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(57) ABSTRACT

A method of producing useful fuel fluids from solid plastic
waste, including loading solid plastic waste matter into a
reaction chamber to define a load, subjecting the load to
HTP to extract hydrocarbon mixtures, filtering the hydro-
carbon mixtures to extract solid matter, and separating the
hydrocarbon mixtures into a light fraction (C, to C,5) and a
heavy fraction (C,4 to Cs,). The heavy fraction is directed to
a first container and the light fraction is directed to a second
container. The light fraction is separated into diesel (Cg-
C,5), gasoline (C,-C, ), and vapor (C,-C;), and the diesel is
directed to a third container, the gasoline is directed to a
fourth container, and the vapor is directed to a fifth container.
The hydrocarbon mixtures have a carbon number distribu-
tion between C, and C;,. The pressure in the reaction
chamber is typically between 0.1 and 10 MPa and the
temperature in the reaction chamber is between 350 and 500
degrees Celsius. The plastic waste is selected from the group
consisting of PS, PE, PP, and mixtures thereof.

FIASS LOGT: 244 HHLLIH TeHAR
ERERGY LOGY, S HILLION BARREL CRUDE QHLAR

Y/
RECYELED WAsTE

7 FEERSTOSK
'+ PREFIRAION

[l

THERHAL
S/ COBVERSION

FUEL PRODUCTIN: 250 RALLIGH T0NR
ERERGY SAVED: 1.5 BILLIDY BARREE CRUDE GiLAR




Patent Application Publication  Aug. 10, 2023 Sheet 1 of 30 US 2023/0250343 A1

| HASS LOST: 244 MILLION TORAR
&\ ;/’) EHERGY LOST: 3 BILLION BARREL CRUDE GILYR
"’\

LN N
\J
o 4

7 \= N MQ m
& V')Q“* l%&wi\g \1
5,%,3 LopE &i& WIS
. P
&

m&mm =

R

GHEMIGAL PLANT

= /
separation) | & N/
THERMAL

o conversion
FUEL PROBICTION: 200 MALLOH TR
ENERGY SHVED: 1.5 BALION BARREL CRUDE O9R




Patent Application Publication  Aug. 10, 2023 Sheet 2 of 30 US 2023/0250343 A1

kg CO2/kg of fesed
el
< 2 o <Fy L o,

Material efficiency

ey
Ly

=
Lonee

<3

4 Lt
S )
}4 <)A (’4‘(

i > . ]
[ T vt 4

;;;;;;;
GOCK 4::

OO0

Mg of feed

L

Fuels from crude

IT{}S

Lo
ey

Landfill fTCS oi

<53
<>
o

»»»»»»»

L
<3

0
B,
i?l?%)

&2
<>

G Y
EXRRARS

DUOONG
)()!)I)

<
<3

EXRRAN]
30
)‘&%‘l"}‘f k)
TS
) l 1

)\) 35!

le)‘\ "‘ﬁ"{'i

RGN
HHH

‘("4‘“‘(“

IRERRRE]

e > T -

<
<

EIBIfAon of Teed

£

Fuels from crude [TCS Fusls from crude
ol ol

Fig, 2C

TS




Patent Application Publication

Aug. 10, 2023 Sheet 3 of 30 US 2023/0250343 Al

\

/élastic; feed E(Jiicmversian}m{ Separation ifiI}ﬁﬁﬁjﬁﬁﬁfﬁﬁﬁﬁﬁf"’"“" Products
Preferred. _
s PE ¢+ LP-HTP + Multi-stage condensation »  Gascline
. PP » Pyrolysis + Distillation + Diesal
» P8 » Jetfuels
+ Mixtures of PE, « Waxes
PR and PS » Lubyicanis
Others: « Naphtha
o+ PET » Heavy olls
PV o Feedstock for
Type 7 chemicals /
Design Paramefers @@@Eﬁ Optimization Goals
* Equipment Sizing | @* Mihim?;e Capital and
+ Fead Flow Rales In Entfre L evei 3 Operating Costs
Prosess e, + Maimize Profit
+ Product Flow Rates me‘" ’QC@SS \

[
(]
14
L2

/

3 Pmdmt:ar\/bca@ !
/ Levei‘? \ \

bl §~a§e \

¢ Gasoline & Diese! Yields

+ Gasoline & Diese! Qualitfos
+ Ensrgy Efficiency
 Produstivity

Separation Temperalures
Flow Rafes in Mulli-Stage
Condensation

Reaction Temparalure and

Pressure . 0?!?;3?&\
Reaction Time O Qually ,
Plagiic Faed Rate to Reastor " Energy Effcieny
Plastio-fo-WaterRatio + Produchivily

Plastic Composition and
Partivla Size




Patent Application Publication  Aug. 10, 2023 Sheet 4 of 30 US 2023/0250343 A1

=63 IR AL = —

B~

_“

F
y
Nt
| J A },‘ polyeyelic aromatics
SRy /




S TR UOROESY
Ld £ z ¥ 1%

US 2023/0250343 Al

SULEBIO

¥
¥
¥
[+
¢
% O

AN
AN oo 2
<
e
S
= i
ol 3d
-5
m ~GOL
wnn
[og]
o
<
o
S -8 G680 = O MY D 1%
) -8 G0'Z = 74 YERE D
z -8 S L = 7 HZ O P
-8 L0 = PEHTY D Ba
A A CH o+ TEHEPRO o YRR & FtEo g %
-8 0L = " ¥ < Td

IHIUBISUOD D18

(52 = GigzsSy 1y
usFOIPAY + SOIIVUIOIs

ox |

ZERFOTy 1
oy =S I ¢ |
" VG DAT/RULIDIO
CEL ‘A VEITD D — A T SORIFED T [OUW/B 00008 T=MIN TV
Qﬁmﬁhﬁkﬂﬁm 4+ se8 £x M SOER LS TESL

Ty i
Tor—  YTHID D — g

sugyeredosy/suyyered

Patent Application Publication



US 2023/0250343 Al

Aug. 10, 2023 Sheet 6 of 30

Patent Application Publication

VL ToL

(sonuvuiciy} 295 e (soiRAD/SuySIO) 280 v {suyreang) 93
&3 ]
{sonpnicay} Pi-£i &ﬁm,m,ii {oD10A 3 /SuIEDI ) PI-EIy .éwmfii {surere,gy ¥~
X e {
{(STRVUICIY TG na,ﬁm.w:mi (SO AT/BULINIy TI76 as&m.m.‘m.! {susgivreg) -6
(SO ATISULIDICHE S°F aamw - {RuIIIeIe. s 5
{ROIOATI/SBLIIDICYS TEST i&wsmwwtl {SUIEIIVARg Y TE-52
(SOSAT/SULISIY) F2TIT s&wﬂm‘m{ {sugiuangy PL-tLy
{8D1jOA S /BULIDIL T BE-L1y A&MMME {suigining) 0L 4L1
£y
iy \\&. #x/.» t1y
Gy St
Qm,\m\ MMW/IZ{ W $0;
SE-CIy TI-6r3
£0x \ B0 \ ol 503 ,w//
EL-8Ty PT-ELy GTLEy

EMM&A// €0y bww \\A\m@h

{ReAn3 +2ED

IOy W

DIISBY ]



Patent Application Publication  Aug. 10, 2023 Sheet 7 of 30 US 2023/0250343 A1

aromatics

cycloparaffing + olefing
n-paraffing

LN

<

©f




Patent Application Publication  Aug. 10, 2023 Sheet 8 of 30 US 2023/0250343 A1

et
-4*"/
| e
e

aromatics |
I cycloparaffing + olefins
n-parafiing




US 2023/0250343 Al

Aug. 10, 2023 Sheet 9 of 30

Patent Application Publication

{3} 30y Buinog

1234586783 0NNRVBUBBETRVANRBUIBTBBNAN

Carbon Rumber

wpmromalics

=gigoparaffing =g orlofibis

=Ferparaifins




Patent Application Publication  Aug. 10, 2023 Sheet 10 of 30  US 2023/0250343 A1l

