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Pyrolysis of waste plastics has gained interest as a candidate chemical recycling technology. To examine
the potential of this approach, we conducted a techno-economic analysis (TEA) and life cycle
assessment (LCA) of a conceptual catalytic fast pyrolysis (CFP) facility that converts 240 metric tons/day
of mixed plastic waste. The modeled base case predicts the minimum selling price (MSP) of a benzene,
toluene, and xylenes (BTX) mixture at $1.07 per kg when co-products are sold at their average market
prices. We predict that the aromatic product stream can be cost-competitive with virgin BTX mixtures
($0.68/kg) if the mixed waste plastics are available for less than $0.10/kg or if crude oil prices exceed
$60/barrel. Moreover, we estimate that CFP-based conversion of waste plastics can reduce the total
supply chain energy use by 24% but with a 2.4-fold increase in greenhouse gas (GHG) emissions per
kilogram of BTX, relative to incumbent manufacturing process. Sensitivity analysis highlights that
feedstock cost, co-product selling prices, capital cost for product separations, and operating costs are
key cost drivers. Further, we examine three additional CFP processes that differ in product composition,
namely naphtha, and a case where the products are rich in either C,—C4 olefins or BTX aromatic hydro-
carbons. Whereas the MSP of naphtha ($2.18/kg) is ~4-fold higher than virgin naphtha, both the olefin-
rich and aromatics-rich product cases exhibit a potential reduction in MSP up to 40%, with a 21%-45%
reduction in total supply chain energy and 2.2-3.8-fold increase in GHG emissions relative to incumbent

Received 8th March 2023, manufacturing processes. LCA predicts that the CFP process exhibits lower fossil fuel depletion than vir-
Accepted 2nd June 2023 gin manufacturing across all cases as well as lower acidification, ozone depletion, and smog formation
DOI: 10.1039/d3ee00749a for select cases, but high utility and feedstock preparation requirements result in poorer performance

across other metrics. Overall, this study highlights important process parameters for improving CFP of
rsc.li/ees mixed waste plastics from economic and environmental perspectives.

Broader context

Waste plastics represent a ubiquitous pollution problem. To enable waste plastics to become a useful feedstock, technological innovation will be required,
especially for plastics for which no recycling infrastructure exists. Technologies to this end must be considered rigorously in comparison to one another with
transparent process analyses. This study presents a detailed process analysis of a mixed plastic waste refinery employing catalytic fast pyrolysis as a conversion
technology. The analyses determine key economic and environmental drivers and highlight potential solutions to improve the viability of plastics pyrolysis
processes.
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Introduction

Waste plastics are rapidly accumulating in both landfills and
the natural environment."” Mechanical recycling is currently
the most prevalent recycling technology, but it is mostly limited
to polyethylene terephthalate (PET) bottles and some forms
of high-density polyethylene (HDPE).>* This limitation has
prompted the development of new recycling methods ranging
from improved mechanical recycling to chemical recycling.>™**

Among chemical recycling technologies, pyrolysis is one of
the few methods that can deconstruct mixed plastics across a
broader slate of polymers than those currently eligible for
mechanical recycling."*® Pyrolysis of mixed plastic waste
occurs at temperatures from 300 °C-700 °C in the absence of
oxygen, and the process typically produces a hydrocarbon-
based liquid, solid char, and light gases."®'® The hydrocarbon
products may be used to create monomers for new plastics or
other chemicals, refined to fuels, or some combination of these
options.?® Mixed waste plastics, especially those rich in poly-
olefins, are a potentially suitable feedstock for pyrolysis
because they are inherently difficult to separate, and produce
olefinic and aromatic hydrocarbons via pyrolysis due to their
high carbon content and relatively low oxygen content.”* Given
that fast pyrolysis of plastics produces a mixture of olefinic and
paraffinic hydrocarbons with a broad range of carbon numbers
C,-Ceo', catalysts are often used to narrow the product dis-
tribution and increase yields of target products.

Catalytic fast pyrolysis (CFP) has been studied for plastics
as a function of catalyst type and loading, temperature,®>**
residence time,** heating rate,> reactor configuration,”® and
other variables.***?3272% CFP of plastics generates a suite of
products with yields that depend on the process configuration
and catalyst, including aromatics (10-70 wt%),>°*"! olefins (20-
80 wt%),**?**?33* and naphtha (15-90 wt%).’>*® The mixture
of products from these processes requires separations to be
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fungible with fuels, or these mixtures can be integrated into the
existing petrochemical complex.*™**

There is growing interest in assessing the economic and
environmental implications of pyrolysis of waste plastics. While
several analyses have examined plastic pyrolysis refineries,
highlighting the impact of plant size, feedstock type and
quantity, operating conditions, and products,**° there is a
need for a comprehensive, transparent techno-economic ana-
lysis (TEA) and life cycle assessment (LCA) of mixed plastic
waste pyrolysis to produce fuels and chemicals.*® To that end,
here we develop a process model for a mixed plastics waste
refinery that employs feedstock pre-processing, CFP, and pro-
duct separation to naphtha, C,-C, olefins, and BTX aromatic
hydrocarbons. Because of the vast experimental literature on
plastics pyrolysis, we were able to model a conceptually feasible
plant design. Sensitivity analysis evaluating process modifica-
tions was used to identify key drivers of cost, energy, and
greenhouse gas (GHG) emissions. The material flows through
industry (MFI) tool was used to compare the energy and GHG
emissions impacts of CFP-derived products with those of virgin
manufacturing processes.>® SimaPro was used to quantify the
environmental impacts of different products derived from the
pyrolysis of mixed plastic wastes through LCA, and the results
were compared to incumbent processes.>

Results
Process description and model assumptions

A process model for the conversion of mixed plastic waste to
petrochemicals was developed in Aspen Plus V10 and used as the
basis for TEA and LCA. Details of the design assumptions, process
configurations, and operating conditions are described in the ESL¥

Four scenarios were modeled, for which the stream mass
flows are shown in Fig. 1. The “Case A - naphtha product”

B Gases [] Olefins
[ Naphtha [ Aromatics
Intermediates [ Char/coke

64 h 296

]
d Case D - olefins rich

product product

Fig. 1 Overview of product mass distributions across the four scenarios considered in this study. (a) Case A — naphtha product. Here, the hot effluent
vapor stream from the pyrolysis section is quenched to yield a naphtha-rich liquid stream comprising gasoline-range, diesel-range, and high-boiling-
point hydrocarbons (> 370 °C). (b) Case B — mixed product. The vapor stream is quenched to separate an olefins-rich gaseous stream (total olefins yield
= 35 wt%) and an aromatics-rich liquid stream (total aromatics yield = 33 wt%). (c) Case C — aromatics-rich product. The process design highlights the
maximum production of aromatic chemicals of up to 60 wt% (trade-offs with olefins yield) using a catalyst-to-feed (C/F) ratio of 4. (d) Case D - olefins-
rich product. The process diagram highlights the greater yield of olefins. The process intermediates including char and heavies are utilized to generate
heat for the pyrolysis reactor operation in all the cases.
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includes CFP of mixed plastics to a liquid naphtha-like stream
(Fig. 1a).°>® The “Case B - mixed product” examines mixed
plastics CFP with downstream product separation to produce
naphtha, BTX aromatic compounds, and olefins (Fig. 1b). Two
additional cases highlight the effect of catalyst selectivity to
produce primarily BTX aromatic chemicals (Case C - aromatics-
rich product, Fig. 1c) or C,-C, olefins (Case D - olefins-rich
product, Fig. 1d). Cases B, C, and D produce co-products, and
credits are considered. The names of the respective cases are
derived from the principal product for which the minimum

View Article Online
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selling price (MSP) is estimated. Key operating assumptions
and yields for these cases are presented in Table 1, with
additional details in the ESI.t The plant is modeled based on
mature (nth) plant assumptions and product transportation
costs are not included.

