, the estimated annual
CQ emissions from electricity production are estimated to be approximately 444 tons of C{per year (this is
based on the Energy Information A E1 E O G€ikaddeRtiai c6abderived electricity produces on average
2.08 Ib CQ/kWh). The minimum estimated annual C@ emissions of the Agilyx process igpproximately
8,603tons of CQ per year.

In addition to air emissions, the Agilyx process also generates wastewater. The water usedhie
spray down of the gaseousproducts of pyrolysis is mixed with buffer agents and caustics. Agilyx rases
approximately 80% of its water in its process. However, prior to digosal, this water must be treated because
it contains halogens and organic acidsAdequate waste water treatment andincreased recycling of water in

the Agilyx process are necessary to maintaitow environmental impacts of this process?.

74 Agilyx. Fact Sheet for Air Regulatord..Print.

75 |bid.

%1 O0i OAh , EOPEA8 O02ADPI OO0 &OI i OEA OEOCEO 1 £ ' CEIi U EAAANMOAOOAOO AT A

7 Ibid, 8-9.
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4.4.5 Current Status

Agilyx has been operating a commercial facility near Portland, OR for the past two years. In 2012, Agilyx
completed installation of its first 40-ton per day commercial facility. This commercial facility is locatedn

Minnesota and will be used by Rational Energie. 3 ET AA OEA OEI A 1T &£ OEA %w# AOOI

developed and begun operation of its fifth generation base system.

81 O0i OAh , EOPEA8 O02ADPiI OO0 £&OiI i OEA OEOCEO 1 &£ mmg¢Repbd 2@A BPRHOAOOAOO AT A/
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4.5 Climax Global Energy Inc. (CGE)

4.5.1 Overview
Climax Global Energy Inc(CCE) uses apatented continuous microwave pyrolyss process to convertplastic
waste tosynthetic petroleum. Distillation of the synthetic petroleum from the CGE processyields marketable
fuel and wax CGE was founded in 2005and is a private company CQGE has aresearch and development
(R&D) plant located in Allendale,SCand has completed construction of a 1@on per day commercial unit in
Barnwell County, SCwhich is in start-up phase3 4EA AT i 1T AOAEAI O BaGommiercidl AA A B
facility, which will include 3-4 units and is planned to operate at a maximum feed capacity of 3 tons per
day.
In NovemAAO ¢mpph A OAOAAOAE AOOI AEAOGA T &£ #1101 AEA 511
visited C@&S R&D plant. The EEC associate met witdohn Griffith, the CEO of &3 andtook a tour of the
AT | DAIT-tondpér dayunit. 4 EA AET AET CO £O0T | QECKE ateYeportddGhisAdetdiO A S O OE C
It should be noted that the findings fromthe %%# A O O$uhrRafy ®epdrt@n CE include performance
metrics of OEA AT | Bdonipty da@univas wel AO DPOT EAAOET 1T O néw 10-todgeldayAl | DAT Ui
commercialunit. (The commerciaunitwasAAET ¢ AT 1T OOOOAOAA AOOET ¢ OEA OEI A 1.
The CGE process converts plastic waste intosynthetic petroleum via microwave pyrolysis. The
feedstock for the C@ processis mixed plastic waste. Theprimary products of the processafter distillation
are diesel range fuel and wax. By-products of the C@& processare char and light gases Some of the light
gases are reused for heatng the C& reactor. The remaining light gases are burned in open flare and are an
emission of the process. (s currently looking into recycling the light gasedor use as an electricity source
in its process.
The C&E process iscontinuous and is powered by amicrowave generator. The microwave electricity
consumption of C&3 DD-ton per day commercial unit is estimated to be approximately3.2 megawatt-hours
(MWh) per day. The new C& commercial unit is planned to operate at a maximuniotal feed capacity ofl0
tons per day at85% availability. The claimed yields for the C& process areapproximately 5 barrels of
synthetic petroleum per ton of plastic wastefeed.
The following sections include a detailed technical description of the &Sprocess, results of
calculated mass and energy balances on the E§/stem, and a discussion of the emissions and environmental
impacts of the process Economic data was not qpvided by CGE therefore a analysis of the CGE business

model could not be performed.
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4.5.2 ProcessDescription

45.2.1PlasticFeedstock
The CE reactor at the R&D plantcan process up to3 short tons of plastic waste per day. C&5 O 1 A x
commercial unit is planned to operate at a maximuntotal feed capacity ofL0 tons per day.

The C@& process acceptsmixed plastic waste as its feedstock. Sources for C& feedstock include
material recovery facilities (MRFs) dirty MRFs, and any other source thagjenerates a constant supply of
plastic waste.

Shreddingof the plastic waste feedstock is required for the (&process. The new CiBcommercial

facility will usean automated system to transport theshredded plastic feed to the eactor.

45.2.2 C&Process
Prepared plastic feed is dropped into a reactor where it falls by gravity to the lower part of the reactorThe
lower part of the reactoris at all timespartially filled with melted plastic material that is continuously mixed.

Microwaves from agenerator are introduced into the topportion of the reactor. Optimal expansion
of the microwave radiation is achieved by the specific reactor geometry. &hop part of the reactor has ahot
oil jacket for reactor temperature control while the lower partd thermal insulation is secured with burners at
the bottom. The melted plastic material in the reactor is pyrolyzed at an operating temperature of
approximately 350 to 400 degrees Celsius

The pyrolyzed gaseous products exit the reactor andgo through two steps of condensation. First, the
gasgoes through a hot water scrubber where the heaviest fraction of petroleum is condensed out and the
main product is extracted as wax. Nexthe remaining gasgoes through a cold water scrubber where lighter
fraction is condensed and extracted. The remainintight gases are re-circulated and some of he gas is
utilized for heating of the lower part of the reactor. The leftovers are burned in open fte. Further
development ofthe CQGe process will look into recycling the light gases for use inelectricity production for the
pyrolysis plant.

The microwave generatorfor the commercial unit has acapacity of 200 kW and is designed to
pyrolyze up to 0.35 tons (333 kg) of plastic waste feel per hour.

Figure 16 shows a picture of the Clscommercial unit.
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Figure 16:d Ei A@ ' 1 1 A AkCotimekc@@it ) T A8 6
Source: Climax Global Energy In(2013)

45.2.3 Input and Output

The material inputs of the CGE process are:

1 Mixed plastic waste
1 Carbon (for start-up)
T Water

The plastic waste is the feedstock for the CG process The carbon is usedas microwaveabsorbent
material in the start-up of the process.Water is usedfor the scrubbers.

The material outputs of this process are:

1 Synthetic petroleum
1 Char (by-product)

1 Lightgass(a combustible mixture ofmethane, ethanepropane,butane and hydrogen)
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blended into diesel tanks at fuel terminals. The wax can ts®ld to refiners for upgrading. C& plans to utilize

the light gases generated during pyrolysis for electrity production at the commercialfacility .

4.5.3 Material and Energy Balances

4.4.3.1 Material Balance

C&E reports the following mass yieldsfor its microwave pyrolysis process

1 75% raw wax (corresponding to25% diesel range fuel, 5@ lubricating oils and waxes)
1 15% light gases
T 10%char

A mass balance on the (&ystem could not be performed because performance metrics for therocesswere
not provided in the EECsummary report. Table 17 shows the reported oil production yields for the CG

processper 1 ton plastic waste.

Table 17: Reported yields of CGE process after distillation

Total Raw Wax Product: 5.0 barrel (b bl) synthetic petroleum /ton of plastic
Diesel range oll 1.7 bbl oil/ ton plastic
Wax 3.3 bbl ail/ton plastic

4.3.3.2 Energy Balance
The energy inputs of theCGE process are

91 Electricity

CGB 00-ton per day commercial unitis designed tohave two heat inputs: microwave energy and heat
provided by recovered offgas. Depending on operating parametershe unit may run at varying levels of
microwave and thermal nputs. Assuming that50% of the capacity of the 1&on per day unit is derived from
the microwave input and 50% is derived from the offgas heat input the electricity required for the

microwave input is estimated by CGE to be approximately.2 MWh per day.
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An energy balance was performed on the E&3system based on thereported yields. The energy
content of the light gases was provided by (Band was estimated to be approximately 20,000 Btu/lb (the
light gaseshave an energy density similar to that opropane). The energy contents of the plastic waste feed
and the raw wax product were based on values provided in the EEC literaturelTable 18 shows the calculated
energy distribution that is achieved in the C& process

Table 18: Energy distribution in CG E process

. % Distribution of
B/ H(featllng_va;lued K heating value of
(Btu/ton of plastic feedstock ) feedstock
IN
Plastic waste 28,000,000 100.0%
ouT
Raw wax 27,600,000 98.6%
Char 2,540,000 21.4%
Light gases 6,000,000 9.1%
TOTAL 36,140,000 129.1%

Table 18 shows that there is a discrepancy in thenergy balance for the CEprocess The error in
the energy balance may be attributed t@n incorrect assumption about the energy composition of the raw
wax. Since the energy content of the light gas was provided by EZ@& can be concluded that approximately
wb T &£ OEA DI AOGOEA MEAAAGO OOI OAA AEAI E Adkdred throufiothiel E O
combustion of the light gases. The remaining 91% of the stored energy is accountedifothe stored energy

of the raw wax product, the stored energy of the recycled char, arttie heat losses of the process.