s
e,

-

e
o
oo
e
o
o
o
e
o
e
s

aromatics

cycloparaffing + olefing
n-parafing




Patent Application Publication  Aug. 10, 2023 Sheet 11 of 30

US 2023/0250343 A1
Gas for Energy
Polyolefinwaste
IARARA
ATEATEN

BORE O ADRE W

Feedstock
Preparation

| ||| Multiple-Stage
Condensation

Continuous
LP-HTP

& &
:\:'3‘31.\}:?:5}?3{") e
~~~~~ e S
- -

Diesel  Gasoline



Patent Application Publication  Aug. 10, 2023 Sheet 12 of 30  US 2023/0250343 A1l

Polyolefin and Gas for Energy
polystyrene waste .

DA A
XCALAC)

e

Feedstock
Preparation ey

Multiple-Stage
Condensation

| </ O
Continuous

LPHTP W

Wier




Patent Application Publication  Aug. 10, 2023 Sheet 13 of 30  US 2023/0250343 A1l

",

——
isoparaffing

| aromatics

cycloparaffing + olefins

| n-paraffing

e,
-
g
I
srs”
I
.
T
et
I

-
-~
et

commercial
> (diesel




Patent Application Publication  Aug. 10, 2023 Sheet 14 of 30  US 2023/0250343 A1l

Polyolefin and Gas for Energy
polystyrene waste -

ANDA
ATKATEMY

)
woee wee e PS

|

Feedstock
Preparation

§8 $
AL == Digsel

; -/ Continuous

Continuous A
istillation

LP-HTP
Water




US 2023/0250343 Al

Aug. 10, 2023 Sheet 15 of 30

Patent Application Publication

ffins + olefins

5
d

G
I

f
a

. isoparaffing

> commercial gasoline

-
o

" [TCS-gasoline




Patent Application Publication  Aug. 10, 2023 Sheet 16 of 30  US 2023/0250343 A1l

romatics
| cycloparaffins + olefins
paraffins

|

i

—
\\\
...
P
G

VAR

|

|
%L, lcommercial
. ol

7 diesel

7 CS@E@@@%




Patent Application Publication

-
s
il

-
"
o

Aug. 10,2023 Sheet 17 of 30  US 2023/0250343 Al

\.,\*
‘‘‘‘

.
e,
-

——

| aromatics
I cycloparaffing + olefins

TCSdiese



Patent Application Publication

e

R

gasol

& PE gasoline

from waste
<> 25%UPEFFSUPP gasoline

PP gasoline
% Exsonbobil gasoline

% BP gasoline

O SOUPELBO%PP gasoline
& SO%PE+SO%PP gasoline

A

~ } EPArange for gasoline

uuuuuuuuuuuuuuuuuuuu

diese]

& SORPELSOUPE diesel from waste
<> ZRBPE+75%PP diesel

<y BOMPE+SU%UPP diesel
On PP diesel

{3 PE diesel

Aug. 10,2023 Sheet 18 of 30  US 2023/0250343 Al

S Speedway diesel
v Family Express diess!




Patent Application Publication  Aug. 10, 2023 Sheet 19 of 30  US 2023/0250343 A1l

isoparaffing

aromatics
cycloparaffing + olefins
n-paraffing

P
——
"~

|
{

-.\\

|
§
|
1

| commercial
>(iesel




Patent Application Publication  Aug. 10, 2023 Sheet 20 of 30  US 2023/0250343 A1l




Patent Application Publication  Aug. 10, 2023 Sheet 21 of 30  US 2023/0250343 A1l

- -
o™ —
o~ e

| aromatics
1 cycloparaffing + olefins

commercial
diesel




Patent Application Publication  Aug. 10, 2023 Sheet 22 of 30  US 2023/0250343 A1l

r \\\\\\\
\\\\

[ isoparaffing

aromatics
cycloparaffing + olefing
ns

.| commercial
> diesel




Patent Application Publication  Aug. 10, 2023 Sheet 23 of 30  US 2023/0250343 A1l

Gas for Energy
Polyolefinwaste -

DA
LALE

Pt DM

Feedstock |

Preparation , J | || Multiple-Stage
" Condensation

§
8
‘ W/ O\
Continuous
Pyrolysis




Patent Application Publication  Aug. 10, 2023 Sheet 24 of 30  US 2023/0250343 A1l

Polyolefin and Gas for Energy
polystyrene waste o

NDANA
EEE

)
wove tose e PS§

Dy

Feedstock |
Preparation Ll e | ) | | [Multiple-Stage
"y Condensation
8
W/ O\
Pyrolysis

Diesel  Gasoline




Patent Application Publication  Aug. 10, 2023 Sheet 25 of 30  US 2023/0250343 A1l

e T
o \)\\T“ T
_ |isoparaffins
| aromatics
1 cycloparaffing + olefing
| n-parafiing

commercial
~diesel

* [1CS-gasoline



Patent Application Publication  Aug. 10, 2023 Sheet 26 of 30  US 2023/0250343 A1l

—
-,
—

.

| isoparaffing
- aromatics
1 cycloparaffing + olefing

]
R




US 2023/0250343 Al

Aug. 10, 2023 Sheet 27 of 30

Patent Application Publication

LR

£ o0

@ <>

[ ragranne
bt (X oy

& E]
= 12 _
— % ==Y iy Logt
[ 8 © €« oo e
J 5 s D = e — A e

= 03 £ O 7 ——— 4

[ 18 £ 2 s / =<
S ~erfiaoad®
\h 4 S D P o _ / / 42
. & £ = S




Patent Application Publication  Aug. 10, 2023 Sheet 28 of 30  US 2023/0250343 A1l

80 -

ZE>
<
2

T 1 71

e

e
&>
i
E
{
SO . USSR
\Y

Y e T ey [

Ensrgy consumptions
{fid/ kg products)

0 |
SR LL0 R ¢ (v B (1 Fugls  Fusls  Mechanical Polyolefin
0 Example  Example 2 Evample 3 from  from | recyeling synthesis
pyrolysis  crude olf 1o POYINEIS g naraion
fo €O,

R 5y
559
%%

EHG emissions
{kg COJkg products}

aeg I m

Example t Exemple2 Exampled from  from  reoyeling o €0,  synthesis
pyrolyais crude oif fo polymers




Patent Application Publication  Aug. 10, 2023 Sheet 29 of 30  US 2023/0250343 A1l

roTmenmasmEanEEeEmanIamTIaTTasyTanTaaEEanramrenymanyanoammenwanymam . i
i , Emergency Exhaust :
! { {sentto sombustion) i
Pl - o ’
Y | \ !
| z o
! | 0 P
r o .,
§ Edhaust P {'\ ; it !
: v E o 5 -, b bt
| {sentio combustion) LT »}«%_K il VaorforEnergy 4
: {‘;'Hg WA M {sentfo combustion) :
| T Y ' ‘
§ P\\‘ §§ ﬁg‘r) H
! AN , !
86 AAE -UITr || R z
ook ™ \“’ o T ! f . i
p o0 T i P Soren § 1y ..1.6:\ '\33' mei |
i T CLeER AN o o
f 3“?" || sy /L '*“&%9& §§ Ty |
1 e e | HH1 I !
(| || Heber LN ﬁgg vy | £ el ...@...f{f_}wé 3
| el | ™ Yigi ; AR | L *
i Sorey Fumpd S 3¢ ! ; N | f
: Fmﬂeaﬁs’{‘iﬁi)ﬁ},}mu‘““@ Sonf b ‘% Ao Y b ;
i Retodfer 838 L .7 1. f{\, §3$ ; @ AR aj%- ‘ i = T !
| | omes ML g o ’
P |
§ Rarm Systam ; \..../ i W %Fof : ) L— | :
i {High Temperature, i | APt | G s
{ High Prassug, Char Caecler oy A . Cﬁégém f Celntion }
) Y UL LA me e f
! Datectod G Leak) Mevessal (} g A msﬁ) H g ;
} L . t ; ’ )
e w—————— oy ) RO ) SRR FO
A, | ! . X
4,«/»%33:1@%%&%;{ Rt H by d Controler
) | } ¢ ¥
b H H :
g | ; Ve Chlr (ol comneced
3 ! b oo o i o § @ o allsansorad
¢ ¥ sontrolisrs)




Patent Application Publication  Aug. 10, 2023 Sheet 30 of 30  US 2023/0250343 A1l

%&mm )8

W o P -l
Paiya%efmanﬁ f;q(:? / N .
fnan . .
i polystyrenewaste Lji‘ii\‘ rr = g’@
o : xxyz Yy
Q LSRN
EANg || Fiter | & Ei”g\
S?% fter | iy
105 g

LVSER-G

4 1
5 ||l

=]
=

J Solids | \ .
NI ’
it/ ak
Sl
5 ;&5
& _
\ ) Gasoline
’ |||
il
] frocess
Water Tark

M

-




US 2023/0250343 Al

INTEGRATED CONTINUOUS CONVERSION
AND SEPARATION METHODS FOR
UPCYCLING MIXED PLASTIC WASTE TO
CLEAN GASOLINE AND DIESEL FUELS
AND OTHER PRODUCTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application claims priority to U.S.
Provisional Patent Application Ser. No. 63/049,914, filed on
Jul. 9, 2020.

FIELD OF THE INVENTION

[0002] The present novel disclosure relates generally to
the field of chemistry, and, more particularly to methods and
devices for efficiently reclaiming fuel oils from plastic
waste.

BACKGROUND

[0003] The amount of plastic waste has grown exponen-
tially over the past 60 years. Only about 9% of the total
waste has been recycled and 12% has been incinerated, FI1G.
1. The rest, about 6 billion tons, has accumulated as waste
in landfills or oceans, where the waste degrades slowly, over
decades or centuries, into microplastics, releasing toxic
chemicals into the environment. The state-of-the-art sepa-
ration technologies for removing microplastics and toxic
chemicals from water cost about $0.003 per gallon. Since
the oceans have 3.5x10%° gallons of water, removing plastic
waste, microplastics, and their degradation products from
the oceans would cost about $10'%, or 10,000 times the
global GDP. This plastic pollution is a more urgent threat to
life on land or below water than climate change.

[0004] Conventional methods, including incineration,
mechanical recycling, and pyrolysis, are ineffective for
reducing the plastic waste amounts. Incineration releases
greenhouse gases and toxic gases, has low energy recovery,
and requires tipping fees ($15-20/ton) to offset the process-
ing costs. Mechanical recycling of mixed plastic waste
typically results in dark-colored, lower-value products,
which have limited uses. After a few cycles, polymer
properties degrade, and the wastes must be landfilled or
incinerated. Pyrolysis can convert mixed plastic waste to oil,
but it has a relatively low yield without the use of catalysts.
Fast pyrolysis also generates significant amounts of poly-
cyclic aromatic hydrocarbons (PAH) and char, which causes
catalyst fouling and deactivation, and high maintenance
costs. The oils need to be transported to refineries for
extensive upgrading and separation to produce transporta-
tion fuels or other products, requiring high maintenance
costs. For these reasons, only 2% of the plastic wastes in the
US are currently remade into products for originally
intended applications; 98% of new plastic products are made
from virgin feedstocks. About 80% of the total amount of
plastics produced to date have accumulated as waste in the
environment.

[0005] Globally, more than 220 million tons of polyolefin
(PE and PP) waste have been generated annually since 2010.
Polyolefins have a very short in-use lifetime (<6 months)
and less than 8% of the polyolefin waste is collected by
curbside recycling and sent to MRFs. Among the collected
polyolefin waste, about one-third of the rigid HDPE bottles
and jars are currently recycled, or made into construction
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materials. Almost all polyolefin films, which are about
one-fifth of the polyolefin waste, are currently landfilled or
incinerated. Only 14% of the 78 million tons of polyolefin
packaging materials produced annually are collected. Glob-
ally, about 24 million tons of polystyrene (PS) waste are
produced annually. Only 0.9% of the PS wastes in the U.S.
were recycled in 2018. These three types of wastes, PE, PP,
and PS, have high energy contents and are promising
feedstocks for producing liquid transportation fuels and
other useful products that have yet to be tapped. Thus, there