The process was modeled with a feedstock composition
(Table S1, ESIf) of 39% low density polyethylene (LDPE),
24% polypropylene (PP), 19% HDPE, 11% polystyrene, 4%
polyvinyl chloride (PVC), and 3% PET. This composition repre-
sents the average mixed stream at a materials recovery facility

Table1l Operating assumptions for four CFP refinery designs. All four process designs employed processing of 240 TPD of mixed plastic feedstock into
a bed of spent fluid catalytic cracking (FCC) catalyst and/or a zeolite catalyst in an in situ pyrolysis reactor coupled with a char combustor/catalyst

regenerator54'57
Case Case
Case A - naphtha Case B - mixed C - aromatics- D - olefins-rich

Process area Parameters product product rich product product
Operating CFP reactor tempera- 550 670 670 670
conditions ture (°C)

CFP reactor gauge 3 3 3 3

pressure (bar)

CFP reactor residence <2 <2 2-4 1-2

time (s)
Catalyst Catalyst-to-feedstock 6 6 4 28

(C/F) ratio (w/w)

Catalyst 62.5 wt% spent FCC
+ 37.5 wt% ZSM-5
zeolite®*
In situ reactor Feedstock conversion 100
(Wt%)
Ratio of bed solids to 6
dry plastic feed (w/w)
Fluidizing gases to dry 0.8
feed (w/w)
Combustor/ Temperature (°C) 550
regenerator Pressure (bar) 1
Excess air (%) 10
Solids temperature 550
before transfer to CFP
reactor (°C)
Primary pro- Yield (kg kg ™" 0.43
duct yield feedstock)
Yield (million kg per 34
year)
Mass percent Total yield (wt%) 50
of liquid Gasoline (C5—Cy, 44
products hydrocarbon) (wt%)
Ce—Cg aromatics (% 51
gasoline)
Cy—Cy, aromatics (% 25
gasoline)
Diesel (C1,-C;5 hydro- 5.1
carbon) (wt%)
Heavies (C,4+ hydro- 0.9
carbon) (wWt%)
Mass percent Total yield (wt%) 47
of gaseous Olefins (C,-C, hydro- n.d.
products carbon) (wWt%)
Ethylene (%) n.d.
Propylene (%) n.d.
Butene(s)* (%) n.d.
Other gases (wt%)” n.a.
Solid products Coke/char (wt%) 3

62.5 wt% spent FCC
+ 37.5 wt% ZSM-5

70 wt% spent FCC
+ 30 wt% ZSM-5

100 wt% spent FCC with
~1% rare earth oxide

zeolite®* zeolite®® content®
100 100 100
6 4 28
0.76 0.76 0.76
670 670 670
3 3 3

15 15 15
670 670 670
0.2 0.3 0.12
15.5 24 9.7
50 69 31
44 63 20
51 93 8

25 2.5 3
5.1 5 10
0.9 1 1

47 29 70
35 16 64

7 3 16
16 7 35
12 6 13
12 13 6

3 2.5 3.2

“ Consists of a mixture of trans-2-butene (2.9 wt%), 1-butene (2.08 wt%), i-butylene (4.9 wt%), cis-2-butene (2.2 wt%), and 1,3-butadiene (0.14 wt%).
b Consists of a mixture of H,, methane, CO, CO,, and NGLs. ¢ n.d. is not detected since these olefin rich gases are not separated in Case A -

naphtha product.
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Fig. 2 TEA Results for Case A — naphtha product. (a) Process flow diagram of Case A. The pre-processed feedstock is catalytically pyrolyzed in an in situ
fast pyrolysis reactor to produce a 50 wt% liquid naphtha stream that primarily contains gasoline (44 wt%) and diesel fractions. The aromatic content of
the gasoline fraction is 76 wt%. (b) Capital cost breakdown by area for each process section, with a total installed capital (TIC) of $40.5 million and total
capital investment (TCI) of $77.6 million. This includes $8.1M contribution assumed from the outside battery limits (OSBL) investment (OSBL is 25% of
inside battery limits, ISBL), which consists of additional capital expenditure including piping and instrumentation required to integrate the over-the-fence
utilities into the plant. (c) Annual operating expense by process section. Fixed costs include fixed variable expenses toward labor, maintenance, and
property and insurance taxes. Other operational costs include utilities like process steam, cooling water, and natural gas for the operation of the facility.
(d) MSP breakdown of the naphtha case. The MSP of naphtha from pyrolysis of mixed plastic waste is $2.18/kg, which is approximately 4-fold higher than

that of fossil-derived naphtha ($0.50/kg).

(MRF)*7*8287%% in both the United States (U.S.) and European
Union.*”*®°%%" A baseline feedstock cost of $0.60/kg was
used.”” We modeled a 240-metric-ton-per-day (TPD) waste
plastic processing capacity, consistent with a ~ 300-TPD facility
currently under construction.’”®* This is also approximately
the average size of MRF in the U.S.>®® Overall, the annual
processing capacity of a pyrolysis facility of this size represents
0.21% of total plastic waste generated in 2019 in the U.S.*°
The mixed plastic feedstock bales are modeled to be pro-
cured from a MRF, where it will have undergone washing and
removal of metal, wood, steel, glass, and paper. The mixed
plastic bales are then transported to the waste plastic proces-
sing facility by truck (Fig. 2a).®* Conveyor belts move the plastic
feedstock to different pre-processing operations at the waste
processing facility. The large bales of mixed plastic feedstock
are converted to flakes (~25 mm). Next, two hammer mills
connected in series further reduce the feedstock particle size to

This journal is © The Royal Society of Chemistry 2023

up to 2-3 mm diameter. Before the dechlorination step, any
residual moisture in the feedstock is evaporated (<1% wet
basis) by a dryer that utilizes hot flue gas from the plant. PVC is
assumed to be the only polymer contaminant and is dechlori-
nated by thermal degradation (extrusion) at 300 °C prior to
being fed to the pyrolysis reactor.®>®°

Subsequently, the feedstock is converted to a hydrocarbon
vapor using an in situ, dual-stage, circulating fluidized-bed
reactor where catalyst particles function as the bed material
for fluidization and as a heat transfer agent to deconstruct the
waste plastics. Similar to an FCC unit in the refineries, the
catalyst is regenerated in a separate combustion reactor, where
coke is burned off at a higher temperature than the pyrolysis
unit and the hot catalyst is circulated to provide heat for the
pyrolysis stage. The total solid circulation in pyrolysis reactor is
a combination of feed plus catalyst flow rate and in the
combustion chamber only refers to the catalyst. The catalyst

Energy Environ. Sci., 2023, 16, 3638-3653 | 3641
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inventory undergoes a daily replenishment of 3% to account for
losses and attrition. The in situ CFP configuration combines
polymer thermal deconstruction and the catalytic upgrading of
pyrolysis vapors in the same reactor as opposed to upgrading in
a different reactor (ex situ CFP).

