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l. Executive Summary

The goal of this project wai design and simulata process thaconvertsnonrecyclable

plastics (NRP) fsm municipal solid wasteMSW) producedn New York tohigh value oils. The

NRP to fuelprocess wadesigredbased orGolden Renewable EnerdRE0 s Renewabl e F
Production (RFPunit in Yonkers, New YorkThis unit takes a feed stream&f.0 tons perday

(TPD) of NRPfrom of all grades excluding &3 (PVC) and converts iinto No.2 home heating

oil. The plant produces approximatdly barrels of 0il(B.O.) per ton of NRP

In GREOG s p theo plaste deedstock is pretreated before entering the WP The
pretreatmentonsists of removinginwanted material§.e., metals, paper, glass aR¥C) and

shredding the plastic t0.750-1 0 f linathe &RBP. unit, t plastics areneltedin an extruder

and then senthrough two screw pyrolysis react® in series where they areconverted to

pyrolysis gas (pgas) and char Then, the pgas is converted to oil by condensation and
separatiorusing a series 08 cyclones Light gases that do not condense frtme pygas are
recycledback irto the process for ergyy recoveryGREGs process hasfa car |
NRP topygasof 95% and a pyrolysignergy efficiencyf 80%, approximately.

This report provides a quantitative detailed design analysisa NRP to fuel procestor a

capacity of 10rPD of NRPto produce about 4.8.0. perton of NRP. Aspen Plusvas used to
simulate this processusing a feedstock composeaf 60% Polypropylene PP and 40%

Polyethylene RPE) at 7PF and atmospheric pressurghe resultsfrom the Aspen sensitivity
analysisshowedthat it is possible to simulate process that converts NRP to fudlhe

simulation resulteth a carbon conversion 8f3%, an oilto gas selectivity of 3:2, a poduction

rate of 4.2 B.Oper ton of NRP, andnenergy efficiency 084% at 1000°F.

Finally, an economic analysis was done on the NRP to ffuetess. The fixed capital cost was
calculated byadding up the cost of the major equipment and installation.cOg@ratioo and
maintenance (O&M) costs wemdetermined by accounting for ttemst to labor, ent, water,
electricity, and wastewater disposal along with monthly maintenance and insurance costs. The
results from the economic analysis showed a total capital c6&282,959a net prdit per year

of $968,145, a ROI of 26.6% and a payback perio2l @#fears.
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. Introduction

Transforming nofrecyclable plastics (NRP) to high value oils have gained momentum over the

past years due to the increasing rate of plastic waste production coupled with the environmental
impacts of municipal solid waste (MSWandfilling. For instance, in the US, the amount of

plastic waste increased from 34.2 million tons in 2011 to 39.3 million tons in 28lsé,
accordingio i T r a niagfthee NomRecycled Plastice f New Yor k Ci talyoutt o Sy r
26 million tonsof CO; aregenerated every year due to landfillig

One way to reduce plastic landfilling is by transforming NRP to oils using sysolyn a
pyrolysis process, largehairs of hydrocarbonsare broken down to smal chains of
hydrocarbons to producegh value oit. This reaction occurat temperatures ranging typically
from 572 °F to 1112F under an oxygefree environment and atrspheric pressure’ The
pyrolysis process results the production of oil, nogondensablegases, and char which
composiion depends on the characteristics of the feedstock.

A. Commercial Pyrolysis Techniques

The 3 maincommercialtechnologies for NRPpyrolysis ae thermal, thermatatalytic and
microwave pyrolysis. Thermal pyrolysigequires temperatures between %72ard 2192F
depending on the feedstock composition. In additibrmhay requirelong residenceimes
compared to catalytic processékhermal pyrolysis is idedbr plastics that thermally degrade
relatively low temperatures likgolystyrene PS).