remains a need for more efficient and environmentally
friendly methods for recovery of energy and materials form
plastic waste. The present novel technology addresses this
need.

SUMMARY

[0006] Integrated Conversion and Separation methods
(ITCS), consisting of hydrothermal processing followed by
separation, have been invented for producing gasoline and
diesel fuels and other useful products. The methods elimi-
nate the need for costly upgrading processes for producing
fuels, require no catalysts, and produce little polyaromatic
hydrocarbons or char (<1%). Under preferred conversion
conditions, 13 wt % of polyolefins are converted to gases
(mainly C;) and 87 wt % are converted to oils with carbon
number distributions in the gasoline and diesel range (C, to
C,5). The oils are separated with on-line distillation or
multi-stage condensation into gasoline and diesel products.
The energies from combustion of the gases (5.7 MJ/(kg
plastic)) are larger than those required for the entire ITCS
processes, including feedstock pretreatment (<0.7 MI/(kg
plastic)), depolymerization (1.5 MI/(kg plastic), separation
with distillation (1.2 MJ/(kg oil) or separation with multi-
stage condensation (0.4 MI/(kg oil). The ITCS methods are
much more energy efficient and environmentally friendly
than the conventional methods for producing gasoline or
diesel fuels from crude oil, which consume 44 MJ energy
and result in 0.8 kg CO, emissions per kg fuels produced
(FIG. 2). Since ITCS needs no energy input for oil drilling
and long-distance transportation of crude oil to refineries for
cracking and upgrading, the GHG emissions from burning
the gases, 0.3 kg CO,/kg fuels, are 60% lower than for
producing the fuels from crude oil. ITCS also has lower
capital, operating, and overall production costs than produc-
ing the fuels from crude oil (FIG. 2).

[0007] If widely adopted, the ITCS methods can produce
annually up to 1.5 billion barrels of gasoline and diesel fuels
(or 4% of global annual fuel demand) from polyolefins and
0.14 billion barrels of fuels or fuel additives from PS. ITCS
can save up to 1.5 billion barrels of oil energy equivalents
(BOE) and reduce GHG emissions by 100 million tons of
CO, per year, compared to producing the same amount of
fuels from crude oil. ITCS can also provide financial incen-
tives for consumers and industry to increase plastic waste
collection and reduce waste accumulation and plastic pol-
Iution. ITCS has the potential to transform the current linear
path from crude oils to plastic products and to wastes into a
more economical and sustainable circular path by producing
clean fuels and other products (FIG. 1).

[0008] Results show that low-pressure hydrothermal pro-
cessing (LP-HTP) of mixed polyolefin waste at 450° C. and
a much lower pressure, 1.0 MPa, produced oils with similar
yields (87 wt %) and similar compositions as those from
HTP at 450° C. and 23 MPa. Pyrolysis at 450° C. and 1 atm
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(0.1 MPa) for 45 min, in the presence of nitrogen with no
catalyst or steam was also tested for comparison. The oil
composition was similar to HTP oils produced at 450° C., 45
min, and 23 MPa. The pyrolysis oil yield, however, was
lower, ~85 wt %, and small amounts of char (~1 wt %) and
PAH (0.5 wt %) were produced. The results indicate that
LP-HTP at a lower pressure, between 0.1 MPa and 10 MPa,
than that for HTP (>22 MPa) produces high-quality oils with
high yields and with little char or PAH and without the need
for catalysts. The results show that this LP-HTP method is
effective for converting polyolefin and PS wastes or mix-
tures of PE, PP, and PS into hydrocarbon mixtures with a
carbon number distribution in the C, to C;, range. The liquid
in the C, to C,5 range can be separated into gasoline and
diesel fuels. The hydrocarbons also have potentials to be
used as other products such as jet fuels, waxes, lubricants,
naphtha, heavy oils, and feedstocks for producing other
chemicals.

[0009] Understanding of the reaction kinetics of HTP
enabled the production of oils with the carbon number
distribution from C, to C,s, which matches the carbon
number ranges of gasoline (C,-C,,) and diesel (Cg-C,5).
Distillation can be used to continuously separate these oils
into a gasoline product and a diesel product. Alternatively,
the oils can be separated into fuels with a multi-stage
condensation system. This simpler multi-stage condensation
setup utilizes the boiling points of key components in the
hydrocarbon mixtures to determine the optimal separation
temperatures that maximize the separation efficiency of the
gasoline and diesel products.

[0010] ITCS is a continuous process which is more pro-
ductive and energy-efficient by avoiding the periods of
startup and shutdown in batch processes. The energy effi-
ciency is further improved as the energy input for conversion
is also utilized for separation. Furthermore, the energies
from the combustion of the gases are larger than the total
energy required for the entire ITCS process. As seen below
in Examples 1-3, ITCS requires no energy input and can
have a surplus up to 2.2 Ml/kg, while 40 MJ/kg energy is
needed for producing fuels from crude oil.

[0011] The overview of ITCS is shown in FIG. 3. Plastic
feed was loaded into a reactor for the conversion into mixed
products. The mixed products were then separated into
different products via a separation process.

[0012] Here, the plastic feed includes polyethylene tere-
phthalate (PET), polyethylene (PE), polyvinyl chloride
(PVC), polypropylene (PP), polystyrene (PS), other types of
plastic such as polycarbonate (PC), and polyamides, and
their mixtures at various ratios. The preferred feed includes
polyethylene (PE), polypropylene (PP), polystyrene (PS),
and combinations of these plastic feedstocks at various
ratios.

[0013] The conversion process includes hydrothermal pro-
cessing (HTP) or pyrolysis. The reactor for conversion
includes setups such as a fixed bed reactor or a fluidized
reactor. The conditions for the conversion process include
reaction temperatures between 200° C. to 600° C., preferred
between 350° C. to 500° C., reaction pressures between 0.1
to 23 MPa, preferred between 0.1 to 10 MPa, reaction time
between 0 to 6 h, preferred between 0.5 to 4 h, and
water-to-plastic feed weight ratio (only for HTP) between
0:1 to 2:1, preferred between 0:1 to 0.5:1.

[0014] The separation process includes multi-stage con-
densation or distillation. The separator for the separation
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process includes condensers and distillation columns. The
conditions for the separation process include 75° C. to 200°
C. for separating gasoline from diesel, 200° C. to 350° C. for
separating diesel from heavy oil, and appropriate tempera-
tures between 20° C. to 500° C. for separating other prod-
ucts.

[0015] The separation products include gasoline, diesel,
light hydrocarbon gases, and other products, which may
include jet fuels, waxes, naphtha, lubricants, heavy oils,
chemical feedstocks (toluene, xylene, styrene, and other
hydrocarbon chemicals) and the like. Light hydrocarbon
gases that are recovered may be collected and combusted for
energizing the ITCS to render it self-sustaining and/or can be
used as products as well.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 graphically illustrates integrated thermal
conversion and separation method for producing gasoline
and diesel fuels from polyolefin and polystyrene waste.
[0017] FIG. 2 shows the comparison of ITCS with con-
ventional methods: (a) material efficiency, (b) energy
demand, (c¢) GHG emissions, and (d) production costs.
[0018] FIG. 2 is the graphical overview of the ITCS
process block diagram.

[0019] FIG. 3 graphically illustrates the three-level model
for ITCS.
[0020] FIG. 4 shows the reaction pathways of PE and PP

under HTP, including (A) depolymerization, (B) f-scission,
(C) hydrogen abstraction, (D) cyclization, (E) dehydroge-
nation, (F) formation of polycyclic aromatic hydrocarbon,
(G) isomerization, (H) formation of short n-paraffins (Cg-
C,), and (I) further cracking to gases.

[0021] FIG. 5A graphically illustrates the conversion net-
work.
[0022] FIG. 6B graphically illustrates reactions for ther-

mal conversion of PE waste plastics.
[0023] FIG. 6C graphically illustrates kinetic parameter
regression for thermal conversion of PE waste plastics.

[0024] FIG. 7A graphically illustrates a more detailed
reaction network.

[0025] FIG. 7B graphically illustrates a comparison
between modeling and experimental data.

[0026] FIG. 8A graphically illustrates boiling points of
various hydrocarbon classes with varying carbon numbers.
[0027] FIG. 8B graphically illustrates the selections of the
first stage condensation temperature for separating gasoline
and diesel fractions from a hydrocarbon mixture of C,-Cj;.
Carbon Number Distribution Index (CNDI) is defined as the
percentage of hydrocarbons in the desired carbon number
range of each product, such as gasoline (C,-C,,) and diesel
(C4-C,5). For CNDI of 95% or above, the temperature range
is between the bubble point of C,, and the dew point of Cq
in the mixture. For CNDI of 90% or above, the temperature
range is between the bubble point of C,, and the dew point
of C,, in the mixture.

[0028] FIG. 9 graphically illustrates chemical composi-
tions of commercial gasoline, diesel, jet Fuel A, and jet Fuel
B.

[0029] FIG. 10 graphically illustrates a process flow dia-
gram for Example 1 of ITCS, which utilizes hydrothermal
processing (HTP) and multi-stage condensation.