Besides catalyst composition and residence time, the
catalyst-to-feedstock (C/F) ratio is a primary contributor to
product selectivity in plastics CFP.®”*® In the four case studies,
which all use the same substrate feed rate, we varied the C/F
ratio from 4-28 to model the desired products (Table 1). Pre-
vious work has shown that a high C/F ratio facilitates the
production of light olefins, whereas a lower C/F ratio favors
the production of aromatic products.*>*>°° After the pyrolysis
reactor, rapid quenching of the pyrolysis effluent generates
liquid (C5-C,o hydrocarbons) and gaseous products (C;—Cy4
hydrocarbons), and solid char. Product recovery is modeled
using conventional refinery operations.®*””" Table 1 lists the
product compositions and other operating assumptions for
all cases.

In all cases, the MSP of the primary product was estimated
by evaluating discounted cash flow with a 10% internal rate of
return (IRR) factor over a 30 year plant lifetime, such that the
net present value (NPV) is zero. The major financial parameters
used in the discounted cash flow analysis are listed in Table S2
(ESIf). Sales of different co-products contribute to the revenue
in estimating the MSP of the primary product - i.e., naphtha
(Case A), BTX (Cases B and C), and ethylene (Case D). The
designation of the primary product was based on the expected
highest revenue (combination of its yield and average price),
while the remaining products are designated as co-products.

We employed the MFI tool to estimate the total supply
chain energy and GHG emissions for the four cases based
on the material and energy balance data from the Aspen Plus
models.”> The life cycle impacts were determined using
SimaPro LCA software and ecoinvent version 3.3 background
data (allocation, cut-off by classification — unit, United States-
specific inventories when available, global inventories other-
wise).”® Additionally, the economic and sustainability metrics
were compared to the conventional petroleum manufacturing
route.”® Establishing the appropriate conventional baseline
is complicated by the fact that the pyrolysis process cases
considered yield multiple products. Rather than perform an
allocation (mass-based or otherwise) for only one of the pro-
ducts of interest, all products are included, and the corres-
ponding conventional baseline is taken to be a normalized
proportional average of impacts from each of the constituent
petroleum parts of the product stream (from each of their
respective petroleum routes), as described below.

TEA results for Case A - naphtha product

Fig. 2a presents a simplified process flow diagram for Case A.
For the production of naphtha from CFP, we modeled an in situ
CFP reactor at 550 °C and 1 bar, with a 2 s residence time. A mix
of spent FCC catalyst and ZSM-5 produces a naphtha
stream (Cs-C;, hydrocarbons), of which aromatics comprised
76 wt% (Table 1).>* Other products, such as char and heavier

3642 | Energy Environ. Sci., 2023, 16, 3638-3653
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hydrocarbons, containing predominantly waxes (C,4 +, boiling
points >370 °C) and diesel-range (C;,-C,o, boiling points
~220 °C-370 °C) compounds, are used as process fuel within
the waste plastic processing facility. The gaseous fraction
(~46 wt%), which contains light alkanes, olefins, CO,, CO,
H,, and CHy, is recycled back to the pyrolysis reactor to assist
fluidization (Fig. 2a).

The total capital investment for a 240 TPD naphtha produc-
tion facility was estimated at $77.6 million (Fig. 2b and Table
S3, ESIt) with a yearly operating expense of about $65 million
(Fig. 2¢). Since some of the major equipment costs were derived
from estimations based on similar equipment,®” or from costs
derived from mechanical design tools, we included sensitivity
analysis to show the impacts of changes in capital cost assump-
tions in the next section (Case B). The MSP of the naphtha
stream is $2.18/kg (Fig. 2d), which is 4-fold that of average
petroleum-derived naphtha ($0.50/kg) over a period of 5 years
(2016-2020).7*

TEA results for Case B - mixed product

The process flow diagram for Case B, which is also the base
case, is shown in Fig. 3. In this case, the pre-processed mixed
plastic waste is modeled to be fed to the pyrolysis reactor and
reacted at 670 °C and 3 bar with a residence time of 2 s. The
effluent products are then cooled to yield 47 wt% gas and
50 wt% liquid products.>* Herein, olefins constitute ~35 wt%
of the gases, and aromatics constitute ~33 wt% of the liquids
(of which the BTX mixture is ~22 wt%).”* Details about the
process design can be found in the Materials and Methods in the
ESL T including detailed process flow diagrams for each process
section (Fig. S1-S4, ESI{) and product yields are shown in
Table 1.

Capital expenses. The total capital investment (TCI) for a
plant designed to process 240 TPD of mixed plastic waste in
Case B was estimated to be $107 million (Fig. 4a and Table S4,
ESIT). The total direct costs associated with each process
section, which includes a total installed capital (TIC) cost of
$55.8 million, are estimated to be around $64 million, while the
indirect costs for project planning and construction are esti-
mated to be around $38 million. The remaining $5 million is
for land and working capital expenses. The CFP area accounts
for the largest inside battery-limit investment due to the
pyrolysis reactor and the coupled combustion-regenerator sys-
tem, compressors for flue gases, cyclones, and coolers. Further-
more, light olefins - which are recovered at very low
temperatures (—20 °C to —103 °C) and high pressure (up to
37 bar) - account for $10 million, or roughly 20% of the total
equipment costs. Additionally, a 25% contribution is assumed
from the outside battery limit investment, which consists of
additional capital expenditure (e.g., development of piping,
instrumentation etc.) required to integrate the over-the-fence
utilities into the plant. Detailed information on the specific
unit operations and the capital requirements for each process
section is provided in Table S4-S6 (ESIf). Overall, capital
recovery charge, which includes capital depreciation (capital
costs), annual income tax, and return on investment,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee00749a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 16 1444. Downloaded on 24/04/47 11:11:11 .