In theemal-catalytic pyrolysis, a catalyst is usedatcceleratehe depolymerization reactions and

to improve the fuel quality. It can be m® at temperatures as low as 392Zhe addition ofa
catalyst improves the quality of products and reduces the resitierecd’he main disadvaage

of thermalcatalytic pyrolysis ighat catalysts are usually expensive, must be regenerated after
the pyrolysis reaction and suffer fraeactivation dugo coke depositiod>#

Microwave pyrolysis breaks down NRP using roigave radiation. Since plastics have low
dielectric constant, thegrerequired to be mixed with materials like graphite and carbon which
are microwave radiation absorbents. Cracking temperaturesciovmaive pyrolysis range from
932°F t0 1292F. The majo advarage of this techigue is that it allows for an even heat transfer
in the pyrolysis reactcr?

Many researchersave noted that thermahtalytic pyrolysis is more efficient compared to other
types of pyrolysis techniqués. However, thermal pylysis is still more popular among
commercial scale NRP to oil plants. A 2015 review on plastic to fuel producers done by the
Ocean Recovery Alliance, shows that out of ldsptsto-oils producers only 5 use thermal
catalytic pyrolysis. The popularity dhermal pyrolysis over catalytic pyrolysis could be due to
the capital expense assaigid with the use of a cataly3tble 1 shows a list of producers that
use thermal and catalytic pyrolysigluding GRE and this design
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Table 1: Plastic to Oil Poducers, Capacity, Pyrolysis Methods, Costs, and Prdducts

Producers Capacity Type of Products Production Fixed Capital
Pyrolysis Rate Cost
This Design | 10 TPD Thermal No. 2Home Heating Oil 177 gallons/ton $1.6 Milion
MK Aromatics| 11TPD Catalytic Light Sweet Synthetic 195 gallons/ton $3.5 Million
Limited Crude
Diesel Blendstock,
Golden 24 TPD Thermal Gasoline Blendstock, 190 gallons/ton $5-$6 Million
Renewables No. 2 Home Heating Oil
JBI 20-30 Catalytic Naphtha, 190 gallons/ton $5-$8 Million
TPD Diesel Blendstock,
Fuel Oil No. 6
Nexus Fuels | 50 TPD Thermal Light Sweet Synthetic 220-280 gallons/ton $9-$12 Million

Crude and [tillate fuel

Vadxx 60 TPD Thermal Light End/Naphtha 210 gallons/ton $17-$18 Million
Middle Digtillate
Fuel Oil No. 2

B.GREG6s Approach

GRE, located in Yonkers, NeXork takes plastic waste from Recommunity Beacon, a material
recovery facility in New York,and converts it tdNo.2 home heating ojlsyngasand a char
byproduct using thermal pyrolysis. In their process, a feed strea@¥l@fTPD of NRP of all
grades plastics (primarily PP and PE excluding PVC is pyrolyzd in an oxygen free
environment(PVC is not used as a feedstock because it releases chlorine gasesrt
patentially corrode the equipmentfhe plastic material is converted to 75% oil, 20% gas and
5% char, approximately anlle company haa production rate of 4.B.0. per ton of NRPAIso,
GRE produces emissions such as NOxp, S(C, CO, CQ and prticulate matter that are all
within the New York State Department of Environmental Conservation (DEC) fimits

GREOGs pr o cedogp system. ahe naomdensablgass producedrom the pyrolysis
reaction are looped back to the process to offsetgy requirementd\atural gass usedfor the
reactor furnacesnly during equipment stauip®
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The godof this project is to design and simulate in Aspen a NRP to fuel plant basedRdh 6 s
RFP untGREOGsS desi gn wiinpfove theNRBgarbon oonversiah, plastic to oil
selectivity andhe overall processnergy efficiency

[I. Process Description

Plastic waste will be pretreatday removingunwantedmaterials such as, metalsager, glass
and PVC. Metal and glasswill be removed usingselective vacuuming (based on feedstock
density) and the rest of theontaminantswill be sorted out manuallyPlastics that have an
amount of moisture great¢han 10% will & dried using dot air drier Then, 10 TPDof the
pretreated f@lstic material wi be mechanically shreddedice t00.751 0 f én@d derdfrom a
hopperto anextruderwhere the plasticsnelt at 900°F. The extruder eases the flow of the
plasticsto a rotary screw pyrolysis reactorThis reactoroperate between 700and 1212°F.
Plagic material that do not thermally degraaemairs as char and is collected at the bottom of
the reactor.