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[0030] FIG. 11 is a process flow diagram for Example 1 of
ITCS when PS is in the plastic feed. An extra condenser was
used to separate heavy oils before separating diesel and
gasoline.

[0031] FIG. 12 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel produced by HTP
and multi-stage condensation (Example 1), and commercial-
gasoline and commercial-diesel.

[0032] FIG. 13 is a process flow diagram for Example 2 of
ITCS, which utilizes hydrothermal processing (HTP) and
distillation.

[0033] FIG. 14 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel (Example 2, Case 1:
PE), and commercial-gasoline and commercial-diesel.
[0034] FIG. 6 graphically illustrates chemical composition
of ITCS-gasoline and ITCS-diesel (Example 2, Case 2: PP),
and commercial-gasoline and commercial-diesel.

[0035] FIG. 16 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel (Example 2, Case 3:
PE:PP 1:1 w:w), and commercial-gasoline and commercial-
diesel.

[0036] FIG. 17 graphically illustrates fuel properties of the
gasoline and diesel products for ITCS, Example 2, Cases
1-3.

[0037] FIG. 18 graphically illustrates chemical composi-
tions of ITCS-gasoline (Example 2, Case 4: PS), and com-
mercial-gasoline and commercial-diesel. No ITCS-diesel
was produced in this result.

[0038] FIG. 19 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel (Example 2, Case 5:
PE:PP 2:1 w:w, after removing Types 1, 3, 6, and 7 from
natural mixed plastic waste), and commercial-gasoline and
commercial-diesel.

[0039] FIG. 20 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel (Example 2, Case 6:
PE:PP:PS 3:3:1 w:w:w, after removing Types 1, 2, 3, and 7
from natural mixed plastic waste), and commercial-gasoline
and commercial-diesel.

[0040] FIG. 21 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel (Example 2, Case 7:
PE:PP films 4:1 w:w), and commercial-gasoline and com-
mercial-diesel.

[0041] FIG. 22 is a process flow diagram for Example 3 of
ITCS, which utilizes pyrolysis and multi-stage condensa-
tion.

[0042] FIG. 23 is a process flow diagram for Example 3
when PS is in the plastic feed. An extra condenser was used
to separate heavy oils before separating diesel and gasoline.
[0043] FIG. 24 graphically illustrates chemical composi-
tions of ITCS-gasoline and ITCS-diesel produced by pyroly-
sis and multi-stage condensation (Example 3), and commer-
cial-gasoline and commercial-diesel.

[0044] FIG. 25 graphically illustrates chemical composi-
tions of ITCS-oils, ITCS-naphtha, and ITCS-diesel (Ex-
ample 4).

[0045] FIG. 26 graphically illustrates chemical composi-
tions of ITCS-oils, ITCS-Jet-A and 1TCS-Jet-B, and com-
mercial-Jet-A fuels (Example 5).

[0046] FIG. 27 graphically illustrates estimated energy
consumption and GHG emissions of ITCS (Example 1-3),
conventional pyrolysis, producing fuels from crude oil,
mechanical recycling, incineration, and polyolefin synthesis.
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[0047] FIG. 28 graphically illustrates piping and instru-
mentation diagram (P&ID) for Example 1 of ITCS, utilizing
HTP for conversion and multi-stage condensation for sepa-
ration.

[0048] FIG. 29 is a process flow diagram of a pilot-scale
ITCS setup utilizing HTP and multi-stage condensation to
treat 10 tons of plastic waste per day.

DETAILED DESCRIPTION

[0049] Before the present methods, implementations, and
systems are disclosed and described, it is to be understood
that this invention is not limited to specific methods, specific
components, implementation, or to particular compositions,
and as such may, of course, vary. It is also to be understood
that the terminology used herein is for the purpose of
describing particular implementations only and is not
intended to be limiting. Neither are explanations that have
been provided to assist in understanding the disclosure
meant to be limiting.

[0050] A three-level model was used in the development
of ITCS, as shown in FIG. 4. The model at Level 1 focuses
on the HTP conversion process, considering the reaction
pathways and kinetic models of depolymerization. Param-
eters such as reaction temperature, pressure, time, and
water-to-plastic ratio are optimized to improve the product
yields, qualities, process energy efficiencies, and process
productivities. The model at Level 2 focuses on the sepa-
ration process, distillation and multi-stage condensation.
Parameters such as flow rates and separation temperatures of
compounds of interest are considered to improve the product
yields, qualities, process energy efficiencies, and process
productivities. The model at Level 3 focuses on the integra-
tion of the conversion and separation processes, in a con-
tinuous production-scale process. Equipment sizing, feed-
stock flow rates, and product flow rates are considered to
minimize the capital and operating costs, and to improve the
efficiency and profitability of ITCS.

[0051] The thermal conversion pathways of PP and PE in
HTP are shown in FIG. 5. Since the C—C bonds in the
polymer chain have a lower energy (348 kJ/mol) than the
C—H bonds (413 kJ/mol), the depolymerization of PE and
PP is initiated primarily by breaking the C—C-bonds to start
forming oligomers (Reaction A). The PE oligomers are
further converted into olefins and n-paraffins via 3-scission
(Reaction B) and hydrogen abstraction (Reaction C), respec-
tively. For PP oligomers, the reactions can occur in two
ways, by breaking the C—C bonds of the main chain and by
breaking the C—CH; bonds (335 kJ/mol) of the branches.
Breaking the C—C bonds, followed by [-scission (Reaction
B) or hydrogen abstraction (Reaction C), generates olefins
and isoparaffins, respectively. Breaking the C—CH, bonds
followed by B-scission (Reaction B) generates only olefins.
Since the C—CH,; bonds have a lower bond energy than the
C—C bonds, Reaction B is more favored. For this reason,
PP depolymerization generates more olefins than isoparaf-
fins.

[0052] For both PE and PP, the olefins are converted into
cycloparaffins via cyclization (Reaction D), which are fur-
ther dehydrogenated into single-ring aromatics (Reaction E),
and then polycyclic aromatics (Reaction F). Some minor
char formation may be observed, caused apparently by
further dehydrogenation of polycyclic aromatics. A small
fraction of n-paraffins from PE depolymerization is con-
verted into isoparaffins via isomerization (Reaction G).
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Similarly, in PP depolymerization, a small fraction of short
n-paraffins (C4-C,) is produced from the isoparaffins (Reac-
tion H). Gases are generated from further cracking of short
n-paraffins, isoparaffins, and olefins (Reaction I).

[0053] More than 150 compounds were identified using
two-dimensional GCxGC-FID and were lumped into ca. 30
carbon numbers and eight major hydrocarbon groups,
including waxes, n-paraffins, olefins, cycloparaffins, aromat-
ics, polyaromatics, and gases. The pathways assisted in the
identification of optimal conditions for producing target
products, as shown in Examples 1-3 for producing gasoline
and diesel. Another example is that at the temperature of
425° C. and the reaction times of 30-40 min, a PE waste
(mixture of HDPE and LDPE) was converted into a wax
product with a yield of 97 wt %. The wax consists of 80 wt
% n-paraffins and 20 wt % a-olefins, based on GCxGC-
TOF/MS analysis.

[0054] A simplified kinetic model was developed to
describe the depolymerization process in HTP (FIG. 6A).
Seven lumped species (PE, wax, paraffins, olefins, aromat-
ics, light hydrocarbon gases, and hydrogen) were considered
in six representative reactions (r,-rq in FIG. 6B. First-order
reactions were assumed for the six reactions with no mass or
heat transfer effects. We obtained best estimates of reaction
rate constants (k,-ks) based on the mathematical interpre-
tation of the experimental data. This simple model success-
fully described the kinetic data, the yields of all products as
a function of reaction time (FIG. 6C). A similar kinetic
model for PP conversion was also developed (not shown).
[0055] A more detailed reaction network was also being
developed to model the carbon-number distribution of the
products from the conversion of waste plastic to fuels, FIG.
7A. Here, 22 reactions (r;-r,,) and 20 species are included.
The species in the upper part (r;-r;,) of FIG. 7A refer to
paraffins/isoparaffins, while their further conversion to ole-
fins/cyclo-paraffins and then aromatics are shown in the
lower part (r,5-r55).

[0056] Preliminary simulation results are compared with
experimental data in FIG. 7B. This model can be used to
predict the trend of carbon-number distribution of products
from the conversion of waste plastic to fuels.

[0057] When determining what temperatures are required
and potentially optimal for the separation of the products,
such as gasoline (mostly C,-C,,) and diesel (mostly C4-C,5)
fractions, through either multi-stage condensation or distil-
lation in ITCS, the boiling point temperatures of various
hydrocarbons and their mixtures were analyzed. Specifically
for multi-stage condensation, the temperatures of the liquid-
vapor separators are maintained at temperatures related to
the boiling points of key hydrocarbon components present
within the product mixture. The first liquid-vapor separator
(LVSEP-1) is designed to recover the diesel fraction. The
temperature is based on the bubble points and dew points of
Cg-C,, (FIGS. 8(a) and (b)). The temperature of the second
liquid-vapor separator (LVSEP-G) is based on the bubble