(cc)

Analysis

View Article Online

Energy & Environmental Science

Feedstock Pretreatment Catalytic Fast Pyrolysis & Phase Separation Aromatics Recovery

Flakes 4— -« <—Bales<— il
55 : ;

Off-
Compressor Cooler, gases sulfolane
solvent

Makeup

Naphtha

240 TPD Material
Sl Extractive Phase
recovery facili Cyclone ~ Cooler i :
e Dy Z Phase CO, absorption distilla separation
U To atmosphere separation —
Distillate BTX
Grinder N
; ElpiinE) Wash
O Pyl separation & CliE
Dryer Dechlorination reactor 3
AT reactor &,>"
- =
CompiEssey Fluidizing T Solvent stripper
gases 2 column
Furnace @ 3 3
s Heavies
Char combustor/catalyst regenerator 1
2, @ O—«— ke
Makeup DMF 9712
Ethane Ethylene Propylene A solvpent Butane aromatics
Knock out i Butenes
g C2 splitter e iacionater
........ Propane
Solvent
Debutanizer :
Demethanizer Extractive stripper column
Deethanizer distillation column

Solvent recycle

Olefins Recovery

Fig. 3 Process flow diagram of a waste plastic refinery based on CFP. Feedstock Pretreatment: This section includes plastic flake production equipment,
conveyor belts, grinder (~2-3 mm), a dryer, and a PVC removal reactor. Catalytic Fast Pyrolysis (CFP): The CFP area uses an in situ dual-stage circulating
fluidized bed reactor® to convert mixed plastic waste into hydrocarbon vapors, which are subsequently cooled to produce a gaseous stream and a liquid
stream. Char and catalyst are separated from the vapors via cyclones, and the heat for the pyrolysis reaction is generated by the combustion of process
char and heavy hydrocarbon fraction (C,4+ hydrocarbon) in a combustor. Phase separation: The hot pyrolysis effluent is cooled to obtain an olefins rich
gaseous stream and an aromatics-rich liquid stream. Olefins recovery: The CO; is first removed from the olefins-rich vapor stream, after which it enters a
chilling train. Hydrogen and methane are removed through a demethanizer column, and ethylene and ethane are further removed in a C2 fractionator,
after the deethanizer column. Propylene and propane are separated from the C4 mixture via a depropanizer and are further recovered as pure streams in
a C3 splitter. C4 hydrocarbons are removed in a debutanizer and are further separated into butane and 1-butene streams through an extractive distillation
process. The bottom of debutanizer (Cs+ hydrocarbon) moves to the aromatic hydrocarbons recovery area. Aromatics recovery: Finally, the liquid stream
from the olefin recovery area and CFP and phase separation area is introduced into an extractive distillation column to recover BTX aromatic
hydrocarbons using sulfolane as the solvent. The process also produces naphtha and C9—C,, aromatics. The detailed process flow diagrams with labeled
streams and a corresponding table of stream compositions of each process sections are included in Fig. S1-S4 (ESI+).

contributes $0.87/kg to the MSP of BTX aromatic hydrocarbon
product (Fig. 4c).

Operating expenses and revenue from co-products. In addi-
tion to the total capital investment, the plant requires operating
expenses of $84 million per year. These expenses include feed-
stock cost at $52 million per year (mixed waste plastics were
purchased at $0.18/kg and converted to flakes at an additional
$0.42/kg), and the expenses for the process utilities, which
amount to $23 million per year, include the cost of sulfolane
solvent for BTX extraction, which is estimated at $10 million
per year as indicated in Fig. 4b. Other costs for the feedstock
pre-treatment process section (Fig. 4b) include operating
expenses for a washer, dryer, and hammermill, as well as
installed equipment costs. The pretreatment contribution for
the base case is included in Table S4 in the ESIL.{ Fixed
operating costs, which amount to approximately $9 million,
include labor and overhead costs. Integration of the heating
and cooling utilities lowers the overall energy requirement of
the process. Particularly, the use of char and heavy hydrocar-
bons for combustion provide the necessary heat to the pyrolysis

This journal is © The Royal Society of Chemistry 2023

reactor. Annual revenue from the sale of multiple co-products
(olefins and aromatics) is $82 million, which offsets the overall
annual expenses (Fig. 4b and Fig. S5, ESIf). Table S7 (ESIT)
contains a detailed breakdown of the contribution of different
process sections to the annual operating expense in Case B -
mixed product.

MSP of BTX product

Fig. 4c shows the TEA results for Case B. The MSP of the key
product, namely the BTX aromatic hydrocarbons mixture, is
$1.07/kg, which is approximately 1.6-fold higher than the
average price of petroleum-derived BTX ($0.68/kg) over a period
of 5 years (2016-2020).”* The high cost of BTX production
(approximately $6.0/kg, without the sale of co-products) is
reduced by the recovery and sale of co-products (Fig. 4d). Table
S8 (ESIt) reports the average market prices of product and co-
products obtained in Case B and basis of their pricing.”* A
summary of the process and economic results for Case B is
provided in Table S9 (ESIt). We investigate Case B in more
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Fig. 4 TEA results of Case B — mixed product. (a) Capital cost breakdown by area for each process section, with total installed capital (TIC) of $55.8
million and total capital investment of $107 million. (b) Annual operating expenses for the base case, disaggregated by process step (total = $84 million
per year). The highest contribution is from feedstock costs. Fixed costs include labor and overhead. Note that BTX is not considered a co-product in
estimating the annual operating expenses. (c) The minimum selling price (MSP) breakdown of BTX aromatics relative to virgin BTX manufacturing. (d) The
contribution of co-products towards the MSP. Aromatics streams comprise BTX and Co9—C;, aromatics. Natural gas liquids (NGLs) consist of ethane,
propane, and butane. All data shown in Fig. 4 are included in Tables S4-S6 (ESIt) for Fig. 4a, Table S7-S12 (ESIt) for Fig. 4b and Tables S13, S14 (ESI) for

Fig. 4c.

detail here as it serves as a basis for Case C - aromatics-rich
product and Case D - olefins-rich product.

Sensitivity analysis. A univariate sensitivity analysis was
conducted to identify the parameters that exhibit substantial
impacts on the economic feasibility of plastics CFP. Fig. 5a
shows a tornado chart summarizing the magnitude of impacts
from key process variables on the MSP of the BTX product. As
shown in Fig. 5a, increasing the feedstock cost from $0.60/kg
(baseline) to $0.70/kg increases the MSP by 51%. Conversely,
pyrolysis could be below cost parity at a feedstock cost of
$0.50/kg. Overall, there is a linear relationship between feed-
stock price and MSP, implying that the economic feasibility of
plastics pyrolysis is highly sensitive to the feedstock price
(Fig. 5b). Fig. S6 (ESIt) depicts a sensitivity analysis designed
to specifically capture the effects of fluctuating costs of flakes, a
key component of the total feedstock cost that significantly
impacts the economic viability of the project.

Next, we evaluated the potential for integrating pyrolysis
intermediate streams with a traditional petroleum refinery
through the “Downstream Capital” sensitivity parameter. Pro-
duct separations account for ~25% of the total installed capital
($14 out of $56 million, Fig. 4a), given the base case assumes a
greenfield plant. In the case where the intermediates can be

3644 | Energy Environ. Sci., 2023, 16, 3638-3653

recovered in an existing petrochemical refinery, which is
denoted “0” in Fig. 5a on “Downstream Capital”, it is assumed
that no capital investment will be required for product separa-
tions. For this scenario, the base case MSP is estimated to
decrease 32% to $0.73/kg.