The noncondensablgasesn the pygaswill be separated from the oil fractions by a series of 8
cyclones operating demperaturebetween35CFF and 14°F and different residence timethe
first cyclone separates out the heaviest oil frastishile the last cyclone the lighte$tactiors.
The 8" cyclone will have an ethylene glycol cooling jacked and chiller to achievdirthle
operating temperate.

The oil fractions collectd from each cyclone will be mixeith a single stream tmakeNo.2
home heating oithat can besold andused directly into furnaceand generatorsThe energy
content of thenoncondensablgases resultingom the process M be used to run thpyrolysis
process without the input of external energy during steady state operdtinis process will
operate at atmospheric presstire

The major difference between this protess ani
drying of plasticsin the pretreatment to decrease the energy consumption associated with the
moisture content. Also, while GRpyrolyzesthe plastics in two screweactorsin series, this

design utilizes a single rotary scrqwrolysis reactor. This retar provides a plastic to olil

conversion greater than 75%.

Figure 1 and 2shows the overall process materaaild energy balanse Mass streams are

depicted as horizontagolid lines and energy streams hsrizontal dashed lines. A feed
compositon of 60% PP and 40% PE waa s s umed based on GREGOGS a
distribution (refer to fig. A-1 in the @pendix)® To calculate the energy in and out of the
pyrolysis reactor, the high heating value (HHV) of the conepts were estimated using the

HHV providedby reference® and7. The energy out the char out was calculated using the HHV
reported by GRETo close the energy balance out, teenaining energyvas assumed to be

energy losses.
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Mass In=
10.5 TPD

Energy In=

379.2 MMBTU/day

Nz

0.5 TPD (13,803 scflday)

Polypropelene

6 TPD

Polyethylelene

4 TPD

NRP Pyrolysis Process

Nz

v

0.5 TPD (13,803 scf/day)

Oil

v

5.98 TPD (42 B.O.)

Non-Condensable Gases

v

3.44 TPD (156, 364 scf/day)

Char

v

0.58 TPD

Fig.1. Overall NRP Pyrolysis Process Md&&aslance

Polypropelene

HHV= 18860 BTU/Ib
E=227.5 MMBTU/day

Polyethylene

HHV= 18960 BTU/Ib
E=151.7 MMBTU/day

NRP Pyrolysis Process

oil
HHV= 18966 BTU/lb
E=253.2 MMBTU/day

Non-Condensable Gases

HHV= 15843 BTU/Ib
E=66.5 MMBTU/day

Char

HHV=9367 BTU/lab
E=10.7 MMBTU/day

Fig.2. Oveall NRP Pyrolysis Proce€snergy Balance

05/09/18

Mass Out=
10.5 TPD

Energy Out=
330.4 MMBTU/day
+

48.8 MMBTU/day
(Energy Losses)

Figure 3is a detailed process flow diagram (PFD) showing the majorcgs® units and
specifications, mass flow ratpsocess operating conditianEhe composition of each stream in a

weight percent basis show in Table A2 of the appendix
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266.7
Excess Gas (287 )
Burners
Off gas - Excess Pygas
1 Off gas

Heat Recycle

Reactor
Burners

Aep/nLEWN €21+

Hopper; Capa?ty: 3 cubic yards

Weight: 704 Ibs; Mat'l: Heavy Steel

Pipe

Dimensions (B; C; D; H):48; 4; 18; 56 in
Sep. Efficiency.: 99%; Mat'l: SS
Operating Pressure:14.7 psig

E-
Extruder; Capacity:2425 Ib/hr
LxWxH:20x56x56.2ft
Weight: 22000 Ibs; Mat': 360 SS
Motor: 200 RPM; 422 HP

Weight Capacity: 4000 lbs
Plastic Bulk Density: 11.3 Ib/ft®

C-5t07
Cyclones
Size: 5 in; NPT Flange: 4 in

c-8
Cyclone
Pipe Size: 8 in; NPT Flange: 5 in
Dimensions (B; C ;D ;H):72; 5; 30; 82 in
Sep. Efficiency.: 99%; Matl: SS
Operating Pressure:14.7 psig