points and dew points of C,-C5 (FIGS. 8A and 8B), and is
used to separate the gasoline fraction from light hydrocarbon
gases (mostly C,-C;).

[0058] By designing the operation conditions of the sepa-
rators, the same oil mixture (C,-C,5) can be separated into
Jet-A (C4-Cg), Jet-B (Cs5-Cy5), and heavy oils (C,,-C,5).
For multi-stage condensation, the temperatures of the three
liquid-vapor separators are based on the boiling points of
Cy-C, C,-Cy, and C,-Cs, respectively. The chemical com-
positions of the respective products of gasoline, diesel,
Jet-A, and Jet-B are shown in FIG. 9.
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EXAMPLES

Example 1: HTP and Multi-Stage Condensation

[0059] An example of ITCS is shown in FIG. 10. Here,
plastic waste (PE, PP, PS, or mixtures) was used as the
feedstock. The plastic feed was shredded for size reduction
and then mixed with water for loading. The conversion
process is HTP. The separation process is multi-stage con-
densation using two condensers for separating diesel and
gasoline sequentially. The main products are gasoline and
diesel.

[0060] With cases where PS is in the plastic feed, the
products will also contain heavy oils. Therefore, another
condenser is used for separating heavy oil before separating
diesel and gasoline, as shown in FIG. 11.

[0061] The chemical compositions of the gasoline and
diesel products are shown in FIG. 12. One can see that the
ITCS-gasoline is similar to commercial gasoline, and the
ITCS-diesel is similar to commercial diesel.

[0062] Mass and energy balance calculations were con-
ducted for Example 1 at a scale of 10 tons/day, as shown in
Tables 1-3. Process water loadings were calculated based on
the 1-t0-20 water-to-plastic feed ratio employed in HTP,
which gasoline, diesel, and vapor yields relating to estimated
oil yields of 87% with 0.5% solid char formation. Related to
the energy balance calculations, the amount of chilled water
utilized is calculated based on the amount of cooling
required to bring the product streams to desired separation
temperatures and later to room temperature (Table 1).

[0063] In the energy balance for this process, the energy
requirement for the reaction is based on best guess estimates,
which is roughly 1.46 MIJ per kilogram of plastic waste
treated. The energy requirement for the chillers is based on
the energy required to cool the used chilled water back to its
original temperature of 4° C. In addition to minimal energy
required for pump operation, the energies of the plastic
waste feedstock and ITCS products were recorded and used
to show the energy balance (Table 2). Considering the
energy requirements for the reactor furnace operation, the
produced vapor can be combusted at 90% efficiency to
operate this unit. Additionally, knowing that electricity can
be produced from vapor at a 50% efficiency and assuming a
coeflicient of performance equaling 4 for the chiller, the
vapor byproduct can be further used to recover electricity at
a return (Table 3). This result indicates ITCS can be an
energy self-sufficient process.

TABLE 1

Mass Balance of HTP with Multi-Stage
Condensation at 10 tons/day scale

Stream Inlet (kg/hr) Outlet (kg/hr)
Plastic Waste 416.7 0
Process Water 20.8 20.8
Solid (Char) 0 2.1
Vapor 0 52.1
Gasoline 0 210.8
Diesel 0 151.7
Total 437.5 437.5
Cooling Water 3443 3443
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TABLE 2

Energy Balance of HTP with Multi-Staged
Condensation at 10 tons/day scale

Energy Inlet Inlet Outlet Outlet
Unit/Source (MJ/hr)  (MT/kg of feed) (MT/hr) (MI/kg of feed)
Reactor 608.4 1.5 0 0
Chillers -613.0 -1.5 0 0
Pumps 0.5 ~0 0 0
Plastic Waste -18115.5 -43.5 0 0
Solid (Char) 0 0 -54.6 -0.1
Vapor 0 0 —-2453.9 -5.9
Gasoline 0 0 -9148.7 -22.0
Diesel 0 0 -6462.4 -15.5
Total -18119.6 -43.5 -18119.6 -43.5
TABLE 3
Energy Inputs and Outputs of HTP with Multi-
Stage Condensation at 10 tons/day scale

Energy Unit Inlet (MI/hr) Inlet (MJ/kg of feed)
Reactor (Furnace) 608.4 1.5
Chillers (Elec.) 153.3 0.4
Pumps (Elec.) 0.5 ~0

Energy Source Outlet (MT/hr) Outlet (MI/kg of feed)

Vapor Combustion 608.4 1.5
(Gas Furnace: 90% eff.) (14.4 kg/hr)
Vapor Combustion 889. 2.1
(Electricity: 50% eff.) (37.7 kg/hr)
Total (Output — Input) 735.2 1.8

Example 2: HTP and Distillation

[0064] A second example of ITCS is shown in FIG. 13.
Here, plastic waste was used as the feedstock. The plastic
feed was shredded for size reduction and then mixed with
water for loading. The conversion process is HTP, and the
separation process is distillation. The main products are
gasoline and diesel.

[0065] Seven cases of Example 2 are further described as
below, Case 1: PE, Case 2: PP, Case 3: PE:PP=1:1, Case 4:
PS, Case 5: PE:PP=2:1, Case 6: PE:PP:PS=3:3:1, and Case
7: PE:PP=4:1. Two liquid products, a gasoline fraction and
a diesel fraction, are obtained from distillation in each case
(except Case 4, using sorted PS waste).

[0066] In Case 1, sorted PE waste is used as feedstock.
The diesel fraction is similar to commercial diesel in terms
of' both C# distribution and chemical composition (FIG. 14).
Detailed analyses showed that the diesel fraction met all the
properties (viscosity, density, cloud point, flash point, sulfur
content, cetane number) as No. 1 ultra-low-sulfur diesel with
a high Cetane Number (CN) of 61. The gasoline fraction has
a similar C# distribution as commercial gasoline, but it has
less isoparaffins. For this reason, this fraction is not a good
gasoline product, but it has potential to be a gasoline
blendstock.

[0067] In Case 2, sorted PP waste is used as feedstock for
ITCS. The gasoline fraction is similar to commercial gaso-
line in terms of both C# distribution and chemical compo-
sition (FIG. 15). The gasoline fraction has a high-octane
number because of its high content of isoparaffins and
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aromatics. The diesel fraction has a similar C# distribution
as commercial diesel, but it is in short of n-paraffins. For this
reason, the diesel fraction has a CN of 40, which is the
minimum requirement of commercial diesel.

[0068] In Case 3, a mixed waste of PE:PP with 1:1 mass
ratio is used as feedstock for ITCS. The gasoline fraction is
similar to commercial gasoline in terms of both C# distri-
bution and chemical composition (FIG. 16). The diesel
fraction is similar to commercial diesel in terms of both C#
distribution and chemical composition.

[0069] The gasoline and diesel products for Cases 1-3
were measured for their fuel properties, as shown in FIG.
17(a). Anti-knocking index (AKI) is the average of the
research octane number and the motor octane number. For
all three cases, the gasoline products met the ASTM require-
ment of AKI. They had a lower aromatic content and a
higher hydrogen content than commercial gasoline, and
hence a higher gross calorific value. The benzene contents of
the gasoline fractions were within the ASTM limit. The
density values were similar to those reported by EPA from
1999 to 2019. Furthermore, the gasoline fractions met all
other properties required by ASTM D4814, including vis-
cosity, Tyos Tsos Togs Tgap distillation residue, drivability
index, and Reid vapor pressure.

[0070] All diesel products of the three cases met the
ASTM requirements for No. 1 diesel, including CN, flash
point, viscosity, cloud point, T,,, water and sediment con-
tent, and sulfur content, FIG. 17B. The values of aromaticity,
hydrogen content, and gross calorific value for the diesel
fractions were similar to those of commercial diesel. In
summary, the diesel fractions for all three cases met or
exceeded all the fuel properties required by ASTM D975 for
No. 1 ultra-low-sulfur diesel.

[0071] In Case 4, sorted PS waste is used as feedstock for
ITCS. The oil is rich in aromatics, like toluene, ethylben-
zene, styrene, and isopropylbenzene (FIG. 18). The oil can
be used as a good gasoline additive (octane number booster)
for increasing octane number.

[0072] In Case 5, a mixed waste of PE:PP with 2:1 mass
ratio, which is based on the natural mixed plastic waste
composition after removing plastic Types 1, 3, 6, and 7, is
used as feedstock for ITCS. The gasoline fraction is similar
to commercial gasoline in terms of both C# distribution and
chemical composition (FIG. 19). The diesel fraction is
similar to commercial diesel in terms of both C# distribution
and chemical composition. The costs for this feedstock are
estimated to be about $70/ton

[0073] In Case 6, a mixed waste of PE:PP:PS with 3:3:1
mass ratio, which is based on the natural mixed plastic waste
composition after removing plastic Types 1, 2, 3, and 7 is
used as feedstock for ITCS. The gasoline fraction is similar
to commercial gasoline in terms of both C# distribution and
chemical composition (FIG. 20). With the presence of
PS-derived oil, the gasoline fraction is expected to have a
higher octane number than the gasoline fraction in Case 5.
The diesel fraction is similar to commercial diesel in terms
of both C# distribution and chemical composition. This
waste has a higher feedstock cost than the Type 3-7 waste,
$5/ton, because Types 3 and 7 need to be removed from the
Type 3-7 waste. This additional sorting cost is estimated to
be about $70/ton.

[0074] In Case 7, a mixed waste of PE:PP with 4:1 mass
ratio, which is based on the plastic film waste composition,
is used as feedstock for ITCS. The gasoline fraction is
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similar to commercial gasoline in terms of both C# distri-
bution and chemical composition (FIG. 21). The ON of the