Additional variables were also examined in this sensitivity
analysis. Notably, increasing the IRR to 15% (baseline IRR 10%)
increased the MSP by 30%. We varied the variable operating
cost (excludes the feedstock, waste disposal costs and fixed
costs) by £5M dollar per year (equivalent to £22% of the base
case cost of $23 million), especially given the uncertainty of
sulfolane price (the solvent for BTX aromatic hydrocarbons
recovery). The sensitivity analysis shows, unsurprisingly, this
to be a major cost driver. The impact of plant size on the MSP
was evaluated considering no additional process or feedstock
differences, demonstrating that the MSP can be reduced by
14% due to economies of scale when the plant size is doubled
(500 TPD) from the base case. Finally, the tornado plot also
shows that a higher downtime (86% plant on-stream factor
versus 90% in the base case) results in an increase of 7% in the
BTX MSP. Additional sensitivity parameters such as income tax
rate and working capital were not found to have a substantial
impact.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Sensitivity analysis of the Case B — mixed product. (a) Results of single-point sensitivity analyses for relative change to process and financial
variables on the MSP of BTX aromatics (price = $1.07/kg). For each sensitivity case, the variable was modified to a high and a low value, while holding all
other variables constant to the base case. The minimum and maximum values used in this analysis are shown in the vertical axis labels as low (gray): base:
high (red). The central line represents the base case prices. The basis for selecting the lower bound and higher bound values of the univariate sensitivity
parameters is presented in Table S15 (ESIt). The base case downstream capital cost, variable operating cost, CFP reactor cost, and plant size values are
$14.2 million, $25.8 million, $14 million, and 240 TPD, respectively. (b) MSP of BTX aromatics as a function of plastic feedstock cost. (c) Multivariate
sensitivity analysis for the effect of change of catalyst cost and loading on MSP of BTX aromatic hydrocarbons. Base case values for C/F ratio and catalyst
cost were 6 and $2.98/kg, respectively. (d) Illustration of profitability scenario of the BTX product as a function of West Texas Intermediate (WTI) crude oil

price in $ per barrel ($/bbl). Data shown in Fig. 5a are included in numerical form in Table S16 (ESI¥).

A multivariate sensitivity analysis was also conducted
(Fig. 5c) to assess the impact of C/F ratio as a function of
catalyst cost on the MSP of main product. Increasing the
catalyst loading (C/F = 18) and the catalyst cost to $12.5/kg
was found to increase the estimated MSP by more than 55%.
Further, to capture the variations in crude oil and petroleum
product prices, a sensitivity analysis on the product prices as a
function of a benchmark crude oil price was conducted by
employing a simplified pricing structure adopted and modified
from Talmadge et al.”” Data from the Oil Price Information
Service (OPIS) International Feedstocks Intelligence Reports for
WTI—one of the crude oils was used as a benchmark in oil
pricing—ranges from $30-$120/bbl; the prices of the specific
year served as the basis for the analysis product pricing
structure. To capture the product pricing basis comprehen-
sively, additional sources were included mainly S&P Global
PLATTS, US Energy Information Administration (EIA) and IHS

This journal is © The Royal Society of Chemistry 2023

Markit. Fig. S7 and S8 (ESIt) shows the pricing equations and
the trend of the price change in the product and co-products
with a benchmark crude oil price.”” When benchmark crude oil
(West Texas Intermediate, WTI) is $30/barrel, the market prices
for all fossil-derived co-products is low, implying that the BTX
MSP will be almost 3-fold higher (Fig. 5d). However, if the price
of WTI crude oil increases to $100/barrel, causing an increase
in the prices of petrochemical products, the base case BTX
aromatic hydrocarbons MSP will drop, while the price of fossil-
derived BTX mixture will increase. Thus, the WTI crude oil price
has a significant impact on the profitability of the CFP refinery,
with co-product pricing serving as the main factor in generating
high revenues.

TEA results for Case C - aromatics-rich product

This scenario converts plastic feedstock into an aromatics-
rich naphtha-range hydrocarbon stream (69 wt%), which has

Energy Environ. Sci., 2023, 16, 3638-3653 | 3645
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approximately 2-fold higher aromatics content (60%) than the
Case B - mixed product (Table 1). The aromatics-rich naphtha
(69 wt%) is separated downstream to recover the BTX aromatic
hydrocarbons by an extractive distillation process identical
to that described in Case B. Other co-products such as
olefin monomers are also recovered, albeit in smaller quantity
(olefins at 16 wt% and NGLs at ~ 10 wt%) because of the trade-
off in the carbon distribution between olefins and aromatic
hydrocarbons.* The main difference is in the use of a zeolite
catalyst with a comparatively higher Si/Al ratio (lower acidity)
than Case D and residence time/pyrolysis conditions employing
a higher heating rate (>600 °C s compared to Case B of
~500 °C s~ ").>>*® Higher aromatic hydrocarbons productivity
due to catalyst choice and amount in the in situ reactor formed
the basis of this scenario, assuming all other parameters
remain the same.

The MSP of BTX aromatic hydrocarbons in Case C is $0.95/kg,
which is 11% less than the MSP of $1.07/kg of BTX product in
Case B and is only 1.4 times fossil-derived BTX aromatic
product (Fig. 6a). The operating and capital costs along with
the comprehensive economic summary of Case C is provided in
Table S17 (ESIt).

TEA results for Case D - olefins-rich product

Here, we modeled a higher yield (64 wt%) of low-molecular-
weight olefins (such as ethylene, propylene, and butene) than
the Case B olefins (35 wt% olefins) (Table 1). A catalyst with
larger pore diameter and low Si/Al ratio (higher acid content per
mass catalyst than that used in Case B and C) and a high C/F
ratio of 28 with a shorter residence time (1-2 s) was modeled in
the pyrolysis reactor, which can result in increased cracking of
the plastic feedstock, resulting in higher yields of gaseous
olefins.>>>*7¢

View Article Online
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Compared to the petroleum-derived route for ethylene pro-
duction, the MSP of ethylene from mixed plastic waste pyrolysis
is $0.85/kg (1.4 times fossil-derived ethylene price at $0.61/kg)
(Fig. 6a). The operating and capital costs and economic sum-
mary of Case D are provided in Table S18 (ESIT).

Supply chain energy and GHG emissions

The supply chain energy consumption (MJ Kgproduce ') and
GHG emissions (kg CO,-eq per kgproduct) were evaluated using
the MFTI tool for the four cases (Fig. 6b and c). The mass and
energy stream flows from the Aspen Plus process models were
used as process inventory inputs to MFI. Supply chain energy
accounts for all energy inputs into the process, including
process fuel for heating, electricity, transportation energy,
and energy contained in fossil-derived chemical feedstock.
GHG emissions are the sum of combustion processes within
the supply chain, mainly process heating, electricity generation,
and transportation of inputs; emissions arising from chemical
reaction stoichiometry are not included in the scope of MFIL.””
Both of these metrics are normalized to the functional unit of
1 kg of product.