Off Gas
Shredders
NRP
60%PP 40% PE Stack
1
Hot Air
Dryer Storage
Bin
Conveyors
N Purge _ 14.4 MMBTU/day
42 Ib/hr 1 :
1
1
i [ 1000 |
|
— w
E-1 'I
900 °F; 14.7 psig C ]
R-1
1000 °F; 14.7 psig c1
Char
CCET - Collector
U Pressure (psig)
\:| Temperature (°F)
Solid Mass Flow
vy Rate (Ib/hr)
Liquid Mass Flow
- Rate (Ib/hr)
C) Gas Mass Flow Rate
(Ib/hr)
<> Line No.
H-1

R-1
Rotary Screw Reactor; Capacity:
20000 Ib/day
D x H: 8.5 x 21.6 ft; Thicknes: 0.05 ft
Weight: 5000 Ibs; Mat'l: Boiler Steel
Motor: 0.4 RPM; 26 H.P

EC4
Air Cooled Glycol Chiller
Capacity: 17, 292 BTU/hr @ 25 °F
Dimensions (L x W x H): 43; 34; 40 in
Weight: 600 Ibs; Mat': S8

Pump: centrifugal; 0.75 HP; 7.2 GPM; 30 psig

c1
Cyclone
Pipe Size: 14 in; NPT Flange: 8 in
Dimensions (B; C; D; H): 108; 7; 54; 122 in
Sep. Efficiency.: 99%; Mat'l: SS
Operating Pressure:14.7 psig

[AE]
Glycol Cooling Jacket
Diameter: 3-11.9 feet
Capacity: 53-811 gal/ft
Mat'l: Dimpled Stainless Steel
Pressure Drop: 0.60 psi/ft. of diameter

Fig. 3. NRP to fuel process flow diagram

C-2to4
Cyclones
Pipe Size: 10 in; NPT Flange: 5 in
Dimensions (B; C; D; H):96; 7; 48; 110 in
Sep. Efficiency.: 99%; Matl: SS
Operating Pressure:14.7 psig

H
Rotary Pump
Max. Capacity: 38 GPM
Max. Viscosity: 53925 cST
Temperature Range: -50 F- 300 F
Max. Pressure: 200 psig; Mat'l: Cast Iron
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V. Major Equipment Specifications

Table 2shows the major equipment specifications for the NRP to fuel process. A detailed
spreadsheet of each individuauggment ad drawing is showm Appendix B.

Table 2: Major Equipment Specifications

Equipment  Equipment  Manufacturer Equipment Specifications
ID Type
H-1 Storage McCullough  Capacity: 3 cubic yards
Hopper Industrie$ Weight Capacity: 4000 Ibs.
Material of Construction: Heavy Steel
E-1 Extruder Toshiba Screw Diameteri9.7 in

Machiné Effective L/D Ratio: 28
Max Screw Speed: 20RPM
Motor Power Requirement: 14315 kW
Heater Capacity: 63 kW
Extrusion Output Range: 4200100 kg/h
Hopper Capacity: 400
Material of Construction: 316 Stainless Steel
Operating Temperature: 90B
Operating Pressuré4.7 psi

Rotary Screw Henan Doing Capacity: 10TPD

E-1 Reactor Mechanical Total Power: 1kW

Equipment® Rotate Speed: 0RPM
Qil Yield: 4.5-5.5ton/10ton of Plastic
Material of Construction: Boiler Steel Plates
Operating Temperature: 109212F
Operating Pressuré4.7 psi
Carbon conversion: 94%
Conversion rate4.5 BO./day

EC-1 Ethylene Advantag' Type: Air Cooled Modular Indoor Chiller
Glycol Chiller Compressor PoweB8 HP
Cooling Capacity5.068 kWhr @ 25°F Glycol temperature
Percentage of glycol to water: 25/75
Refrigerant Type: RI10 A
Reservoir Capacity: 7.5 gallon
Material of Construction: Stainless Steel
Process Pump: centrifugal; 0.75 HP2 GPM; 30 psig