4.5.4 Environmental Emissions

Emissions from the CGE process are generated from flaring of the light gasesAdditional emissions are
associated with the electricity consumption of the processThe estimated electricity consumption of CES O
10-ton per day commercialunit is approximately 3.2 MWh per day. As such,at a capacity factor of 85%the
annual electricity consumption ofthe facility is estimated to be approximatelyl GWh per year. Assuming
that the electricity provided to the facility is generated from coal, the COemissions from electricity
consumption are estimated to be approximately1,033 short tons CQ per year (this is based on the Energy

The overall CQ emissionsof the CGe processare estimated to begreater than 1,033 tons CQ per year.

455 Current Status
C& has completedconstruction and is starting up its first 10-ton per day commercial unit in Barnwell
County, SC.
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4.6 Comparison of Pyrolysis Technologies to Landfill Disposal of NYCMPW

4.6.1 Landfill Disposal of NYC MPW

NYC currently disposes its non-recycled MSW in landfills located in Virginia, South Carolina, Ohio, and
Pennsylvania. The waste is primarily transported by tractor trailers but NYC plans to shift its mode of waste
transport in the near future to rely more heavily ontrain and barge. Currently, about 900 23-ton tractor
trailers transport NYC MSW to landfills every day’” On a daily basis, e tractor trailers travel an
approximate total of 500,000 milesand consume a total of 6,500 gallons of f#8l DSNY estimates that the
amount of greenhouse gagGHG)emissions generated by landfillingNYC MSWs equivalent to the amount of
GHGemissions generated by Con Edison in supplying electricityto half of its NYCcustomerss? Con Edison
generates approximately 25 billion kilowatt-hours (kWh) per year to power half of its customer$2.
Therefore, tased on the Bergy Information Administration 8 &veragemetric of 2.08 Ib of CQ/ kWh for coal-
derived electricitys3, the annualCQ emissions of landfilling are estimated to beapproximately 26,000,000
short tons of CQ per year. In addition to air emissions, pproximately 140 acres of land per yearare
destroyed by landfilling.

The current cost of landfilling for NYC for residential and institutional waste is approximately
$92/ton of waste. The NYC Office of Budget and Managemegrbjects that, in the next few years, the annual
AT 00 1 £ 1 AdrdsigehtlallafdiinGtitutiofa#wiaste will increase by nearly 50% (from $305 million in
2013 to $450 million in 2016)84. DSNY reports that thecost of landfilling waste is risingbecause thespace
available for landfill use is decreasing andsince 80% of the land commercially available for &ndfill use east

of the Mississippiis owned byonly 2 companies the fee for landfilling is increasings.

79 The Wrong BinDir. Krishnan Vasudevan.2011. Documentay.
80 |bid.
81 |bid.

82Con EdisonO# 1 1 WAEOTI 1860 % AAOOEAEOU 3U0OAI 68 7AAS8

53 %8) 8! 8 O&OANOAT OI U ! OEAA 10AOO0ET 1 Od -HrWhen ger@ratiag efedirioitk with fosSiE | GEAA EO
£FOAl Oeo8 7AAS8

84 New York City, Department of SanitatiorNew and Emerging Conversion Technolog913. Web

85 The WrongBin. Dir. Krishnan Vasudevan. 2011. Documentary.
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4.6.2 Evaluation of Pyrolysis Technologies and Comparison to Landfill Disposal
Table 19, on the following pageshows a comparison of the pyrolysis technologies of JBI Inc., Agilyx, andECG
based onthe performance metrics and environmental impacts of each process. Table 19 also shows the
economics of the P20 processlt should be noted that thetotal costs, total revenues, and net incomeshown
in Table 19 are rough estimates based on the business models provided BRI Inc

The pyrolysis technologies discussed in this study generate approximately 2 tbbarrels of oil per
ton of plastic waste processed. Although the technologies process the same type of feedstock, the difference
in yields can be attributed to the differences in operating conditions for the technologies. The high yields of
* ") P2Dgkdzals can be attributed to the presence of its proprietary catalyst during pyrolysis reactions.
The catalyst lowers the operating temperature for the pyrolysis reaction and consequently increases the rate
of depolymerization. Meanwhile, the relativelylow oil yields of the C& process indicate that extensive
separation of the oil product from the melted plastic feed is not easily achieved in this process. This can be
attributed to factors such as possible noruniformity in the heating of the plastic £ed and the limited types of
plastic waste that can be used as feed in the E@rocess.

| £ OEA OEOAA bDUOIT 1 UOEO OAmDIipiodeds hesAthe leadt AdgatiteA A h
environmental impact. JBI Inc. significantly reduces the carbomdtprint of its process by recycling the off
gas that is produced during pyrolysis and using it to heat the process. Agilyx does not recycle itsg#f and
therefore its process has highera@ AT EOOET 1T O. The Aidh eléctrigity derhaAdod t CE process
indirectly contributes to the air emissions of the process. If C& were to recycleits off-gasand use it to
produce electricity for the system then the total electricity demand of the process would decreaseThus,
recycling of the offgasin the C@& process would significantly reduce its carbon footprint. In general, al of
the pyrolysis technologies have significantly low negative environmental impactgss indicated in Tablel9.

* ") P20phoGeSs generates significantnet incomeper ton of plastic waste In a previous study,
the Earth Engineering Center (EEC) at Columbia University estimated that the additional cost of collection
and processing MPW at a material recovery facility is approximately $50 per ton of plastic wa&te This
AAAEOET T Al AT OO0 EO OAEAT ET O1 shainAn TédleQ9 vihich is$139 per)toh A § O
of plastic waste processed. This estimated cost is comparable to the current cost of landfilling which is
approximately $92/ton of waste8”. The P20 process is an economically viable alternative to landfill disposal

because it produces a marketable product that generatessignificant net income.

86 Arsova L. and Nickolas J. Themelis, "Collection and processing of plastic wastes for use as pyrolysis feedstock", EEC ®Refplestible
Packaging Association, December 201 Print.

87 New YorkCity, Department of SanitationNew and Emerging Conversion Technolog913. Web.

o
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Table19: Technical, environmental, and economic comparisorpgfolysis technologies
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Performance Metrics Environmental Impacts Economics
Maximum Emissions
: Estimated Total Product Air associated Overall . Estimated | Estimated
Operating . : S . S Estimated
Types of Capacit Number of Units Yields Emissions with emissions Total Cost Total Net
Waste Management Plastic of apSin >I/e Required to (Barrels of (Tons electricity (Tons Waste ($/ton of Revenue Income
Practice Waste ingie Process NYC's oil/ton of CQ/ton of consumption CQ/ton of Generated . ($/ton of ($/ton of
Processing Unit . . . plastic . .
Accepted (Tons of plastic Non-Recycled plastic plastic (Tons plastic waste) plastic plastic
waste/ dF; ) MPW1 waste) waste) CQy/ton of waste) waste) waste)
Y plastic waste)
JBI Inc. wﬁ!tglzigg t Petcoke
(thermal -catalytic P 48 36 4.4 0.11 0.04 0.15 (potentially 138 414 276
: #3-PVC and
pyrolysis) marketable)
nylons
All plastic
Agilyx ‘ waste types 30 58 a1 057 Info_. not S057 Wastewater Infq. not Infq. not Info_. not
(thermal pyrolysis) and plastic available available available available
resins (#1-7)
. cE Mixed plastic Info. not Info. not Info. not Info. not
(microwave 10 173 52 I bl 0.33 >0.33 Char I bl I bl I bl
pyrolysis) waste available available available available

1: Total tonnage of landfiltbound NYC norrecycled MPW is approximately 1,727 tons per day.