Compared to fossil-derived naphtha, Case A - naphtha
product is estimated to exhibit a 45% reduction in supply chain
energy usage, but a 2-fold increase in GHG emissions. In the
case of the incumbent process for naphtha production, feed-
stock is the major contributor to supply chain energy. Because
there is no associated burden with the use of mixed plastic
waste feedstock, which is considered ‘“waste”, supply chain
energy is significantly reduced in Case A. In contrast, the
increase in GHG emission is due to the higher use of process
utilities, such as electricity and fuel in Case A. There is also a
major fraction attributed to feedstock pretreatment that
includes feedstock collection, sorting at a MRF, processing into

a c
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Fig. 6 Comparative summary of the economic and environmental analysis of the different pyrolysis scenarios proposed in this study. (a) Economic
summary: Case A shows the MSP breakdown of naphtha product as a function of process variables, Case B shows the MSP breakdown for BTX aromatic
hydrocarbons. The MSP of $1.07/kg is 1.6 times higher than virgin BTX aromatic hydrocarbons ($0.68/kg). Case C — aromatics-ich product has BTX
aromatic hydrocarbons as the main product and is estimated at an MSP of $0.95/kg. Finally, Case D — olefins-rich product with ethylene as the main
product is estimated at an MSP of $0.85/kg, which is 1.4 times that of virgin ethylene ($0.61/kg). Note that dotted lines show the price of fossil-derived
products for the respective cases. (b) Supply chain energy and (c) GHG emissions of the four cases relative to virgin manufacturing. Fig. S9 (ESI+) illustrates
a comparison of GHG emissions calculated by MFI versus LCA. Fig. S10 (ESIt) shows the system boundaries for the MFI analysis. All supply chain energy
and GHG emissions data are in Tables S19-S22 (ESI¥).
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flake, and transportation to the pyrolysis facility. These supply
chain energy and GHG emission values could change substantially
with alternate process configuration (in situ vs. ex situ) resulting in
improved process yields (due to less challenging environment for
the ex situ catalyst) as well as through additional process heat/
energy integration and product downstream separation.***>>”

Furthermore, the BTX aromatic hydrocarbons produced
from Case B is estimated to have 24% lower supply chain
energy requirements and 2.4 times higher GHG emissions
compared to the fossil-derived BTX production pathway. The
estimated GHG emissions are 2.82 kg CO,-eq per kggrx in Case
B, whereas fossil-derived BTX mixture emits 1.16 kg CO,-eq per
kggrx. Unlike Case A, significant (negative impact) contribution
from co-products lowers the overall energy and GHG emissions.
In Case C - aromatics-rich product, the total supply chain
energy and GHG emissions show a 40% reduction and 46%
increase, respectively, relative to the fossil-derived counterpart.
These energy requirements and GHG emissions are linked
to process yields, and thus a greater yield of more beneficial
products reduces the associated environmental impacts by
using fewer utilities and resources per unit of product. Finally,
the total supply chain energy in Case D is estimated to exhibit a
21% reduction, with a GHG emissions increase of 3.8 times.
The higher GHG emissions are due to the use of more energy-
intensive process utilities for separation of olefins that occurs
at high pressure and low temperature conditions, as well as a
lower yield of the ethylene product per unit of incoming plastic
feedstock. As explained above, the lower supply chain energies
exhibited by all four cases are primarily due to the use of mixed
plastics feedstock in the pyrolysis facility. As shown in Fig. 6b
(vellow portion), the fossil-derived chemical feedstock is the
largest contributor to supply chain energy, but it is almost
absent from the mixed plastic waste process scenarios.

Life cycle assessment

While MFI provides detailed insight into GHG emissions and
energy consumption within the current U.S. supply chain, LCA
offers a more holistic overview of environmental impacts from a
global perspective. We used the Tool for the Reduction and
Assessment of Chemicals and Other Environmental Impacts
(TRACI 2.1, US 2008)"® and Available WAter REmaining
(AWARE)”® methods and ecoinvent version 3.3 background
data (U.S.-specific when available, global otherwise)”® in Sima-
Pro LCA software to calculate the acidification, carcinogenic
toxicity, ecotoxicity, eutrophication, fossil fuel depletion, non-
carcinogenic toxicity, ozone depletion, particulates formation,
smog, and water use impacts of pyrolysis of mixed plastic waste
to various products (Fig. 7 and Table S23-S26, ESIt). The
process was assessed using a cradle-to-gate approach, where
the “cradle” is collection of mixed recyclables from curbside
bins and the ‘“‘gate” is the output(s) of the pyrolysis plant.
Manufacture of the original plastic feedstock and utilization of
the produced chemicals are not included. The inventory was
developed based on the reported Aspen Plus process model and
data from the literature for collection and sorting.*® Credits
were given for co-products, wherever applicable. Standard

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

deviations were estimated using ecoinvent uncertainty distribu-
tions and Monte Carlo analysis with 1000 iterations.

Case A for naphtha production exhibits lower fossil fuel
depletion and ozone depletion than fossil-derived naphtha on a
statistically significant basis, but higher acidification, ecotoxi-
city, eutrophication, global warming, carcinogenics, non-
carcinogenics, particulate formation, smog, and water use
(Fig. 7a and Table S23, ESIf). Most of these impacts are
associated with collection, sorting, flaking and transportation
of the plastic feedstock (53-96% of all metrics except water
use), electricity (6-25%), steam (1-9%), and methane (1-21%,
Fig. 7b). The global warming potentials reported by LCA are
generally higher than those observed in MFI due to the inclu-
sion of process emissions (0.88 kg CO,-eq per kgnaphthas 1.85 kg
COy-eq per kggrx, 1.23 kg CO,-eq per kggrx, and 1.40 kg CO,-eq
per Kgeehyiene for Cases A, B, C, and D, respectively, see Tables
S23-S26, ESIT) and different background data assumptions
(U.S. versus global), but the comparative trends between virgin
production and pyrolysis remain similar. Fig. S9 (ESIt) com-
pares the MFI and LCA results for GHG emissions and provides
further commentary. The values for fossil fuel depletion in LCA
and supply chain energy use in MFI are not directly comparable
as supply chain energy use is reminiscent of embodied energy
at a single time point, whereas fossil fuel depletion incorpo-
rates a weighting factor that adjusts the impact of a given
energy input based on the potential for that fuel to become
more difficult to extract in the future.®!

Case B for BTX aromatic hydrocarbons production has lower
fossil fuel depletion and ozone depletion than fossil-based BTX,
with the remaining life cycle categories demonstrating impacts
1.2 to 76 times higher (Fig. 7c and Table S24, ESIt). All these
results excepting acidification, carcinogenics, smog formation,
and water use are on a statistically significant basis. Plastic
feedstock, refrigeration, steam, and electricity account for 32—
82%, 12-48%, 2-25%, and 4-13%, respectively, of all metrics
except water use, which is dominated by cooling water (Fig. 7d).
Further heat integration in the olefins and aromatics separa-
tion areas, which is already implemented in the process models
to a certain extent, will be crucial for minimizing utilities. Using
a catalyst for high aromatic selectivity (Case C) presents an
opportunity to improve the environmental impacts of pyrolysis-
derived BTX aromatic mixture: acidification, fossil fuel deple-
tion, ozone depletion, and smog formation become lower than
virgin BTX in this scenario (Fig. 7e and Table S25, ESIt). This is
due to enhanced BTX aromatic hydrocarbons production and a
corresponding reduction in utilities and consumables (particu-
larly plastic feedstock) required per unit product, as well as an
increase in naphtha and Co—C;, aromatic co-products, which
provide larger environmental credits across most categories
than olefins or paraffins (Fig. 7f).