CJ-1 Ethylene Santa Rosa Pressure: %0 psi
Glycol Cooling Stainless  Glycol Flow rate:640 GPM
Jacket Steel? Capacity: 53811 gal/ft

Material of Construction304 Dimpled Stainless Steel
Pressure Drop: 0.60 psi/ft. of diameter
OperatingPressureil4.7 psg
OperatingTemperaturg 4 °F
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C-1to 8 Gas/Liquid Eatort® Gas/QilSeparation Efficiency: 99%
Cyclone Material of Constration: Fabricated Carbon Steel
Separato Max. Pressure: 60psig

Max. Temperaturd:00CF

Operating IPessurel4.7 psg

C-1: Pipe Size: 14 in; NPT Flange: 8 in
Operating Flow Rater67 Ib/hr

Operating Temperatur850°F

C-2 to 4: Pipe Size: 10 in; NPT Flange: 5 in
Operating Flow Rat 509-6531b/hr
Operating Temperature310-230°F

C-5to 7 Pipe Sie: 5 in; NPT Flange: 4 in
Operating Flow Rat 509-6531b/hr
Operating Temperature$90-110°F

C-8: Pipe Size: 8 in; NPT Flange: 5 in
Operating Flow Rate35 Ib/hr

Operating Temperaturé4°F

P-1 Rotary Pump GormanRupp Max. Capacity: 38 GPM
Pump$* Max. Viscosity: 53925 cST
Max. Pressure: 200 psig
Min. Temperature:50 F
Max. Temperature: 300 F
Material of Construction: Cast Iron
Operating Flow ratel.23gallons/min

*See AppendiB for more details.

V. Aspen Simulation
A. Simulation Overview

The NRP to fuel process was modeledingsASPEN Plus as shown in figure 4 this
simulation, the equation of state R was used to estimate the physical properties of the
conventional components. HCOALGEN and DCOALIGT were used to calculate the enthalpy
and density of the NRP (neconventional component) based on its proximate and ultimate
analysis.The ultimate and proximate analysistbé plastic feedstock used in this simulataoa
shown in Table 3 and 4 respectively The ultimate and proximate anges provide the
composition of the plastifeedstocksuch aselemental composition, the amount of moisture,
fixed carbonvolatiles and ash.

1C
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Drying Zone Decomposition Zone

833 Ib/hr of NRP
T=T77°F, P= 14.7PSI

i FORTRAN | N RStoic H : Heater FORTRAN !
i | Statement T=100°F,P=14.7PSI | | | | [T=900°F, P=14.7PS] - Statement ;
* v 816 Ib/hr| v 8161bhr | 4 |
i | Calculator Flash2 — ! | RYield «_.} | Calculator :
Block T=100°F,P=14.7PSI | | | [T=900°F, P=14.7PS]] Block '
Water <676 1b/hr
0,C,H 816 Ib/hr
Reaction Zone Condensation Zone
i v 816 Ib/hr ;
. | RPIug ,| RGibbs b o ke | Flash2- 1 L allbhr o
! [T=1000°F, P= 14.7PSI T=1000°F, P= 14.7PSI | | ; * | T=350°F, P= 14.7PSI ; e
T Y816l | i726lb/hr |
| | SSplit ! | 652.7 Ib/hr i
: I T=1000°F, P=14.7PSI | : | | Flash2-3 e—| Flash2 -2 LU NN
: : { |T=270°F, P= =310°F, P= :
o S S | |T=270°F, P‘ 14.7PSI T=310°F, P=14.7PSI | ! 887lb/hr_r~7_cm
: 564 1b/Hr i 54.7 Ib/hr
| 49 Ib/hr ; | T » Cs-Cis
14.4 MMBTU/dayl e '
I Char | | Flash2- 4 || Flash2-5 P 45Ibhr CoCis
: i | T=230°F,P=14.7Ps1| [[=190 °F,P=14.7PSI | !
: 464.3 Ib/hr |
Off-gas En{:rgy Recovery Zone : 383.4 1b/hr :
Z - Flash2 - 6 Z
I N . Flash2 — 7 le| Flas 809 Ib/hr o
5 | : T=110°F, P= 14.7PSI T=150°F, P=14.7PS1 | |
1269 Io/hr | | | | 301 lb/hr | 82.41b/hr . c
: Aj | Non-condepsable; v ' 610
H 1r . H H
: ases : i 269 Ib/hr -
{ 10001b/hr RGibbs PR . Flash2 - 8 321bhr e,
' T—77°F p=14.7PSL_T=932°F, P= 14.7PSI .