2: Distilled to approx. 1.7 bbl of diesel range oil and 3.3 bbl of wax.
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While landfilling is a significant expense for a plastic waste generator, like NYC, and it generates no
ET AT I Ah P20proceps] iRddapted, could generate a net income of approximatel2@ per ton of
plastic waste processed.

The principle advantage ofoyrolysis over landfill disposal is the production of economically valuable
oil products. The major environmental advantage is the reduced use of fossil fuel and also the saving of green
fields from landfill use. Pyrolysis will have an economic dvantage over landfill disposalfor a municipality
that sorts out non-recyclable plastics (NRP) Specifically, if a pyrolysis facility is set up in NYC, it would
produce marketable fuel products that would generate a profit for the plastic component of the wastas
shown in the business model of theP20 processexamined in this study. Currently, NYC is incurring an
expense for the disposal of the plastic waste through landfilling and, in the next few years, the cost of
landfilling for NYCfor residential and institutional waste is expected to increase by nearl$p0% (from $305
million in 2013 to $450 million in 2016)88.

88 New YorkCity, Department of SanitationNew and Emerging Conversion Technolog913. Web
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Current Status of Plastic Waste Management in NYC
Currently, the primary waste management practice for NY®ISWis landfill disposald "AOAA mbst $3.96C¢C
recent annual report (which was for 2011), the Bureau of Waste Prevention, Reuse, and Recycling is not
making any major movesat this time 01 OEEAO . 9#8 0 xAOOA |1 AT ACAI AT O POAAODI
lower negative environmental impact than landfilling. Instead, the major milestones in NYC solid waste
managementin 2011 were the near completion of the new Sims material recovery facilitf{ MRF) in South
"OITEITUT AT A OEA AT 11 AT AAT AT O 1T £ OCGohkpreBdndtv® EoinimerdE AOA 1 A
7A00A 3UOOAI 1181 UOEO AT A 300AUG

In a 23 year contract with the DSNY, Sims Municipal Recycling will process all of the designated
metals, glass, and plastic recyclableltected by DSNY in its new MRcated in South Brooklyn This MRF
will also process up to 150,000 tons of commingled paper within the next five years. The Sims South
Brooklyn MRF is expected to begioperation somdime between December 2012 and June 2013.

4EA O. Ax 91 OE #EOU #1 | DIOAEADBE GRdn Anhar@BINBsdid) 6 |
.9#80 AT 11 AOAEAT x AsOfGs stOd) ardtd hssess thé EukentQdcykling capabilities of
.9#80 Al i1 AOAEAT AOOAAI EOEI AT O6h O1 AAOAOIET A gbl OAT OE.
practices, and to assess th@ossbility of adding additional mandated items for recycling by commercial
establishment<°. In January 2011, the DSNY commenced the initial phdseE OEEO OOOAU AAI 1T AA O
Sustainable Maximization of the Recovery £ 2 AAUAT AAT AO A£OT | . 10 i phask bfthA OAE Al
study, the DSNY will characterize and assess the commercial putrescible waste stream.

DSNYmade major strides in 2011 towards improving recovery of designated recyclable items in NYC
waste. Unfortunately, based on the annual 2011 DSNY report, it seems thad major developmentshave
been madewith regards to the material and energy recovery oflesignatednon-recyclableitems in NYC MSW.
As landfilling becomes increasingly more expensive ands the land available for landfill disposabecomes
more OPAOOAR OEA 1T AAA £ O A 1 AET O AEAT CA Higent. B#iould x AOOA
efforts should be made by DSNY in the following years to consider application of alternative practcend
OAAETTITCEAO ET .9#60 xAOOA -OBGAACA#BOOxEOEAAADAOARADDOA |
.9#80 OATEATAA 11 TATAEEIT AEODI OAIl 8

8 New YorkCitys8 $ADAOOI AT O 1T £ 3AT EOCARIRI 18 O¢mpp !'T10AT 2ADI 0086

90 |bid.
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5.2 Recommended Plastic Waste Management Practice for NYC
It is recommended that NYC consider the application opyrolysis technologieseT EOO | AT ACAT AT O 1
non-recycled MPW Based on a preliminary comparison of the pyrolysisechnologiesexamined in this study,
*") )T A860 OEAOI Al A Axppedrsiodethe modd &ivahtagéobsd: "OA AEITAG G Clg/ DO
is a highly automated process that accepts a wide array pfastic wasteand consistently yields high quality
consumerready fuels. The P20 process generates approximately 4.4 barrels of oil per ton of gliz waste
processed and is estimated to generate a net income of approximatel28p per ton of plastic waste.
* ") P20 AHdd@ss isadvantageous compared to the pyrolysis technologies of Agilyx and CGI
because it has the highest operating capacity at a low footprint, it halse highest oil production yield, and it
has the least environmental impacts. Furthermore, JBI Inc. is the onlfcompany that has managed to
succes$ully recycle all of its light combustible gaseous products of pyrolysis for energy use in its process.
This significantly reduces the overall external energy demand of the process as well as overalb @dissions.
The P20 process is an economically competitive alternative to landfill disposal because it has a lumal
estimated costand it generates asignificant net income per ton of plastic waste processed.
JBlIncd PROunit has a maximum operating capacityf 48 tons of plastic waste per day Based on
this capacity, JBI Inc. could easily handléne plastic residue tonnagefrom Sims material recovery facility
(MRF), which is approximately 60 tons per day. tlwould take approximately 36 P20units to process. 9 # 8 O
total daily tonnage of municipal landfill-bound non-recycled plastics (NRP) which is approximately 1,700
tons per day (this tonnage includes Sims MRF plastic residue). The footprint of a single P20 unit is
approximately 1,200 square ft therefore an estimated minimum of 43,200 square ftwould be required to
PpOT AAOO Arhuhiciphl HRP. Bhe 82D process accepts film plastics, which account for approximately
emb | AmunipabNRP
In conclusion, pyrolysisis a favorable alternative to landfill disposal in the waste management of
. 9 #o®recycled MPW Unlike landfill disposal, pyrolysis tag into the material and energy resources of
post-consumer waste and create a market for materials that would otherwise be disposed. As landfill
disposal becomes increasingly more expensive, pyrolysis become more economically competitive
alternative. Furthermore, pyrolysis has aless negativeenvironmental impact than landfill disposal. Pyrolysis
has not been widelyapplied in the field of waste management because of its drawbacks which include high
external energy demand, highcapital AT OOh AT A ET AT 1 OEOOAT O PpOi AOAO NOAIT EOL
have overcome thesalisadvantagesbecauseof its highly automated system and its ability to recycle itoff-
gas product for energy use. Therefore* ") )1 A880 0¢/ DBOI AAOGO EO hAe PUOI 1 UC
seriously considered for application in NYC plastiswaste management I offers all the benefits ofpyrolysis

without any ofthe major drawbacks.
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5.3 Future Research
Waste management in NYC is a very complex system and this study only addresses one aspect of it.
Innovative plastic reclamation technologies are obsolete unless @nsistently high volume plastic feedstock
stream can be provided. Therefore,uture researchshould look into the col AAOET T AT A POT AAOGOEI]
MPWwaste and assess the feasibility of addingon-recycled plastics (NRP}o the collected recycling steams
OEAO AOA OrAdtefinl récbvery fackit®s(MRFs). Analysis of the plastic waste handling required
prior to the reclamation technologies would provide a more acurate estimate of total cost associated with
these alternatives and would addres the bigger problem of plastis waste management in NYC.
&OOOEAO OAOAAOAE 1 1NRPdhdId 8140 driludelareasbility gRidy for #hé €iting,
building and operation of a pyrolysis plant of initial capacity of 60 tons per day (2200 tons per year), which

would process plastic residue from the SImMRFE
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APPENDIX t Calculations

A. MSW GENERATION IN NYC (2010)

1) Residential Sector:

Basis: Approx. 11,600tons of residential MSW collected by DSNY per day
Source: New York State.Department of Sanitation. DSNY Annual Report: Curbside Municipal Refuse
and Recycling Statisti011.

Calculations::
Table 20: DSNY Residential CurbsideCollections, 2010

Waste Type Tons/day

Organics 4.2

Metals, glass, plastic recycling 744.9

Paperrecycling 1070.2
Refuse 9733.2
TOTAL 11592.5

Source: DSNY Annual Report, Fiscal Year 2010: Curbside Municipal Refuse and Recycling Statistics

o om DEEIRYD | 0GGI L L 6§DV
P Q60 ® Y e e

Result:
Annual Tonnage of MSW Generated by NYC Residential Sector in 2@tR3 million tons /yr
Daily Tonnage of MSW Generated by NYC Residential Sector in 2A10593 tons/day

2) _Commercial Sector:

Source: HDR P.C. Commercial Waste Management Studyolumell: CommercialWaste Generation
and Projections2004. 24.