gasoline fraction is lower than the gasoline fraction in Case
5 and 6, because of the high ratio of PE to PP. The diesel
fraction is similar to commercial diesel in terms of both C#
distribution and chemical composition.

[0075] Mass and energy balances calculations for
Example 2 were conducted at a scale of 10 tons/day. The
same water loading used in Example 1 (1-to-20 water-to-
plastic ratio) is employed in HTP, followed by distillation at
a 65% distillate rate and with a reflux ratio of 1. Through this
separation setup, the same quantities are employed in this
setup to recover similar product yields as discussed previ-
ously (Table 4).

[0076] In the energy balance for this process, the energy
requirement for the reaction is again based on estimates
made in previous publications, with energy requirements for
distillation now included in the energy balance. Once again,
energy requirements for chilling water and operating pumps
and energy properties of all feedstocks and products are
included (Table 5). Once again, by combusting vapor in a
90% efficiency furnace and a 50% efficiency generator,
enough energy can be produced to operate this setup and
recover electricity at a return (Table 6).

TABLE 4

Mass Balance of HTP with Distillation at 10 tons/day scale

Stream Inlet (kg/hr) Outlet (kg/hr)
Plastic Waste 416.7 0
Process Water 20.8 20.8
Solid (Char) 0 2.1
Vapor 0 52.1
Gasoline 0 210.8
Diesel 0 151.7
Total 437.5 437.5
Cooling Water 2127 2127
TABLE 5

Energy Balance of HTP with Distillation at 10 tons/day scale

Energy Inlet Inlet Outlet Outlet
Unit/Source (MJ/hr)  (MT/kg of feed) (MT/hr) (MI/kg of feed)
Reactor 608.4 1.5 0 0
Chillers -379.3 -0.9 0 0
Pumps 0.4 ~0 0 0
Distillation -517.0 -1.2 0 0
(Condenser)
Distillation 283.4 0.7 0 0
(Reboiler)
Plastic Waste -18115.5 -43.5 0 0
Solid (Char) 0 0 -54.6 -0.1
Vapor 0 0 —-2453.9 -5.9
Gasoline 0 0 -9148.7 -22.0
Diesel 0 0 -6462.4 -15.5
Total -18119.6 -43.5 -18119.6 -43.5
TABLE 6
Energy Inputs and Outputs of HTP with
Distillation at 10 tons/day scale
Energy Unit Inlet (MI/hr) Inlet (MJ/kg of feed)
Reactor (Furnace) 608.4 1.5
Chillers (Elec.) 94.8 0.2
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TABLE 6-continued

Energy Inputs and Outputs of HTP with
Distillation at 10 tons/day scale

Pumps (Elec.) 0.4 0.0
Distillation Condenser 517.0 1.2
Distillation Reboiler 283.4 0.7

Energy Source Outlet (MT/hr) Outlet (MT/kg of feed)

Vapor Combustion 608.4 1.5
(Gas Furnace: 90% eff.) (14.4 kg/hr)
Vapor Combustion 889.0 2.1
(Electricity: 50% eff.) (37.7 kg/hr)
Total (Output — Input) -6.7 -0.0

Example 3: Pyrolysis and Multi-Stage
Condensation

[0077] A third example of ITCS is shown as FIG. 22.
Here, plastic waste was used as the feedstock. The plastic
feed was shredded for size reduction and then fed into the
reactor. The conversion process is pyrolysis. The separation
process is multi-stage condensation using two condensers
are used to separate diesel and gasoline sequentially. The
main products are gasoline and diesel.

[0078] With cases where PS is in the plastic feed, the
products will also contain heavy oils. Therefore, another
condenser is used for separating heavy oil before separating
diesel and gasoline, as shown as FIG. 23.

[0079] The chemical compositions of the gasoline and
diesel products are shown in FIG. 24. One can see that the
ITCS-gasoline is similar to commercial gasoline, and the
ITCS-diesel is similar to commercial diesel.

[0080] Mass and energy balances were conducted for
Example 3 at a scale of 10 tons/day. As pyrolysis is
conducted without the presence of water, no process water
is included in this mass balance. However, chilled water is
still required to cool the produced oils to optimum separa-
tion temperatures and then later cool the products to room
temperature. Through this separation setup, the same quan-
tities are employed in this setup to recover similar product
yields (Table 7).

[0081] In the energy balance for this process, due to
additional steps required for upgrading these oils produced
from pyrolysis, the energy requirements for the reaction and
the pyrolysis-required treatment are included. Once again,
similar to Example 1, energy requirements for chilling water
and operating pumps and energy properties of all feedstocks
and products are included (Table 8). Once again, by com-
busting vapor in a 90% efficiency furnace and a 50%
efficiency generator, enough energy can be produced to
operate this setup and recover electricity at a return (Table
9).

TABLE 7

Mass Balance of Pyrolysis with Multi-Stage
Condensation at 10 tons/day scale

Stream Inlet (kg/hr) Outlet (kg/hr)
Plastic Waste 416.7 0
Process Water 0 0

Solid (Char) 0 42
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TABLE 7-continued

Mass Balance of Pyrolysis with Multi-Stage

Condensation at 10 tons/day scale
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TABLE 10

Stream Inlet (kg/hr) Outlet (kg/hr)

Vapor 0 58.3

Gasoline 0 206.0

Diesel 0 148.2

Total 416.7 416.7

Cooling Water 3056 3056
TABLE 8

Energy Balance of Pyrolysis with Multi-
Stage Condensation at 10 tons/day scale

Energy Inlet Inlet Outlet Outlet
Unit/Source (MJ/hr)  (MT/kg of feed) (MT/hr) (MI/kg of feed)
Reactor and 712.6 1.7 0 0
Pyrolysis
Treatment
Chillers -707.9 -1.7 0 0
Pumps 0.4 ~0 0 0
Plastic Waste -18115.5 -43.5 0 0
Solid (Char) 0 0 -109.2 -0.3
Vapor 0 0 -2747.7 —-6.6
Gasoline 0 0 -8939.6 -21.5
Diesel 0 0 -6913.9 -15.2
Total -18110.4 -43.5 -18110.4 -43.5
TABLE 9

Energy Inputs and Outputs of Pyrolysis with
Multi-Stage Condensation at 10 tons/day scale

Energy Unit Inlet (MI/hr) Inlet (MJ/kg of feed)
Reactor (Furnace) and 712.6 1.7
Pyrolysis Treatment

Chillers (Elec.) 177.0 0.4

Pumps (Elec.) 0.4 ~0

Energy Source Outlet (MT/hr) Outlet (MI/kg of feed)
Vapor Combustion 837.6 2.0

(Gas Furnace: 90% eff.) (16.8 kg/hr)

Vapor Combustion 978.0 23
(Electricity: 50% eff.) (41.5 kg/hr)

Total (Output — Input) 925.7 2.2

Example 4: Naphtha and Diesel

[0082] Inthis example, ITCS produces naphtha and diesel.
Naphtha is a hydrocarbon mixture in the carbon number
range of C,-C,,, and is usually used as the feedstock for
producing gasoline. Therefore, the same conversion and
separation conditions as shown in Example 2 can be applied
here. The chemical compositions of I[ITCS-oil, ITCS-naphtha
and ITCS-diesel are shown in FIG. 25. The mass balance is
shown as Table 10.

Mass Balance of ITCS at 10 tons/day scale
for Recovery of Naphtha and Diesel

Stream Inlet (kg/hr) Outlet (kg/hr)
Plastic Waste 416.7 0
Process Water 20.8 20.8
Solid (Char) 0 2.1
Vapor 0 52.1
Naphtha 0 190.8
Diesel 0 171.7
Total 437.5 437.5
Cooling Water 2127 2127

Example 5: Jet Fuels

[0083] In this example ITCS produces jet fuels. Jet Fuel A
(JF-A) is a hydrocarbon mixture in the carbon number range
of C4-C4, and is commonly used in the United States. Jet
Fuel B (JF-B) is a hydrocarbon mixture in the carbon
number range of C,-C, 5, and is more commonly utilized in
colder climates due to its lower freezing point compared to
Jet Fuel A. Therefore, a similar setup as the one shown in
FIG. 11 is utilized to minimize the amounts of heavy oil
within the jet fuels by utilizing separation surrounding the
boiling points of C, and C,. The chemical compositions of
ITCS-oils, ITCS-Jet-A, and ITCS-Jet-B are shown in FIG.
26. The mass balance for Example 5 is shown as Table 11.

TABLE 11

Mass Balance of ITCS at 10 tons/day scale for Recovery
of Jet Fuel A, Jet Fuel B, and Heavy Oil

Stream Inlet (kg/hr) Outlet (kg/hr)
Plastic Waste 416.7 0
Process Water 20.8 20.8
Solid (Char) 0 2.1
Vapor 0 52.1
Jet Fuel B 0 202.4
Jet Fuel A 0 26.8
Heavy Oil 0 133.3
Total 437.5 437.5
Cooling Water 3443 3443

Example 6 Lubricating Oils

[0084] In this example, ITCS produces lubricating oils.
Lubricating oils are various hydrocarbon mixtures in the
carbon number range of C,,-Cs,, and are utilized in order to
lubricate mechanical parts such as those found in motors and
combustion engines. As some of the previously discussed
setups (such as Example 5) use an extra condenser stage to
collect a heavy oil fraction that occupies this carbon number
distribution, a similar setup as shown in FIG. 11 can be
utilized to recover lubricating oils while separating them
from other lighter hydrocarbon streams, utilizing separation
around the boiling points of C,-C,,. The mass balance for
Example 6 is shown as Table 12.
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TABLE 12

Mass Balance of ITCS at 10 tons/day scale for Recovery
of Jet Fuel A, Jet Fuel B, and Lubricating Oil

Stream Inlet (kg/hr) Outlet (kg/hr)
Plastic Waste 416.7 0
Process Water 20.8 20.8
Solid (Char) 0 2.1
Vapor 0 52.1

Jet Fuel B 0 202.4
Jet Fuel A 0 26.8
Heavy Oil 0 133.3
Total 437.5 437.5
Cooling Water 3443 3443

Techno-Economic Analysis (TEA) for ITCS Producing
Gasoline and Diesel

[0085] Preliminary TEA was performed for ITCS produc-
ing gasoline and diesel, as shown in Table 13. One can see
that ITCS can be economical at scales equal to or larger than
100 tons/day. At a larger scale, the potential profit also
increases. Compared to catalytic pyrolysis at the same scale,
300 tons/day, ITCS has a higher potential profit and shorter
payback time.

TABLE 13
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tons of fuels can be recovered annually through ITCS
operation, which equates to the energy savings of 1.5 billion
barrels of crude oil every year. ITCS also can reduce the
GHG emissions by 100 million tons of CO, annually for
producing 1.5 billion barrels of fuels. This technology even
has the potential to recover other products such as jet fuels,