T=14°F, P= 14.7PSI i

Fig. 4. Aspen simulation of NRBb fuel pyrolysis process

Table 3 Proximate analysis (Wt%) of NRP feedstbck

Component | wt%
Ash 0.44
Volatiles 99.54
Moisture 0.05
Fixed Carbon 0.03

Table 4 Ultimate analysis (Wt%) of NRfeedstock

Element | wt%
C 84.0
H 13.1
O 2.90

11
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The simulation is divided into 5 stages. In the drying zontsealstocklO TPD of NRPis fed

into an RStoic block. The RStoic block is used to simulate the reduction of moisture in the
plastic feedstock The Flash2 block separates the dried NRP from the water .vipaohis
section, a FORTRAN subroutine and a calculator block were ussldolate the water content
remaining in the NRIgsee appendiR).

In the decomposition zone, the dried NBfRers a RYieldlock thatdecomposethe NRPinto
conventional componengse., C, H, and Q! In this section, a FORTRAN subroutine is alsed
to carry outhemass balance calculatiofts thedecompmsition of NRP (see append).

In the reaction zonehe feed emtrs anRPIug block followed by an RGiblidock, whichmodebk
the pyrolysis reactorThe RPlug is based on the reaction kinefian a similar pyrolysis
process ashown inTable A1l (seeappendix).These assume that onlyahdH. participate in
the reactions and that the reactioniof@ powe law kineticswith a first order dependence on
H>. The RGibbs blockproducestherproducs such as CO and G@hat are normally present in
the pygady minimizing the Gibbs free energyAlso, in this sectiona SSplitis used to separate
the gas products from the char byproduct.

In the condensation zondet gas product is cooled down usingomler and it enters series of
FLASH2 (1-8) blocks that modethe gas/oil cyclonic separain. The Flash2 blocks operate at
temperatures ranginfpom 350 F to 14 F. The noAcondensable gases exiting the condensation
zone enter the heat recovery zone nighhe they arburned,and the energy is recycled back to
the process.

B. Simulation Results

Sensitvity analysis was done on the RE reactor to find the operating conditions that best
approximatd GRE6s average product doilsandrs5% bharjcartmm (|
conversion and energy efficiengye., 95% and 80%respectively. The temperaturef the
Rplug reactowasvaried from 700F to 1200 F. Figure 5shows tle product distributior{in a

dry basis) in wt% at temperaturbstween 700F and 120C°F and at atmospheric presu It
shows that at 100@, the product distribution is the closest to GRgroduct distribution. A
thistemperaturethe pygasproduct distribution is 22.5% gas, 71.3% oil and 6.2% char.

12
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100 9555537 p55557 P53 p55553 p5555) po555] Po555] 5553 55553 [35553 [5555 5507,
12.2,9$13.53815.04F16.7F18.6 {£20.6 {£22.5][24.31[¢26.0][<25.1{}£20.5 }20.0

80— 55555 ,‘L :{ ,;E :E =
X
T 60
£ Gas
- = Oil
4 B8 Char
Z 40
(o]
(@]

20

700F = 750F * 800F ~ 850F = 900F ' 950F 1000F 1050F 1100F 1150F 1200F GRE

Temperature
Fig. 5. Product dstribution out of the reaction zone as a function of temperature

To assess the performance of this process, energy efficiency has been defined as the ratio
between the energy of the liquid oil and reondensable gasesit of the reaction zon& the

total energy in(see equation 1)n addition, carbon conversion has been defined as the ratio of
the amount of carbon in the NRP in minus the amount of carbon in the char bypmthet
amount ofcarbon in the NRP ifsee equation 2At 1000°F, the carlon conversion is 98 and

the enegy efficiency is 84% (see figures 6 and Tables 5, Gnd 7show the calculations for the
carbon conversion and energy efficiency at 1080 Detailed calculations for the carbon
conversion and energy efficiency at thstref the temperatures are shown in Appendix C.