Calculations:

Commercial waste in this study is broken into the following two categories:
1) Putrescible: Principally office and retail waste, also includes restaurant waste (includes
waste that is both recycled and disposed)
2) Non-Putrescible: C&D waste
3) Fill Material

For this study, nonputrescible waste and fill material werenot accounted for in commercial vaste
generation estimates:
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Table 21: NYCcommer cial waste generation in 2010

New York City 2010 (Tons)

Generation 3,214,000

Source: Commercial Waste Management Study
Result:
Annual Tonnage of MSW Generated by NYC Commercial Sector in 2@&LP1 million tons /yr
Daily Tonnage of MSW Generated by NYC Commercial Sector in 2@1806 tons/day

*Note: C&D and fill account for approx. 6fillion tons of commercial waste in 2010.Including these
categories makes total commercial waste generation for 2010 approx. 1illion tons.

NYC: Net Generation

Basis:
Residential MSW Generation: 4,231,26@ns/yr
Commercial MSW Generation: 3,214,00@ns/yr

Calculations :
N 0¢€8iIQi QOR¥Yda . 0 ¢ iE aQiidYaa . . 0¢£ diYw
it olp o& — ofg phr T # — Xt Ty @ —
wl wl Wl
L. 0¢ DiYw QOwi . 0¢ DiYw
XUt ¢ e—rr— 098 (o wd—mrs
Result:

Net Annual MSW Generation by NYC (2010):45 million tons /yr
Net Daily MSW Generation by NYC (201®0,398 tons/day

*Note: Net Annual MSW Generation by NYC IN 2010 Including C&D and Fillnfilich tons/yr



MATERIAL COMPOSITION OF NYC MSW

1) Residential Sector:
Basis: 4.23 million tons of NYC residential MSW, 2010
Source: RW Beck.Results Highlights: 2002005 NYC Residential and Street Basket Waste
Characterization Study 4 vols. 2007.2

Calculations:

NYC Residential Waste Characterization Study
Annual 2004-05

Waste Composition
Organics, 38.9%

Nonrecyclable™

Construction and " Paper, 6.8%

Demolition Debris,
5.2%

Appliances/ 1
Electronics, 1.65% V J Recyclable Paper,
(incl. metal T / L 22.8%
appliances) i
Household /
Hazardous Waste, PP vetal, 4.9%

0.2% ( —

. / || T—Glass, 4.5%
Miscellaneous |
Inorganics, 0.6% Nonrecyclable* |

Plastic, 11.8% |I Recyclable Plastic, Designated for Recycling
A% (explanation below)
Recyclable Recyclable Paper 22.8%
Beverage Cartons, Metal and Metal Appliances 5.7%
0.5% Recyclable Glass 4 3%
Recyclable Plastics 2.1%
Recyclable Beverage Cartons 0.5%

Figure 17: NYC Residential MSW composition
Source:DSNY 20042005 Waste Characterization Study

Results:
Table 22: Material tonnages in residential MSW, 2010

Material Category % of Residential MSW Million tons Tons
Paper 29.6 1.25 1252080
Glass 4.5 0.19 190350

Metal 4.9 0.21 207270
Plastic 13.9 0.59 587970
Organics 38.9 1.65 1645470
Miscellaneous* 7.95 0.34 336285
Hazardous 0.25 0.01 10575
TOTAL 100 4.23 4230000

*Miscellaneous: Beverage cartons, miscellaneous inorganics, C&D debris, appliances and electronics
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2) _Commercial Sector:

Basis: 3.21 million tons of NYC commercial MSW, 2010
Source: New York State. Dept. of SanitatioNew York City Waste Composition Study (198990),

Commercial Sector, Volume I¥-5.

Calculations:

PAPER Corrugated/Kraft - 17.2%
ag% Newsprint - 5.8%
Office/Computer - 9.7%
Magazines/Glossy - 0.7%
Mixed Paper - 14.0%

YARD WASTE
0%

Films and Bags - 2.9%
PLASTIC | Rigid Containers - 0.5%
5% Miscellaneous Plastic -
1.6%

ORAGNICS " METAL

22%
Non-ferrous - 0.6%

Textiles - 3.5%
Ferrous - 1.8%

Foodwaste - 11,2%
Miscellaneous Organics -
7.7%

HAZARDOUS BULK
1% 19%

Figure 18: Material composition of commercial MSW
Source: DSNY 1989990 Waste Composition Study

Results:

Table 23: Material tonnages in NYC commercial MSW, 2010

Material Category % of Commercial MSW | Million tons Tons
Paper 48 1.54 1540800
Glass 2 0.06 64200
Metal 2 0.06 64200
Plastic 0.16 160500

Organics 22 0.71 706200
Miscellaneous* 20 0.64 642000
Hazardous 1 0.03 32100

TOTAL 100 3.21 3210000

*Miscellaneous: Bulk
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3) NYCMSW:. Overall Composition

Basis:

a) 2.1% of NYQesidential MSW is recyclable plastic, 1.8% is non-recyclable plastic

b) 0.5% of NYC commercial MSW is recyclable plastic (rigid plastics), 4.5% is n@tyclable
plastic

Source:

RW Beck.Results Highlights: 2002005 NYC Residential and Street Baskéaste
Characterization Study 4 vols. 20072

New York State. Dept. of SanitatioNew York City Waste Composition Study (198990),
Commercial Sector, Volume .[¥-5.

Results:
Material Category Million tons % of Total MSW

Paper 2.79 38.3

Gass 0.25 35

Metal 0.27 37

NRP 0.51 6.9

RP 0.09 1.2
Organics 2.35 323
Miscellaneous 0.98 134
Hazardous 0.04 0.6
TOTAL 7.28 100




RECYCLABLE AND NORECYCLABLEESIGNATEOTEMS IN NYC MSW

1) Residential Sector:

Basis: 4.23 million tons of NYQesidential MSW, 2010

Source: RW Beck.Results Highlights: 2002005 NYC Residential and Street Basket Waste
Characterization Study 4 vols. 2007.3.

Calculations :
NYC Residential Waste Characterization Study
Annual 2004-05
Designated Recyclables in WASTE
_ Recyclable
|I Paper, 22 8%
Materials Not

Designated for -
Recycling, 64.6%

_ Metal and Metal
— Appliances, 5.7%

Recyclable Paper 22.8%
\M\\_ Recyclable Glass,
Metal and Metal Appliances 5.7% \ 4 3%
Recyclable Glass 4.3%
Recyclable Plastics 2,1% Recyclable \ Recyclable
Recyclable Beverage Carions 0.8% i L/
Totol MGP ey Be\rer{;ge P|E151|CS, 2.1%
Cartons, 0.5%
Tofal Recyclables 35.4%

Figure 19: Recyclable and nonrecyclable designated items in NYCresidential MSW
Source: DSNY 2002005 NYC Residential Waste Characterization Study

Results:
Table 24: Tonnages of recyclable and nonrecyclable items in residential MSW, 2010

Material Category % in Residential MSW | Million tons Tons
Non-recyclable Iltems 64.6 2.73 2732580
Recyclable ltems 35.4 1.50 1497420
TOTAL 100 4.23 4230000

Recyclable Beverage Cartons 0.5 0.02 21150

Recyclable Plastics 2.1 0.09 88830
Recyclable Glass 4.3 0.18 181890
Recyclable Metal andVetal Appliances 5.7 0.24 241110
Recyclable Paper 22.8 0.96 964440
TOTAL 354 1.50 1497420
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2) Commercial Sector:

Basis: 3.21 million tons of NYC commercial MSW, 2010
Source: New York State. Dept. of SanitatioNew York City Waste Composition Studp89-1990),
Commercial Sector, Volume I¥-5.