Lastly, ethylene production in the olefin-rich scenario (Case
D) is predicted to exhibit lower fossil fuel depletion on a
statistically significant basis, but all other categories are
higher than virgin ethylene by 2 to 1700 times (Fig. 7g and
Table S26, ESIt). These impacts are primarily associated with
consumables such as plastic feedstock (29-80% of all metrics

Energy Environ. Sci., 2023, 16, 3638-3653 | 3647
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Fig. 7 Life cycle assessment for pyrolysis of mixed plastic waste to naphtha, BTX aromatic mixtures and ethylene under different process scenarios.
(@) Comparison of the Case A — naphtha product to virgin naphtha, (b) contributions of various process components to the overall environmental impacts of
the Case A. (c) Comparison of the Case B — mixed product (where principal product is BTX aromatic hydrocarbons) to virgin BTX mixture, (d) contributions of
various process components to the overall environmental impacts of the Case B. (e) Comparison of the Case C — BTX aromatics rich product to virgin BTX
aromatic mixture, (f) contributions of various process components to the overall environmental impacts of the Case C, (g) comparison of the Case D — ethylene
monomer product to virgin ethylene, (h) Contributions of various process components to the overall environmental impacts of the Case D. Aromatic co-
products include Co—C;, aromatics, paraffin co-products include ethane, propane, and butane, and olefin co-products include ethylene, propylene, and
butene. Components with contributions less than 1% (catalyst, process water, dimethylformamide (DMF) solvent, infrastructure, and wastewater treatment) are
not included in the figure. Calculations were conducted with TRACI 2.1 US 2008 and AWARE methods, SimaPro software, and ecoinvent 3.3 background data.
All data shown in Fig. 7a—h are included in numerical form in Tables S23-S26 (ESI¥).

except water use), refrigeration (12-48%), steam (2-34%), elec-
tricity (3-13%), and natural gas (0.3-16%), which are higher per
unit product because less ethylene (1778 kg h™") is produced
than naphtha (4350 kg h™") or BTX (2008-2,991 kg h™") in the
previous cases and the olefin recovery stage is energy intensive
(Fig. 7h). Fewer environmental credits are also received from
propylene and butene in comparison to naphtha, BTX, and Cy-
C;, aromatic compounds.

Discussion

In this study, we identified drivers of economic and environ-
mental impacts for four different scenarios describing a plastic
waste pyrolysis facility. Several aspects are considered here that
are relevant to both the process economics and environmental
feasibility.

Feedstock cost and quality

The U.S. national average market prices for reclaimed post-
consumer plastics in 2019 varied widely between $0.03-
$0.70/kg,’>°" depending on the material demand, purity, color,
format, and processing cost. Plastics for which sorting is not

3648 | Energy Environ. Sci., 2023, 16, 3638-3653

conducted - e.g, 3-7 resin identification code, including
flats, films, and flexibles — usually are landfilled.®"** Sourcing
plastics that are routinely landfilled may enable lower feedstock
cost, which is the primary economic driver reported here
(Fig. 4) and in previous studies.*®*” Pyrolysis may be an option
for valorizing mixed plastics, given its potential ability to
tolerate contamination,®®* but the use of pyrolysis oil
(naphtha) directly as feed to the steam cracker may be limited
by impurities.* Few studies to date have systematically evalu-
ated the effect of feedstock composition or the presence of
contaminants on CFP process viability.®>*¢ A plastic composi-
tion rich in polyolefins is most desirable for the production of
fuels and petrochemicals. The presence of PET, PS, and PVC
reduces the overall yield of the pyrolysis process and produce
undesirable products such as styrene, gaseous components and
acidic species.®®®”%® The chemical components of plastic
waste-derived pyrolysis oils should be carefully considered
prior to use as fuels or chemical feedstocks.*®*°

Determination of plant size

The size of a pyrolysis plant will likely depend on the waste
processing capacity of regional MRFs. Additionally, the

This journal is © The Royal Society of Chemistry 2023
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transportation distance between MRFs and pyrolysis facility
can also influence the plant size, which in turn can impact
financial viability and environmental impacts. For example,
Larrain et al.®® estimated that the minimum throughout of a
waste plastic pyrolysis plant must be about 250 TPD to achieve
an IRR of at least 15%. This is in agreement with our findings
because the capital and operational investments can
greatly exceed the revenues (and heat integration becomes
challenging) for a pyrolysis plant operating at a smaller scale
(<50 TPD).***% At present, commercial operations from pilot
scale to commercial scale are in the range of 10 tpd to
300 tpd.®*°"*? Sensitivity analysis shows that increasing the
plant size to 500 TPD leads to a 14% reduction in MSP of the
BTX product, but collection and logistics would need to be
optimized to provide a reliable supply of waste plastics.”®

Catalyst design

One of the most direct strategies to increase the economic and
environmental benefits of a plastic waste CFP refinery is to
increase the selectivity to desirable products. Improving pro-
cess selectivity will enable the production of higher yields of
valuable products from the same quantity of feedstock, which
is the largest process operating expense in this study. Selectivity
can be controlled through catalyst choice. Zeolites in particular
have been widely used to increase selectivity to olefins and
aromatic compounds.®®* In the cases described above, catalysts
from the petroleum processing industry were examined. How-
ever, work is underway to develop catalysts specialized for waste
plastic CFP processes.’® Several works have demonstrated how
control over pore size and topology,’® the addition of transition
metals,”” and changes in catalyst acidity can be used to increase
the yield of aromatics and light olefins from waste plastic
catalytic pyrolysis.’® The value of these improvements is under-
scored in Fig. 6, where an increase in BTX aromatic hydro-
carbons yield between Case B (revenues $15.5 million per year)
and Case C (revenues $24 million per year) decreases the
primary product MSP by 11.2%.

Carbon efficiency of plastics pyrolysis

In our study, we relied on literature to model a plant that
results in complete conversion of mixed waste plastic and
with >90% product recovery.””®® Due to a short residence
time (<2 s), yields of solid char (3 wt%), methane, and
secondary cracking products were minimized.®® Our catalyst
selection of spent FCC catalyst with ZSM-5 transforms mixed
waste plastics into C,-C, olefins (~ 34 wt%) and BTX aromatic
hydrocarbons (~20 wt%), with negligible C,," products
(~1 wt%).>* Moreover, the CFP catalysts are regenerated and
re-used in plastic pyrolysis facility with only a 3% loss, which is
much better than disposal in landfills. Our strategy also over-
comes some of the concerns of using fresh FCC catalysts, such
as the loss of carbon to coke or methane, avoids disposal
concerns of the used catalyst to landfills, impacting sustain-
ability metrics.***”°° Overall, because of the inherently high
carbon content of waste plastics and through catalyst design,
pyrolysis processes show a higher conversion of carbon into

This journal is © The Royal Society of Chemistry 2023
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useful products compared to similar biomass or municipal
solid waste pyrolysis.'*%"%!