heavy oils, lubricants, waxes, and naphtha oils. Specifically,
these naphtha oils have the potential of being recovered for
monomers that can be used to repolymerize new plastics,
which can lead to the formation of a circular economy of
monomers for plastics. These benefits and impacts of ITCS
have the potential of not only revitalizing and expanding the
recycling industry, but also reducing the accumulation of
plastic waste in the environment, which will help reduce the
environmental damage caused by the accumulation of these
plastics.

[0087] When considering the energy consumption and
greenhouse gas emissions from the operation of these ITCS
methods, comparisons between these methods and conven-
tional fuel production methods can be made to showcase the
relative advantages of ITCS, especially through the opera-
tion of HTP coupled with multi-stage condensation (Ex-
ample 1). Through these comparisons, one can see how
ITCS, which is performed through HTP coupled with multi-
stage condensation (Example 1), HTP coupled with distil-

Preliminary TEA of ITCS at scales of 10, 100, 250, and 300 tons/day,
and catalytic pyrolysis at a scale of 300 tons/day for comparison.

ITCS ITCS ITCS

Scale

Catalytic
pyrolysis
(Benchmark

ITCS Comparison)

10 tons/day 100 tons/day 250 tons/day

300 tons/day 300 tons/day

Capital cost (million $) 33 13.1 22.7
Depreciation year 10 10 10
(1) Capital cost/ton of 110 43.7 30.3
feed

(2) Operating
cost/ton of feed?

(9 employees (50 employees,
$77,000) 231  $77,000) 128

(140 employees,
$77,000) 120

253 140
(Construction), 260

10 10

28.1 156

(140 employees,
$77,000) 120

(140 employees,
$77,000) 120

(3) Feedstock 70 70 70 70 70
cost/ton of feed®

(4) Utility cost/ton of 23.4 23.4 23.4 23.4 23.4
feed

B=L+2Q+B)+@ 434 265 244 242 370
Total cost/ton of feed

(6) Revenue/ton of 450 450 450 450 425
feed

(7) = (6) - (5) Profit/ton 16 185 206 208 55
of feed

Payback year >20 24 1.5 14 7-14

Potential Impacts

[0086] Through the operation of ITCS units, especially
that utilizing HTP and multi-stage condensation to perform
integrated thermal conversion and separation, respectively,
this robust technology has the potential of annually saving
244 million tons of polyolefin and polystyrene waste. This
potential will continue to increase as the rate of plastic
production grows with each new year. Through the recovery
of these plastic wastes, it is estimated that up to 210 million

lation (Example 2), or pyrolysis coupled with multi-stage
condensation (Example 3), has the potential to require no
energy input and reducing greenhouse gas emissions in
terms of kilograms of CO, emitted per kilogram of feedstock
by up to 87% compared to those emitted during the produc-
tion of fuels from crude oil (FIG. 27). Additionally, when
considering the possibility of combusting light hydrocarbon
vapor produced through ITCS, it is suggested that ITCS can
actually be performed at rates of energy return. Through
these comparative calculations, the potentials of ITCS to be
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a technology that can not only save energy but also reduce
environmental impacts are strengthened.

[0088] Following these discussed points, the impacts,
advantages, and benefits of integrated thermal conversion
and separation (ITCS) for the treatment of plastic waste to
produce transportation fuels can be summarized. Through
optimization, low-pressure hydrothermal processing (HTP),
at preferred operation conditions of 400-500° C., 0.1-10
MPa, and 30-240 minutes, can be utilized to continuously
convert polyolefin and polystyrene waste into hydrocarbon
mixtures with high oil yields (up to 87%) and a narrow
carbon number range (mostly C, to C,5). The optimization
of these reaction conditions allows for easier separation, and
integration utilizes these optimized reaction conditions to
optimize separation conditions and minimize required
energy usage. Multi-staged condensation can then be
employed to separate these oils produced from either HTP or
pyrolysis into gasoline (C,-C,,) and diesel (C4-C,5) frac-
tions while significantly improving energy savings com-
pared to the use of distillation. These integrated conversion
and separation processes can produce higher-quality gaso-
line and diesel products from feedstocks with synergistic
combinations of PE, PP, and PS waste that have been shown
to result in enhanced fuel properties. Preliminary techno-
economic analysis studies indicate that ITCS can be eco-
nomical at scales of at least 100 tons per day. Additionally,
energy analysis studies indicate that ITCS operation to
produce fuels can save all the energy required for producing
the same quantity of fuels from crude oil, and can even result
in a net energy gain through the combustion of recovered
light hydrocarbon gases (C,-C;) for energy. Finally, ITCS
operation to produce fuels can reduce GHG emissions by up
to 87% compared to fuel production from crude oil. Through
the use of this productive, energy-efficient, environmentally
friendly, and economical process, ITCS can help reduce the
accumulation of plastic waste in the surrounding environ-
ment and can help reduce the damage caused by plastic
waste pollution.

Piping and Instrumentation Diagram (P&ID)

[0089] In order to understand the operation of the ITCS
assembly 100 utilizing HTP and multi-stage condensation,
an example of a piping and instrumentation diagram (P&ID)
was generated (FIG. 28). If an operating pressure for the
reactor 105 is desired to be above atmospheric pressure, a
nitrogen tank is employed to pressurize the screw pump 115
and reactor 105. Proper pressure regulation and safety
checks, such as pressure relief valves, rupture disks, and
pressure regulation valves, are employed in this feed system
and throughout the entire setup. After the plastic waste
(shredded in shredder 110) and process water are combined
in a feed tank 113 and fed into the screw pump 115 and
pre-heated via a heater 120, the plastic waste is fed into the
reactor 105. Thermocouples 125 and/or pressure sensors 127
are utilized in this reactor 105 and throughout the system
100 to aid in the regulation of temperatures and pressures at
desired values by acting as transmitters to an electronic
controller 130 that controls heating elements 120, 135
throughout the system 100. The hot vapor then exits the
reactor 105, typically through a filter 140, according to the
desired residence time while any remaining solids remain in
the reactor 105 and are collected, such as following shut-
down of the system 100. Before the partial cooling of the hot
products in HX-1 145 to the desired separation temperature,
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a back pressure regulator is typically employed to ensure
that the pressure of the separation units is maintained at the
desired (such as atmospheric) pressure. Using level control
and temperature control to maintain liquid-vapor equilib-
rium within LVSEP-1 150, which typically has a built-in
sight glass, the diesel and gasoline fractions are separated
and then subsequently cooled in the downstream heat
exchangers 155, 160 (HX-DIES 155 and HX-GASOL 160,
respectively). Following separation of the gasoline fraction
and light hydrocarbon vapor in LVSEP-G 165, which also
utilizes a level control system, the vapor is collected in
collector 175 and/or routed to a furnace or a generator for
energy return, and the gasoline fraction is separated from the
process water and collected. In order to ensure safety when
operating this system 100, alarms are utilized to monitor for
the presence of hydrocarbon leaks and excessively high
temperatures and pressures throughout the system, which
are used to aid in the activation of automatic shutdown
procedures. Shut-off valves are included throughout the
setup to shutdown units in the system 100 as necessary, and
safety lines are put in place to send any streams redirected
in emergencies to an emergency exhaust. A computer 130 is
used to ensure that the system 100 and its operating condi-
tions can be easily monitored, controlled, and shutdown as
needed (FIG. 28).

Detailed PFD and Equipment Sizing of ITCS Example 1 at
the Scale of 10 Tons/day.

[0090] For the operation of the pilot-scale ITCS system
100 utilizing HTP for its reaction unit and multi-stage
condensation for its separation unit, the process flow dia-
gram, FIG. 29, is meant to illustrate the conversion of plastic
waste at a rate of 10 tons per day to gasoline and diesel
fractions, while also recovering light hydrocarbon vapor for
use in energy return. Following the size-reduction of plastic
waste via shredder 110, the waste is fed with any addition-
ally needed process water (pumped via pump 195 from
water source 190) into a feed tank 113 that leads into a screw
pump 115, which moves the feed into the reactor 105 at a
feed rate of 10 tons of plastic waste per day. This screw
pump 115 is heated via heater 120 n thermal communication
therewith to reduce the energy and time needed for the heat
up in the reactor 105. Following the desired residence time
within the reactor 105, the hot vapor products exit the
reactor 105 while any remaining solid char remains at the
bottom of the reactor or is filtered out. The reactor 105 is in
fluidic communication with first condenser or heat
exchanger 145. The hot vapor product stream is sent through
the first heat exchanger (HX-1) 145, which cools the product
stream to the desired optimum temperature for separation
into gasoline and diesel fractions. This separation occurs in