Calculations :
PAPER Corrugated/Kraft - 17.2%
a8% Newsprint - 5.8%

Office/Computer - 9.7%

Magazines/Glossy - 0.7%

Mixed Paper - 14.0%

YARD WASTE
0%
GLASS
2%
Films and Bags - 2.9%
PLASTIC |Rigid Containers - 0.5%
5% Miscellaneous Plastic -
1.6%
ORAGNICS METAL
= 22% 2
Textiles - 3,5% » Non-ferrous - 0.6%
Foodwaste - 11.2% Ferrous - 1.8%
Miscellaneous Organics -
7.7%
: HAZARDOUS BULK
1% 19%

Figure 20: Recyclable and nontrecyclable designated items in NYCcommercial MSW
Source: DSNY 1989990 NYCWaste Composition Study

Assumptions :

91 All paper,glass, and metal in commercial MSW is recycled
1 From the plastics material group, only rigid plastics (0.5% of commercial MSW) are recycled
Results:
Material Category % in Commercial MSW Million tons Tons
Non-recyclable Items 47.5 1.52 1524750
Recyclable ltems 52.5 1.69 1685250
TOTAL 100 3.21 3210000
Recyclable Glass 2 0.06 64200
Recyclable Paper 48 1.54 1540800
Recyclable Metal 2 0.06 64200
Recyclable Plastic 0.5 0.02 16050
TOTAL 525 1.68525 1685250




3) NYCMSW:. Overall Composition

Results:
Material Category % in NYCMSW Million tons Tons

Non-recyclable Iltems 57.22 4.26 4,257,330
Recyclable Items 42.78 3.18 3,182,670
TOTAL 100 7.44 7,444,000

Recyclable beverage cartons 0.28 0.02 21,150
Recyclable Glass 3.31 0.25 246,090
RecyclablePaper 33.67 2.51 2,505,240
Recyclable Metal 4.10 0.31 305,310
Recyclable Plastic 1.41 0.10 104,880
TOTAL 52.5 3.18 3,182,670

84
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D. EATE OF NYC MSW (2010)

TONNAGES RECYCLED:

1) Residential Sector

i Metals, Glass, and Plastic Stream (Collected)

Basis: 744.9 tonsMetals,Glass &Plastic (MGP) recyclingcollected/day
Source: New York State. Department of Sanitatioinnual Report: New York City Curbside
Municipal Refuse andRecycling Statistics2011

Calculations:

o ¢ BTOME & a QOO MG ¢ HIOBHE & QHO Q0
Q6o PYST CXPUY Y

X T&®

Result:
Annual Tonnage of NYC Residential MGP Collected in 20@27 million tons /yr

Daily Tonnage of NYC Residential MGP Collected in 20185 tons/day

ii. Paper Stream (Collected)

Basis: 1,070 tons paper recycling collected/day
Source: New York State. Department of Sanitationnual Report: New York City Curbside
Municipal Refuse andRecycling Statistics2011

Calculations:
0 & HIONIND OO ANERIW OO X i . 0 & HIONINDOOAEMIMOHO 'QQ
p TUX ¥ oYY OQpY— O ¢ G —
ww wl wl
Result:

Annual Tonnage of NYResidential Paper Recycling Collected in 2010:39 million tons /yr

Daily Tonnage of NYC Residential Paper Recycling Collected in 201,070 tons/day

iii. Residue in Metals, Gass, and Plastic and Paper Recycling Streams

Basis:

Net Annual Metals,dass, and Plasti@onnageCollected 271,888tons

Net Annual Paper Recycling Tonnag€ollected 390,623tons

Source: NYC Department of SanitatiorBureau of Waste Prevention Reuse and Recycling
O- AOEAOAAI AEAADAOEItettiz A O U A 12€1D. wehd 8
<http://www.nyc.gov/html/nycwasteless/html/resources/reports_recycomp_calc.shtml >


http://www.nyc.gov/html/nycwasteless/html/resources/reports_recycomp_calc.shtml

86

Calculations :
Net tonnages were input into the onlinecalculator which then outputs a tonnage breakdown
of the recycling streams, including the residue tonnages.

Results:

Annual Tonnage oResidue in NYC Residential Collected PapRecycling(2010):
19,922 tonslyr

Daily Tonnage of Residue in NYC ResideaitiCollectedPaper Recycling2010):
55 tons/day

Annual Net Tonnage of Residue in NYC Resident@bllectedMGP RecyclingZ010):
54,650 tons/yr

Daily Net Tonnage of Residue in NYC ResidentzbllectedMGPRecycling 010):
150 tons/day

- Annual Tonnage of Mn-RecycledPlastic Residue in MGP29,092 tons/yr
Daily Tonnage of Mn-RecycledPlastic Residue in MGP80 tons/day

- Annual Tonnage of Other Residue in MGP5,558 tons/yr
Daily Tonnage of Other Resideiin MGP70 tons/day

iv. Total Recycled Residential Waste (Excludes Residue)

Basis:

Net AnnualCollected MGPronnage: 271,888ons

Net AnnualCollectedPaper Recyclingfonnage: 390,623ons
Net Residue Tonnage (MGP & Paper): 74,571 tons

Calculations:
. 0¢ OO E d a QOO QY 0 £ ENONINN OO ENEBRITDDO,QQ ¢ &I QI QVQ6 Q
G Xhp g o O Wy & o X o
. 0é DY QOOOEQQ
U YR T 7 o1

Result:
Annual Tonnage of NYC ResidentiMSW Recycled in 20100.59 million tons /yr

Daily Tonnage of NYC Residential MSW Recycled in 201611 tons/day

2) Commercial Sector

i Total Recycling Collected

Basis: 858,000 tons of commercial putrescible waste was collected foecycling in 2010
Source: HDR Commercial Waste Management Study, Volume II: Commercial Waste
Generation andProjections. 2004.Table 3.7-3: Recycling of Commercial Putrescible Waste by
Borough, 2003 through 2024
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Result:
Annual Tonnage of NY@ommercial Recycling Collected in 201:®.86 million tons /yr

Daily Tonnage of NYC Commercial Recycling Collected in 2020851 tons/day

ii. Paper Stream (Collected)

Basis: a) 48% of commercial stream is paper
b) 37.5% of commercial refuse is paper

Source: a) New York State. Dept. of Sanitatiomew York City Waste Composition Study
(1989-1990), Commercial Sector, Volume. B#5.
b) Kaufman, ScottAnalysis of Technology and Infrastructure of the Paper
Recydng Industry in New York CityNew York: Columbia University2004. 17.

Calculations :
L. 0 & DiE & QiR a L. 0¢ETAONTQDE G & Qi ISR &
olg phr T — M Y plwthg ¢ w —
wi wi
L. 0& DI AAQIISYRHA . 0 £ &iE G & Qi CIBENm & QE Q
olg phr T # o1 Youhlpm & o1 T X L
. 0EIETAONTQIME G a Qi Q
U Yho 1T fon —
Wi
.. 0EEMONQDE QISR . 0£ EIQONTQME G d QiildXdd i Q
plv Ty ¢ 7 o Y Yho 1t o0
. 0£ETDEEAQIMEIAINN OO0 A QE Q
@ Litog F

Wi

Result:
Annual Tonnage of NYC Commercial Paper Recycling Collected in 20166 million tons /yr

Daily Tonnage of NYC Commercial Paper Recycling Collecte@®10: 1,806 tons/day

iii. Metals, Glass, and Plastic Stream (Collected)

Calculations:
L 0 ¢ @it aaQIldXEdod Qe "Q 0 € &ié a & Qi NSRRI w  wa Q& "Q
Yuhprm w — [ONVI( AT —
wi B wi
_ 0 & g A a Qi 0Eado &
p WPy ol

Result:
Annual Tonnage of NYC Commercial MGP Collected in 20020 million tons /yr

Daily Tonnage of NYC Commercial MGP Collected in 20385 tons/day
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iv. Total Recycled Commercial Waste (Excludes Residue)

Assumption: Since there is no information available about the residue tonnages present in
the commercial recycling stream, it was assumed that all commercial recycling collected was
recycled.