Refinery integration of pyrolysis-derived intermediates

Plastics pyrolysis produces a range of products, which necessi-
tates downstream separations that can account for the second-
highest contribution to the MSP (Fig. 4). Moreover, the market
shift from fuel production towards plastics and petrochemicals
manufacturing offers a potential opportunity for co-processing
plastics-derived pyrolysis oils in existing refinery infrastructure,
which can potentially reduce capital expenses to build cracker
units.»'°>'%® Additionally, diverting to steam cracking can
provide an example of closed-loop recycling for olefin mono-
mers. However, as mentioned, the presence of contaminants in
the co-mingled waste plastics may result in a low-quality
pyrolysis naphtha, which may need to be decontaminated to
obtain a high-quality feedstock.*”'** Furthermore, the heat-
transfer rate has to be optimized with an increase of reactor
size, posing a scale-up challenge associated with feedstock
anisotropy and equipment sizing.'®> Future R&D activities
should establish the technical risks associated with catalyst
deactivation, including its impact on catalyst lifetimes and
replacement rates, as well as the risks of introducing contami-
nants into refineries.

Profitability measures

The TEA in the current study was focused on projecting the
MSP of the primary product from Cases A-D. We estimate the
initial capital investment for the construction of a pyrolysis
facility and annual operating expenses required for processing
mixed plastics waste. In our case, with multiple (N) products
being produced, we estimate the revenue from the sale of other
(N-1) products and compute the MSP of a primary product such
that the NPV is zero. However, the selection or designation of a
primary product is somewhat a subjective choice mainly based
on the expected highest revenue. Alternatively, several other
metrics such as NPV (with the average market prices for sale of
all products), IRR, return on investment, and energy return on
investment may be alternatively used to assess the economic
feasibility; however, we stress that the use of these alternative
metrics would not the change the overall conclusions of
the study.

Environmental impacts

As shown in Fig. 6b, the utilization of fossil feedstocks (such as
natural gas and crude oil) accounts for the bulk of supply chain
energy consumption for the production of conventional C,-C,
olefins and BTX aromatic compounds.'®®'®” Conversion of
plastic waste via pyrolysis to produce the same products directly
eliminates a large portion of the supply chain feedstock and
energy needs, making the entire waste plastic processing
process less energy intensive than the conventional fossil-
derived process. In addition to fossil feedstock energy, other
supply chain energy types such as process fuel (steam, cooling
water), electricity, and transportation fuel contribute to overall
energy impacts and must be considered to understand the
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implications of adopting pyrolysis. Overall, the supply chain
energy consumption of the pyrolysis route is either about the
same as or less than the conventional technologies in each of
the studied cases. Because of the use of a waste feedstock, MFI
analysis shows that the overall aggregate supply chain energy of
the modeled mixed plastic pyrolysis plant is 24% lower than the
conventional baseline. This is mainly because producing virgin
plastic incurs environmental burdens related to fossil-naphtha
feedstock.”® Similar to our study, Jeswani et al.*® demonstrated
that chemical recycling of mixed plastic waste by pyrolysis uses
50% less life cycle energy than virgin plastics.

Supply chain GHG emissions, conversely, only include emis-
sions from the combustion of fuel to generate process heat or
electricity. Thus, it is largely process specific. Because fossil
inputs designated as feedstocks are, by definition, not com-
busted, they do not exhibit associated GHG emissions. Further-
more, because the transportation distance is considered to be
less than 180 kilometers, the overall contributions from trans-
portation are smaller for the pyrolysis-based process.

Across all case studies, pyrolysis utilizes waste plastic rather
than fossil fuels as its feedstock and therefore exhibits low (in
some cases negative) fossil fuel depletion in LCA (Fig. 7a-h and
Tables S23-526, ESIT), in agreement with the MFI supply chain
energy results. The technology also emits less chlorine, bro-
mine, nitrogen, volatile organic compounds (VOCs) and NOx
than fossil-derived naphtha or BTX mixture, resulting in lower
or statistically equivalent acidification, ozone depletion, and
smog formation potentials for most cases (excepting Case D -
ethylene). However, high plastic feedstock and utility (electri-
city, refrigeration, steam) requirements per unit product result
in poorer performance than the corresponding virgin materials
across most other metrics. Potential areas for process improve-
ment therefore include eliminating the energy-intensive plastic
flaking process, co-locating the pyrolysis plant with a MRF to
reduce transportation impacts, increasing yields, and incorpor-
ating further heat/energy integration. For example, Case C - in
which BTX aromatics yield is maximized using a catalyst with
high aromatics selectivity — offers a promising route to decrease
both environmental impacts and MSP. Avoided emissions also
play a crucial role in lowering the environmental impacts of
pyrolysis in Cases B-D; it is therefore essential to efficiently
capture and utilize all co- products.

Conclusions

Herein we evaluated four fast pyrolysis process designs for
recycling mixed plastic wastes from a techno-economic and
life cycle perspective. We discuss key drivers that have major
impacts on process economics, supply chain energy, GHG
emissions, and environmental sustainability. Specifically, the
TEA results of our first process design estimate the MSP of
naphtha to be four times that of its fossil counterpart. Feed-
stock cost and utilities were two of the major cost drivers. In a
second design, which is our base case, the pyrolysis effluent
stream underwent rigorous purification to recover high-value
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products (olefins, aromatics, natural gas liquids, and naphtha).
The revenue from the sale of multiple coproducts offsets overall
project costs and estimate BTX aromatic hydrocarbon produc-
tion at $1.07/kg, which is 1.6-times that of fossil BTX product.
Further, two more scenarios selectively produce more aro-
matics and olefins products. Both cases are estimated to exhibit
an MSP of BTX aromatic compounds and ethylene monomer
closer to their fossil counterparts. A multivariate sensitivity
analysis was performed to anticipate future uncertainties in
the context of the crude oil price. The analysis indicates that
pyrolysis-based refineries can attain cost-competitiveness with
petroleum manufacturing processes when the price of crude oil
increases (>$60/bbl). The environmental implications of all
four process designs were quantified using the MFI tool and
LCA, which show that the utilization of waste plastic feedstock
results in a reduction in supply chain energy use and fossil fuel
depletion in all four processes. However, all cases show
increases in GHG emissions and LCA impact categories such
as carcinogenics, ecotoxicity, eutrophication, respiratory
effects, and water use. These poor results are associated with
feedstock pretreatment requirements and the use of process
utilities such as steam, methane, and electricity. Overall, this
study highlights the use of transparent and comprehensive
TEA/LCA for understanding the emerging chemical recycling
landscape.
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