the subsequent liquid-vapor separator (LVSEP-1) 150 in
fluidic communication with HX-1 145, and operates at a
temperature ranging from 75 to 200° C. to separate the
reaction product stream into the two fuel fractions. The
heavier hydrocarbons, such as those ranging mostly from Cg
to C,s, exit LVSEP-1 as a liquid and are cooled in a heat
exchanger (HX-DIES) 155 in fluidic communication with
LVSEP-1 150 to room temperature. A settling tank is
employed to remove any trace water, and then these heavier
hydrocarbons are collected as the diesel fraction (mostly
Cy-Css)-

[0091] Additionally, the lighter hydrocarbons, such as
those ranging mostly from C,-C,,, exit LVSEP-1 150 as a
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vapor and are also cooled in a heat exchanger (HX-GASOL)
160 fluidically connected to LVSEP-1 150 to room tempera-
ture. The cooling of all hot streams that pass through heat
exchangers 145, 155, 160 in this system 100, which all
specifically pass through the shell sides of the heat exchang-
ers shown, is achieved using a single chilled water stream
(originally 4° C.) originating at chilled water source 180 and
fluidically connected pump 185, passing through the tube
sides of the heat exchangers 145, 155, 160. Any used water
is sent back to the chilled water tank 180 to be chilled again
to 4° C., which will help reduce water usage. Following this
cooling step, a second liquid-vapor separator (LVSEP-G)
165 connected in fluidic communication with HX-GASOL
160 is used to separate the light hydrocarbon vapor (mostly
C,-C;) from the gasoline fraction (mostly C,-C,,), and a
settling tank 170 fluidically connected thereto is employed
to remove process water that can be reused. Some of this
light hydrocarbon vapor is then combusted in furnace 135 to
power the HTP reactor and/or heater 120 to heat the feed,
and the remainder maty be combusted in a generator to
power the chilling unit and any pumps within the system, as
well as to provide an energy return (FIG. 29). If heavy oil
removal is desired, an additional liquid-vapor separator unit
(not shown) may be added in between the reactor and
LVSEP-1.

TABLE 14
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the same is to be considered as illustrative and not restrictive
in character, it being understood that only selected embodi-
ments have been shown and described, and that all changes,
modifications and equivalents that come within the spirit of
the disclosures described heretofore and/or defined by the
following claims are desired to be protected, including any
of nigh-infinite variations, uses, or adaptations that follow
the general principles herein, and such departures as come
within known or customary practice within the art to which
the present disclosure pertains. In addition, all publications
cited herein are indicative of the level of skill in the art, and
are hereby incorporated by reference in their entirety as if
each had been individually incorporated by reference and
fully set forth.
We claim:
1. An integrated thermal conversion and separation sys-
tem comprising:
a reactor vessel having an inlet and an outlet;
a filter for preventing solids from passing through the
outlet;
a first condenser connected in fluidic communication with
the reactor vessel for condensing oil;
a first separation vessel connected in fluidic communica-
tion with the first condenser for separating the oil into
at least a gasoline fraction and a diesel fraction;

Recommended Designs of Equipment for ITCS using HTP
and Multi-Stage Condensation at 10 tons/day scale

Volume (m?)

Length  Diameter/ or Surface
Equipment (m) Width (m) Area (m?) Notes
Reactor 4.57 0.91 ~3 m? Based on five times

asf)y  (3f)

fill volume of feed

(45 minutes, 312.5
kg), and L/D =5

Heat 1.02 0.28
Exchangers

(4 Total:

1 HX-1,

2 HX-GASOL,

1 HX-DIES)

LVSEP-1 0.85 0.17
(& LVSEP-G)

1.93 x 102 m?

~5.0 m? each Stainless Steel 316,
Shell-and-Tube

Based on L/D = 5

[0092] When constructing a pilot-scale setup (10 tons/day)
for this version of ITCS, the following sizes of major
equipment units were used. Specifically for the reactor, a
volume equating to roughly five times the volume of the feed
entering the reactor over a period of 45 minutes (312.5 kg of
plastic waste) is recommended, with a length-to-diameter
ratio of 5-to-1. For the heat exchanger units, surface areas
for HX-1 and HX-DIES are roughly 5 m* while the surface
area of HX-GASOL is roughly 10 m?. Therefore, one could
utilize four 5 m* heat exchangers in order to satisfy equip-
ment requirements for every heat exchanger unit in this
system (while making sure to use two of these heat exchang-
ers for HX-GASOL). Finally, based on design calculations
for the minimum dimensions required for the liquid-vapor
separator unit, the following design parameters were deter-
mined while also utilizing a length-to-diameter ratio of
5-to-1 (Table 14).

[0093] While the disclosure has been illustrated and
described in detail in the figures and foregoing description,

a second condenser connected in fluidic communication
with the first separation vessel for receiving and further
condensing the diesel fraction into diesel oil;

a third condenser connected in fluidic communication
with the first separation vessel for receiving and further
condensing the gasoline fraction;

a second separation vessel connected in fluidic commu-
nication with the third condenser for receiving con-
densed gasoline fraction and separating the gasoline
fraction into vapor and gasoline;

a vapor collection vessel connected in fluidic communi-
cation with the second separation vessel;

a gasoline separation tank connected in fluidic commu-
nication with the second separation vessel for collect-
ing gasoline;

a chilled water source operationally connected to the
respective condensers;

a water source operationally connected to the reactor
vessel; and
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a furnace connected in thermal communication with the
reactor vessel.

2. The system of claim 1 wherein the respective separa-

tion units are distillation columns.

3. The system of claim 1 wherein the respective separa-
tion units are multi-stage condensers.

4. The system of claim 1 and further comprising:

a shredder for receiving polyolefin and polystyrene waste

and yielding shredded polyolefin/polystyrene waste;

a feed tank operationally connected to the shredder and to
the water source for receiving and combining water and
shredded polyolefin/polystyrene waste to yield feed;

a screw pump operationally connected to the feed tank for
receiving, mixing, and pumping feed into the inlet; and

a heater connected in thermal communication with the
screw pump.

5. The system of claim 1 and further comprising:

a solid residue port formed in the reactor vessel for
extracting solid residue therefrom.

6. The system of claim 1 and further comprising a water
pump operationally connected to the water source; a chilled
water pump operationally connected to the chilled water
source; an electronic controller operationally connected to
the screw pump, the water pump, and the chilled water
pump; and a plurality of pressure and temperature sensors
connected in electric communication with the electronic
controller; wherein a respective temperature sensor and a
respective pressure sensor is operationally connected to each
respective condenser and to each respective separation ves-
sel.

7. The system of claim 1 wherein the heater and the
furnace are fueled by vapors routed from the vapor collec-
tion vessel.

8. A method of producing useful fuel fluids from solid
plastic waste, comprising:

a) loading solid plastic waste matter into a reaction

chamber to define a load;

b) subjecting the load to HTP to extract hydrocarbon
mixtures;
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c) filtering the hydrocarbon mixtures to extract solid

matter;

d) separating the hydrocarbon mixtures into a light frac-

tion (C, to C,5) and a heavy fraction (C,4 to Cs,);

e) directing the heavy fraction to a first container and the

light fraction to a second container;

f) separating the light fraction into diesel (Cg-C,5), gaso-

line (C,-C,,), and vapor (C,-Cy);

g) directing the diesel to a third container;

h) directing the gasoline to a fourth container;

i) directing the vapor to a fifth container;

wherein the hydrocarbon mixtures have a carbon number

distribution between C,; and Cj;

wherein the pressure in the reaction chamber is between

0.1 and 23 MPa;
wherein the plastic waste is selected from the group
consisting of PS, PE, PP, and mixtures thereof.
wherein the temperature in the reaction chamber is
between 200 and 600 degrees Celsius.

9. The method of claim 8 wherein the load has a water to
plastic weight ratio no more than 2:1; and wherein the
reaction time is less than 6 hours.

10. The method of claim 8 wherein steps d) and f) are
accomplished by distillation.

11. The method of claim 8 wherein steps d) and f) are
accomplished by condensation.

12. The method of claim 11 wherein gasoline (Cg) and
naphtha are separated from diesel (C,,_,,) at 75° C.-155° C.;
wherein jet-fuel B (C,_|,)is separated from jet-fuel A (C,,.
12) at 75° C.-175° C.; and wherein Jet-fuel A is separated
from lubricating oil at 100° C.-300° C.

13. The method of claim 8 and further comprising:

j) using the vapor to power the reactor.

14. The method of claim 8 wherein the second container
is a distillation column.

15. The method of claim 8 wherein the second container
is a series of condensers connected in fluidic communica-
tion.