Result:
Annual Tonnage of NY@ommercialMSWRecycled in 2010 0.86 million tons /yr

Daily Tonnage of NYC CommercisSWRecyckdin 2010: 2,351 tons/day

3) NYC:Net Recycled MSW

Basis: Net AnnualResidentialMSWRecyckd Tonnage 587,940tons/yr
Net AnnualCommercialMSWRecyckd Tonnage 858,000tons/yr

Calculations:

v PlRT F Yulpm w oh Tt A——————

Result:
Annual Net Tonnage of NYC MSW Recycled in 201045 million tons /yr

Daily Net Tonnage of NYC MSW Recycled in 2080061 tons/day

TONNAGESSENT TO WASTEH O-ENERGY PLANTS

1) Residential Sector

Basis: 9% of residential MSWis sent to Wasteto-energy facilities
Source: Todd, Claire Technical and Ecoomic Analysis of NYC RecycliSystem New York:
Columbia University.2002. 8

Calculations:
N 0€¢ &Il QQAEYTQO 0 & 8iYO Q€ 0 Qi QQAEYRQNH A
Tht olp ¢ ¢ — TSl w o YllIp & —
wl Wl
Result:

Annual Tonnage oNYC Residential MSW Sent to WTE Faciliti€®s38 million tons /yr

Daily Tonnage of NYC Residential MSW Sent to WTE Facilitie843 tons/ day
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2) Commercial Sector

Basis:
a) 0.55 million tons of total NYC MSW sent to Waste-energy facilities (Source: Themelis)
b) 0.38 million tons of WTEbound waste comes from residential sector (calculated)

Calculations:

G Qo O'REEEITO £ OGYNO OE 6D Yo . .d Qo WOREEDYO ©Oé 6 & Qi "QQAEYIQO &
o - v o
. 0 £ EYO wé 0 800 A G Qi bW o
™ Y Qo 0—9Qt—¢ o1

Result:
Annual Tonnage of NYC Commercial MSW Sent to WTE Facilitte$7 million tons /yr

Daily Tonnage of NYCommercialMSW Sent to WTE Facilitiest64 tons/day

3) NYC: NetWaste-to-Energy Bound MSW

Basis: 0.55 million tons of total NYC MSW is sent to Waste-energy facilities annually
Source: Themelis

Result:
Annual Net Tonnage of NYC MSB&nt to Wasteto-Energy Facilitiesin 2010: 0.55 million tons/yr

Daily Net Tonnage of NYC MS®8ent to Wasteto-Energy Facilitiesin 2010: 1,507 tons/day

TONNAGESANDFILLED:.

1) Residential Sector

Basis:

Net AnnualResidential GenerationTonnage:4,231 262 tons

Net AnnualRecyckd Tonnage:587,940tons

Net Annual WTE-Bound Residential MSW Tonnage380,813 tons

Calculations:
.. 0&diQl QAN . 0£FIQOOOAQQ O6¢& &iYO 0 6EQ
Tl olp @ € — VYT F———— o Yhip & —
wl wl wl
N 0€¢ QineE QQQI a QQ
ol hg 1t —
wl
Results:

Annual Tonnage of NYC Residential MSW Landdit in 2010: 3.26 million tons /yr

Daily Tonnage of NYC Residential MSWandfilledin 2010: 8,938 tons/day



2) Commercial Sector

Basis:

Net AnnualCommercial GeneratioriTonnage:3,214,000 tons

Net AnnualRecyckd Tonnage:858,000tons

Net Annual WTE-Bound Commercial MSW Tonnagd 69,186 tons

90

Calculations:
NI 0 ¢ i€ da Qi a . 08 MQOOMOANQ 0€i'YO GEOEQ
oft pm 1t 7 o Yuolpnae——— p QoY ¢ —
l wl wl
N 0€¢ Qine QQQI a QQ
Glp whp p o1
Results:

Annual Tonnage of NYCommercial MSW Landfiledin 2010: 2.19 million tons /yr

Daily Tonnage of NYC Commercial MSWandfilledin 2010: 5,991 tons/day

3) NYC: NetLandfilled MSW

Basis:
Net Annual LandfilledResidentialMSW: 3,262,508 tons/yr
Net Annual LandfilledCommercialMSW: 2186,814 tons/yr

Calculations:
. 0¢ AiOE QO0RITRRYA O . 0 & didE QNG & QI ORI &
oft hyg T ¢ — Glp Yhpp = T
Wl Wl
.. G EHOEQOOOYd Q0
vh Tl & T
wl
Result:

Annual Net Tonnage of NYC MSWandfilled in 2010:5.45 million tons /yr

Daily Net Tonnage of NYC MSWandfilled in 2010:14,930 tons/day
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E. MUNICIPAL PLASTIC WASTE GENERATION IN NYC (2010)

1)Residential Sector:

Basis: 13.94% of residential MSW is plastic
Source : RW Beck.Results Highlights: 2002005 NYC Residential and Street Basket Waste
Characterization Study 4 vols. 2007.

Calculations::
N 0€ 48 iIQi QALY QWA _ O 0¢EMAOIQE@ QQAEYEQO &
it olp @& — TP 0 WTL Yo —
wi wi
Result:

Annual Tonnage of Plastic in NYC Residential MSW in 20589,837 tons/yr

Daily Tonnage of Plastic in NYC Residential MSW in 20110616 tons/day

2) Commercial Sector:

Basis: 5% of commercial MSW is plastic
Source: New York State. Dept. of SanitatiotNew York City Waste Composition Study
(1989-1990), Commercial Sector, Volume. 5.

Calculations:
L 0 ¢ Wi & & Qi DB & . 0 ¢ ETHa OIQESAM & WIDEYw
oly phr 11 & — TBIu p QT —
wl Wl
Result:

Annual Tonnage of Plastic in NYC Commercial MSW in 20160,700 tons/yr

Daily Tonnage of Plastic in NYC Commercial MSW in 202@0 tons/day

3)NYC: Net Generation

Basis:
Residential PlasticWaste Generation: 58,837 tons/yr
Commercial Plastic Waste Generation: 160,7Q0ns/yr

Calculations:

5 ¢ & IQI QORE & Hayd Q

B L 0¢ D 66 QINHEEEETRG Q . 08 & OiEYRd
v Yo ¥ Y p o = X vfero

Wi Wi

Result:
Net AnnualMunicipal Plastic Waste Generation by NY@n 2010: 750,538 tons/yr

Net Daily Municipal PlasticWaste Generation by NYGn 2010: 2,056 tons/day
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F. #/ -0/3)4) /. /| & . 9#063 WASTB #) 0! , 0,!34) #
1) Residential Sector:
Basis: 589,837 tons of residential plastic waste generated in 21D

Source: RW Beck.Focus on Residential Plasticd004-2005 NYC Residential and Street Basket Waste
CharacterizationStudy. 4 vols. 2007.67. See tablebelow.

material subgroup material category annual percent in the waste stream
P
Refuse  MGP re-t:;:]ﬁ:lg WASTE
£1 PET Buottles PET Bottles 090% 646% 007% 1.21%
# 2 HDPE Bottles HOPE Bottles: Natwral 0.28%  3.15% 0.01%  0.46%
HODPE Baotties: Colored 030% 327% 001%  048%
#1-#2 Tubs/Trays/Other Containers  #1 PET tubshirays 000%  002%  000%  0.01%
£2 HDPE tubsiftrays 005% 021%  000% 0.05%
£3-27 Bottles £3 PVC Bottles 001% 004%  000% 0.01%
£4 LDPE Baottles 001% 001%  000% 0.01%
#5 PP Bottles 001%  070%  000% 0.02%
£7 Other Bottles 007% 020%  000% 0.07%
#3-7 Tubs/Trays/Other Containers ~ #3 PVC tubslirays 000% 001%  000%  0.00%
£4 LDPE tbslrays 001% 001%  000% 0.00%
#5 PP tubsitrays 017% 042%  000% 017%
£7 Other twbshrays 004%  006%  0.00% 0.04%
Other Rigid Containers/Packaging  Soda Crates and Batile Camiers 001% 007% 000% 0.01%
Rigid PS Containers/Packaging 027% 028% 001% 0.24%
Expanded PS Comainers/Packaging 064% 010%  0.04%  0.54%
Other Rigid Containers/Packaging 0.79% 1.34%  004%  0.95%
Film Plastic Bags 322% 0894%  023% 273%
Other Film 544%  3.09% 071%  A476%
Onher Plastic Products Single Use Plastic 060% 022%  002% 0.51%
Other Plastics Materials 192%  3.54% 0.20%  1.B5%
Other PVC 002% 004%  0.00% 0.02%
TOTAL PLASTICS IN 22 CATEGORIES 14.74% 23.54% 1.35% 13.92%

Figure 21: Product composition of NYC residential plastic waste
Source:DSNY Bureau of Waste Prevention, Reuse, and Recycling

Calculations :

Based on the net tonnage of plastic waste generated by the residential sectand the percent
composition of residential waste provided in Figure 21 (last column), the plastic product tonnages in
the residential plastic stream were determined.



Result:

Table 25: Tonnages of plastic products in NYCresidential plastic waste

Plastic Products Tons
#1-PETbottles 51198
#2-HDPEbottles and jugs 39774
#3-7 bottles and jugs 4654
#1-7 tubs and trays 11424
Rigid containers and packaging 65161
Film 316922
Miscellaneous 100704
TOTAL 589838

2) Commercial Sector:

Basis: 3,214,000tons of commercialMSWgenerated in 2010

Source: New York State. Dept. of SanitatiolNew York City Waste Composition Study
(1989-1990), Commercial Sector, Volume. ¥5.See table below.