~

0¢ Q1 OOBQQD "QVE—6363 op T Eq.1
61 MEEED QI i Qé-& 6p T T EQ.2

13
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100
Operating at 1000°F results in 93% carbon conversion
c g5 [versus GRE's reported 95%.
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Fig. 6. Process carbon conversion as a function of temperature
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Fig. 7. Pyrolysisenegy efficiency as a function of temperature
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Group H
Table 5: Carbon Conversion at 1008
Temperature Carbon in NRP Carbon in Char Carbon Conversion (%)
(K) (Ib/hr) (Ib/hr)
1000 ‘ 651 48.7 92.51920123
Table 6. Enthalpy ofNon-Condensabl&as at 1000F
Compound Flow Rate (Ib/hr) HHV (BTU/LB) Enthalpy (BTU/Ib)
H2 10.3 23811.0 245172.1
CcoO 10.8 5431.2 58429.9
CO2 25.6 0.0 0.0
CH4 62.3 17119.1 1066593.6
C2H6 12.6 18150.0 229029.8
C2H4 54.0 21884.0 1182148.3
Total Flow Rate =175.6 Average HHV (BTU/hr) =2781373.6
Average HHV (BTU/Ib) =15842.9

Table 7: Enthalpy of Oil at 1000F

Compound Flow Rate (Ib/hr) HHV (BTU/Ib) Enthalpy (BTU/Ib)
C10H8 43.0 16707.0 718241.8
C4H10 5.7 57635.8 329827.8
C9H18 41.5 20469.5 849911.4
C6H6 35.8 17460.0 625067.3

C7H8 108.2 18228.7 1971946.4
C8H10 76.4 18651.0 1424464.0
C14H28 151.8 18826.0 2858620.8
C16H34 69.3 18843.0 1305904.1
C22H46 24.4 18992.0 463791.1

Total Flow Rate =556.2 Average HHV (BTU/hr) =10547774.6
Average HHV (BTU/Ib) =18965.5
Table 8: Energy Efficiency at 1000F
Energy Plastic In Energy Gas out Energy Oil Out Efficiency
(MMBTU/hr) (MMBTU/hr) (MMBTU/hr) (%)
15.8 2.8 10.5 84.4
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The difference between the results from the sinradnd the results reported ®RE could be
attributed to the kinetics used to model the IR§ reactor resulting in a different gas and oll
carbondistribution. Since GRE only reports the oil carbon distribution per carbon number,
hydrocarbons with the same carbon number were asstimeid be theproducts fom the
pyrolysisreactiors. Figures 8 and 8howthe respective oil and gas rolcomposition of &C»>

at 1000F exiting the reaction zon€igures 10 and 14¢how the oil and gas product distributions
reported by GRE.

Fig .9. Gascomposition oubf the reaction zone in
wt.% (in a dry basispt 1000°F and atmosphir
pressure for gasmolar flow rae of 12.30 Ibmol/hr.

Fig.8. Oil composition oubf the reaction zone in Wh (in a
dry basis)yt 1000°F and atmosphirpressure for an oil
molar flow rae of 4.23Ibmol/hr.

Fig.10.Oil composit on of GRE&6s fi nal Fig.11.Gas composiin of GREG®s f i

At 1000 °F compositions the HHVs of the oil amhs were calculated to be 18966 and 15843
BTU/Ib, respectively(see appendix C)The HHV of the oil produced is similar to the average
HHV of diesel (i.e., 19604 BTU/Ib)Table 9compares the results from the seamgit analysis to
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