Table 26: Plastic composition of commercial MSW

Material Category % of Commercial MSW rl):_lgitrir::piltee?nzf

Films and bags 2.9% Plastic wrap,
refuse bags

Milk and
beverage
containers

Rigid containers 0.5%

Miscellaneous 1.6% Fast fO.Od
packaging
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Result:

Table 27: Plastic product tonnages in commercial MSW

Material Category % of Commercial MSW Tons
Films and bags 29 93206
Rigid containers 0.5 16070
Miscellaneous 1.6 51424
TOTAL 5 160700

3) NYCMunicipal Plastic Waste : Overall Composition

Result:

Table 28: Total plastic product tonnages in NYC MSW

Plastic Products Pltz)s?ifc-l\-/agte Tonnages
#1-PETbottles 6.8 51198
#2-HDPEbottles and jugs 7.4 55844
#3-7 bottles and jugs 0.6 4654
#1-7 tubs and trays 15 11424
Rigid containers and packaging 8.7 65161
Film 54.6 410128
Miscellaneous 20.3 152128
TOTAL 100.0 750538

*It was assumed thathe commercial rigid containers were #2HDPE bottles and jugs



95

G. RECYCLABLE ANDNONRECYCLABLE DESIGNATED PLASTIGS NYC MUNICIPAL
PLASTIC WASTE

1) Residential Sector:

Basis:
a) 589,837 tons of residential plastic waste generated in 2010
b) Only #1-#7 bottles and jugs are recyclable designated

Result:

Table 29: Tonnages of recyclable and non-recyclable designated plastics in residential MSW

Tonnage

Recyclable Designated Plastics 95627
Non-Recyclable Designated Plastics 494211
TOTAL 589838

2) Commercial Sector:

Basis: Assumed that only the plastic rigid containers of commercial MSW were recyclable
designated.

Result:

Table 30: Tonnages of recyclable and nonrecyclable designated plastics in commercial MSW

Tonnage

Recyclable Designated Plastics 16070
Non-Recyclable DesignatedPlastics 144630
TOTAL 160700

3) NYC Overall Compaosition

Result:

Table 31: Tonnages of recyclable and nonrecyclable designated plastic in NYC MSW

Tonnage

Recyclable Designated Plastics 111697
Non-Recyclable DesignatedPlastics 638841
TOTAL 750538
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H. EATE OF NYC MUNICIPAL PLASTIC WASTE (2010)

TONNAGES RECYCLED:

1) Residential Sector

i. Metals, Glass, and Plastic Stream (Collected)

Basis: 23.58% of residential MGP is plastic waste
Source: RW BeckFocuws on Residential Plastic2004-2005 NYC Residential and Street Basket Waste
CharacterizationStudy. 4 vols. 2007. 67.

Calculations:
N 0¢ & iQi QQALA) QO & . O ¢ EMRa i@ QQAEA Q&
¢ Xpyw o T ouyptppp o0

Result:
Annual Tonnage of Plastic in NYC Residential MGP Collected in 2084111 tons/yr

Daily Tonnage of Plastic in NYC Residential MGP Collected in 20006 tons/day

ii. Paper Stream (Collected)

Basis: 1.34% of residential paper recycling is plastic
Source: RW Beck.Focws on Residential Plastics20042005 NYC Residential and Street Basket
WasteCharacterization Study. 4 vols. 2007. 67.

Calculations:
. 0 ¢ &0 "NQY & VRDwOd QE Q
owmeg & o1 TIpoT
i LEEMQaGOIQ @H "TOMENG NN OO QE Q
it o T o
Result:

Annual Tonnage of Plastic in NYC Residential Paper Recycling Collected in 2@&1234 tons/yr

Daily Tonnage of Plastic in NYC Residential Paper Recycling Collected in 2a#0tons/day

iii. Residue in Metals, Glass, & Plastic and Paper Recycling Streams

T MGP Stream

Basis: 10.35% of residential MGP is nowrecyclable designated plasticesidue
Source: RW Beck. Focus on Residential Plastics: 202005 NYC Residential and
Street Basket Wast€haracterizationStudy. 4 vols. 2007. 67.



97

Calculations :

CxXWpysh —————— m moue P TaL wxe

Result:
Annual Tonnage of Plastic Residue in NYC Residential MGP in 2028;140 tons/yr

Daily Tonnage of Plastic Residue in NYC Residential MGP in 20ADtons/day

1 Paper Stream

Basis: 1.34% of residential paper recycling is plastic
Source: RW Beck. Focus on Residential Plastics: 202005 NYC Residential and
Street Basket Waste Characterizatidstudy. 4 vols. 2007. 67.

Calculations :
All plastic in paper recycling streamwhether it is recyclable designated or not, is
residue.

Result:
Annual Tonnage of Plastic Residue in NYC Residential Paper Recycling Collected in
2010: 5,234 tonsl/yr

Daily Tonnage of PlastidResiduein NYC Residential Paper Recycling Collected in
2010: 14 tons/day

1 Total Residue

Basis:

Net Annual Tonnage of Plastic Residue in NYC Residential MGP in 2010:

28,140 tonslyr

Net Annual Tonnage of Plastic Residue in NYC Residential Paper Recycling in 2010:
5,234 tons/yr

Calculations:
. O & 7O Qi QXM @ "QQ'AEAD QO &
CPpTr o1
ot o Ot EMadi OO @I "QQ G &R VDD 0 d Qe Q
) wi
i o EEMaddi QOIS @i "QQ D QMBDG@M Qe Q

cwxe @1

Result:

Annual Net Tonnage of Plastic Residue in NYC Residential Recycling in 2010:
33,375 tons/yr

Daily Net Tonnage ofPlastic Residue in NYC Residential Recycling in 2010:
91 tons/day
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iv. Total Plastics Recycled (Excludes Residue)

Basis:

Annual Tonnage of Plastic in Collected MGP: 64 1Ltons/yr

Annual Tonnage of Plastic in Collected Paper Recycling: 5428ns/yr
Annual Net Tonnage of Plastic Residue: 3375 tons/yr

Calculations:: - B B o B
. 0 QNGO E 0 a QOO QD £ & in &I QN O © EHEREIR OO QQ
ofpp o Vit o % o1
. 0 EIMAMN QNQQROQ  0¢ it Dl QAMOEQQ
oy v Qd)i oy p il o1

Result:
Annual Tonnage of NYC Residentidllastic Wastethat wasRecycledin 2010: 35,971tons/yr

Daily Tonnage ofNYCResidential Plastic Waste that was Recycleth 2010: 99 tons/day

Residential PlasticsCapture Rate 37.6%*

*35971 tons plastic recycled/95627 tons of recyclable designated plastics3:376

2) Commercial Sector

i. Total Plastic Recycled

Basis:

a) Assume thatonly rigid plastic containers in commercial waste are recyclable designated

b) Assume all plastic rigid containers collected for recycling in commercial waste are actually
recycled

Source: New York State. Dept. of Sanitatioew York City Waste Composition Study
(1989-1990), Commercial Sector, Volume. 5.

Result:
Annual Tonnage oNYC CommerciaPlasticwaste that was Recycledh 2010: 16,070 tons/yr

Daily Tonnage ofNYC CommerciaPlastics that was Recycledn 2010: 44 tons/day

3) NYC:Net Recycled Plastic Waste

Basis: Annual Tonnage of NY®ResidentialRecycled Plastic Waste35,971 tons/yr
Annual Tonnage NY@CommercialRecyckd Plastic Waste16,070 tons/yr

Result:
Net Annual Tonnage oNYC RecycledPlastic Wastein 2010: 52,041 tons/yr

Net Daily Tonnage ofNYC Recycledlastic Wastein 2010: 143 tons/day
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TONNAGESENT TO WASTE TO ENERGY FACILITIES

1)

2)

3)

Residential Sector

Basis:

a) 553,867 tonsof plastic residential refuse

b) Assume samepercent distribution of residential plastic refuse as was applied to overall
residential refuse (10.45% is WTEbound)

Source: RW Beck. Focus on Residential Plastics: 202005 NYC Residential and Street Basket
Waste Characterization Study4 vols. 2007. 67.

Calculations :
. 0 &3 iQi DOYDEREHN i Q . 0£IMIYO OE6E QI VOYHEND IO
v L @ % — WP MT LU W WE —
Wi Wi
Result:

Annual Tonnage oNYCResidential WTEBound PlasticWastein 2010: 57, 892 tons/yr

Daily Tonnage oNYCResidential WTE-Bound Plastic Wastein 2010: 159 tons/day

Commercial Sector

Basis:

a) 144,630tons of plasticcommerdal refuse

b) Assume same percent distributionof commercial plastic refuse as was applied to overall
commercialrefuse (7.20% is WTEbound)

Calculations:

o1ipo 0 DiE & ¢ Q1 BB i Q 0 £ &IYO GE 6 HOAE QI NNEE a0 Qb
" Wi

GTEtX ¢ mp ft p g o

Result:
Annual Tonnage oNYC Residential WTBound PlasticWastein 2010: 10,418 tons/yr

Daily Tonnage oNYC Residential WTEBound Plastic Wastein 2010: 44 tons/day

NYC:Net WTE-Bound Plastic Waste

Basis: Annual Tonnage of NYC WTFBound Residential Plastic Waste 57,892 tons/yr
Annual Tonnage NYC WTBound CommercialPlastic Waste:10,418 tongyr

Result:
Net Annual Tonnage oNYCWTE-Bound Plastic Wastein 2010: 68,311 tons/yr

Net Daily Tonnage oNYCWTE-Bound PlasticWastein 2010: 187 tons/day



TONNAGES ANDFILLED.

1) Residential Sector

Basis:
Annual Residential Plastic GeneratioMonnage: 589,838tons

Annual ResidentialRecyckd PlasticsTonnage: 35,971 tons
Annual ResidentiaWTE-Bound Plastics Tonnage57,892tons

Calculations:

100

Yo

Wi X Wi
0 ¢ @ine QQQA

Wi

.E._

0¢8I0 QOREGHARD Q. 0£FINOOOAQQ 0 ¢
o VW we

. a'QQ
T whw X

Results:

Wi

Annual Tonnage of NYC Residential Land&idl Plasticsin 2010: 495,975 tons/yr

Daily Tonnage of NY@Residential Landfilled Plasticsin 2010: 1,359 tons/day

2) Commercial Sector

Basis:
Annual CommercialPlastics GeneratioriTfonnage:160,700tons

Annual CommercialRecyckd PlasticsTonnage: 16,070tons
Annual CommerciaWTE-Bound Plastics Tonnagel0,418tons

¢ 86"YO ©O¢ 6¢&Q

Calculations:
. f)éﬁbiédd’Qif](Iﬁ%@dﬁD&)’Qv 0¢8IQAOOAQQ o ¢
0]y (W& ol P@TXHT pIpw
0 € iME QQQH a'QQ
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Results:

Wi

Annual Tonnage of NYCommercal Landfilled Plasticsin 2010: 134, 212 tons/yr

Daily Tonnage of NYC Commercialdndfilled Plasticsin 2010: 368 tons/day



3)

NYC: Net Landfilled Plastic Waste

Basis:
Annual NYCResidential Landfilled Plastics Tonnage 495,975tons/yr

Annual NYC Commercial Landfilled Plastics Tonnag&34,212 tons/yr

Calculations:
. 0 ¢ &ideE QAQA I QU & AHAQO 0 €& dihe QOURND @ DI r‘]&ﬁmﬁdb Q0
T Wwx b o1 p ol pe o1
N O & 00CE D ICEQ QMBI 6 QK
¢ oy x ol

Result:
Total Annual Tonnage of NY®lastic Waste that wad andfilled in 2010:630,187 tons/yr

Total Daily Tonnage of NY®Ilastic Waste that wad.andfilled in 2010:1,727 tons/day
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. COMPOSITION OF NYC MUNICIPAL PLASTIC REFUSE (2010)

1) Residential Sector

Basis:

Annual Tonnage of MSW Generated by NYC Residential Sector in 2010: 4,231t868/yr
Annual Tonnage of NYC Residential MGP Collected in 20271, 889 tons/yr

Annual Tonnage of NYC Residential Paper Recycling Collected in 20390,623 tons/yr
Annual Tonnage of NYC Residential Refuse in 2013)568,751 tons//yr

Source: RW Beck. Focus on Residential Plastics: 202005 NYC Residential and Street Basket
Waste Characterization Study4 vols. 2007. 67.

material subgroup material category annual percent in the waste stream
P
Refuse  MGP re-c:;::]ﬁ:lg WASTE
#1 PET Bottles PET Bottles 090% 646% 007% 1.21%
# 2 HDPE Bottles HOPE Bottles: Natuwal 0.28%  315% 001%  046%
HOPE Bottles: Colored 030% 327% 001%  048%
#1-#2 TubsiTrays/Other Containers — #1 PET tubsirays 000%  0.02% 0.00% 001%
#2 HDPE tubsitrays 005% 0.21%  000%  0.05%
#3-#7 Bottles #3 PVC Battles 0.01% 0.04%  000% 001%
#4 LDPE Bottles 001% 0.01% 000% O0.01%
#5 PP Bottles 001% 0.]0%  000%  0.02%
#7 Other Bottles 007% 0.20%  000% 0.07%
#3-7 Tubs/Trays/Other Containers  #3 PVC tubsfirays 000% 0.01%  000%  0.00%
#4 LDPE tubsitrays 001% 0.01%  000%  0.00%
#5 PP wbsltrays 017% 042%  000% 077%
#7 Other tubshrays 004%  0.06%  000%  0.04%
Oiher Rigid Containers/Packaging  Soda Crates and Botile Camiers 001%  0.07% 0.00% 001%
Rigid PS Containers/Packaging 027%  0.28% 001%  0.24%
Expanded P5 Comainers/Packaging 064%  0.10% 0.04%  0.54%
Other Rigid Containers/Packaging 0.79% 134%  004%  0.75%
Film Plastic Bags 3.22% 0.94% 0.23% 273%
Other Film 5.44%  3089% 071%  4.76%
(Dther Plastic Products Single Use Plastic 060% 022%  002% 051%
Other Plastics Matesials 1.92%  3.54%  020%  1.85%
Other PVC 002% 0.04%  000% 0.02%
TOTAL PLASTICS IN 22 CATEGORIES 14.74% 23.54% 1.35% 13.92%

Figure 22: Product composition of NYC residential plastic waste
Source: DSNBureau of Waste Prevention, Reuse, and Recycling

Calculations :

Based on the net tonnage of plastic waste generated by the residential sector and the percent
composition of residential waste provided in Figure 2, the plastic product tonnages in the
residential plastic stream were determined.

Non-recycled plastics include all plastics in the refuse and papstream and all nontrecyclable
designatedplastics in the MGPstream.



Results:
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Table 32: Tonnages of plastics in NYQesidential refuse (includes residue from recycling streams)

. Plastics in Collected Refuse Plastics in . Non-recyclable Plastics. in
Plastic Product Type (tons) Collected Paper Recycling Collected MGP Recycling
(tons) (tons)
#1 bottles 32119 273 0
#2 bottles 20699 78 0
#3-7 bottles 3569 0 0
#1-7 tubs and trays 9636 0 1985
Rigid containers and packaging 61026 352 4867
Film 309054 3672 10957
Miscellaneous 90646 859 10332
TOTAL 526748 5234 28140

2) Commercial Sector

Basis:

Annual Tonnage of MSW Generated by N@0mmerdal Sector in 2010:3,214,000tons/yr
Source: New York State. Dept. of SanitatioNew York City Waste Composition Study
(1989-1990), Commercial Sector, Volume. #5.See table below.

Table 33: Plastic composition of commercial MSW

Material Category

% of Commercial MSW

Examples of
plastic items

Films and bags

2.9%

Plastic wrap,
refuse bags

Rigid containers

0.5%

Milk and
beverage
containers

Miscellaneous

1.6%

Fastfood
packaging

Calculations : It was assumed that only films and bags and miscellaneous items were disposed of in
the commercial refuse stream.




Results:

Material Category

% of Commercial MSW Tonnage

Films and bags 29 93206

Miscellaneous 1.6 51424

TOTAL 45 144630

3) NYC: Net Plastic Tonnages in Refuse
Results:

Plastic Product Type % of Total Plastic Refuse Tonnage

#1 bottles 4.6 32392

#2 bottles 29 20777

#3-7 bottles 0.5 3569

#1-7 tubs and trays 1.6 11620

Rigid containers and packaging 9.4 66244

Film 59.2 416889

Miscellaneous 21.7 153261

TOTAL 100.0 704752
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