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Polyethylene terephthalate (PET) is one of the highest production volume polymer resins, with wide ranging

applications in consumer packaging. Due to challenges in closed-loop recycling of PET, recycle rates in the

U.S. are low (13% compared to PET resin converted), with the vast majority landfilled or leaked to the

environment at the end of life. Solvent based dissolution and precipitation recycling technology has the

potential to achieve closed-loop recycling of PET in food packaging and help achieve a circular

economy for plastics. However, this technology is still in the early stages of development and there is an

urgent need to understand the economic costs and environmental impacts to select promising process

pathways. In this study, we analyze three precipitation process configurations for production of high-

quality PET resin from post-consumer waste PET using gamma-valerolactone as the solvent: (i) anti-

solvent using water, (ii) solvent evaporation, and (iii) cooling of the dissolved polymer solution. The

process conditions and yields were obtained from literature sources, and process simulation was

employed to estimate energy consumption and process economics. Using standard chemical

engineering techno-economic analysis (TEA) assumptions and current market prices, the anti-solvent

process was found to be the least profitable compared to evaporation or cooling precipitation methods,

although all exhibited positive net present values. The environmental life cycle assessment (LCA) results

revealed that the anti-solvent process produced 60% higher greenhouse gas (GHG) emissions compared

to fossil virgin PET, but the evaporation and cooling processes reduced GHG emissions by about 50%.

The sensitivity of the results to process and recycling system parameters were thoroughly investigated.
Sustainability spotlight

In the U.S., 9% of total plastic waste generated is collected for sorting and recycling, 76% is being landlled, and remaining 19% is incinerated for energy recovery.
Such low recycling rates of plastics demandsmore fossil-derived plastics, which further elevates the impacts of climate change. More than 1000 organizations and 175
plus nations have realized the need to end plastic waste crisis and transition from a fossil-dependent economy towards amore sustainable circular economy. Solvent-
based dissolution recycling technology is one of the recycling technologies for plastics that is proposed to help advance the circular economy by creating high-quality
recycled plastics, thereby reducing the need for fossil-derived plastics. Our work evaluated six economic and two environmental performance metrics of the
mentioned recycling technology with different process congurations. The presented work aligns with the following United Nations (UN) Sustainable Development
Goals (SDGs): SDG 9 (industry, innovation and infrastructure), 12 (responsible consumption and production), and 13 (climate action).
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1. Introduction

Plastics have become an integral part of our day-to-day life and
are oen preferred to other materials due to their low price,
lightweight, chemical resistance, and durability. Polyethylene
terephthalate (PET, resin code #1) is one such plastic resin that
is frequently used in various product manufacturing sectors. In
the United States (U.S.), PET is mainly used for packaging
applications (bottles, sheets, thermoforms), lms, clothing,
carpets, insulation for wires etc. Unfortunately, the high
consumption and production in tandem with mismanagement
RSC Sustainability, 2023, 1, 1849–1860 | 1849
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of plastic products pose a signicant challenge to the global
plastic waste crisis.1,2 In the U.S., PET waste accounts for 14.8%
(4.8 million metric tons (MMT)) of the total plastic waste
generation and a majority (66%) of this is landlled, 15% is
incinerated with energy recovery, and 19% is collected for
sorting and recycling.3 The existing PET mechanical reclama-
tion capacity in the U.S., as of 2020, was 1.14 MMT,4 which is
approx. three times lower than the total PET packaging waste
that is available today. Even though mechanical recycling of
plastics is associated with lower environmental impacts than
fossil derived plastics, it results in degradation of inherent
material properties of plastics, thus limiting its use. Most of the
existing mechanical reclamation capacity is for converting high
quality PET resin into low quality plastic products (“down-
cycling to bers mostly”), which ultimately end up being land-
lled or incinerated.1 With downcycling and high discard rates,
supply chains rely more on fossil resources,5 which further
elevates the impacts of climate change.6 The production of PET
resin using fossil resources contributed over 53% to the total
energy consumed by the U.S. PET supply chains and 44% to the
total GHG emissions released by the U.S. PET supply chains in
2019.1

Emerging chemical recycling technologies, also called
advanced or molecular recycling technologies, have been
proposed to shi from this fossil-dependent linear economy to
a sustainable circular economy by creating high-quality “virgin-
grade” plastic resins. However, a systems approach is required
to evaluate the optimum combination of recycling technologies
and understand the sustainability of this transition. Various
frameworks integrating different tools have been developed to
evaluate the sustainability of emerging technologies.7–9 Our
previously published framework,5,10 stated that systems analysis
integrates various tools such as material ow analysis (MFA),
process simulation, technoeconomic analysis (TEA), life cycle
assessment (LCA), supply chain logistics and geographic
information system (GIS), and optimization.1 This framework
enables multiple stakeholders of plastics supply chains to gain
a high-level understanding of the system by studying the effect
of process level changes on the entire system. The chemical
recycling technologies for which TEA and LCA data are lacking
from the industry could be modeled using process simulation
tools to understand the process level data, including energy
requirements. Furthermore, simulations could be integrated
with TEA and LCA to understand the economics and environ-
mental impacts of the chemical recycling processes themselves.
Section 1 of the ESI† provides a brief summary of these iden-
tied data gaps and provides a compiled list of the reviewed
literature in Table S1.†

Solvent-based dissolution–precipitation is a promising
“plastic-to-plastic” recycling technology that enables a circular
economy in one single step. Other process technologies, such as
depolymerization, pyrolysis, or gasication require additional
processing steps to produce plastics again.11 In the dissolution–
precipitation process, post-consumer or post-industrial waste
plastics are dissolved into a solvent followed by a ltration step
to remove any undissolved contaminants such as dirt, llers,
other polymers, etc.11–18 The dissolved polymer can be recovered
1850 | RSC Sustainability, 2023, 1, 1849–1860
as a pure resin via three methods: (1) addition of an anti-
solvent; (2) evaporating the solvent from the polymer solution;
(3) reducing the temperature of polymer solution to recover the
polymer as a precipitate.13,19,20 One of the advantages of this
recycling technology is higher product yields compared to
conventional mechanical recycling.21 Another advantage is that
it can deal with multi-layered plastics, as discussed in the next
paragraph, which are difficult to process via mechanical
recycling.

Prior studies have reported the TEA and LCA of dissolution
with precipitation via anti-solvent and cooling approaches only.
For example, Walker et al.20 provided a snapshot of the TEA of
the Solvent Targeted Recovery and Precipitation (STRAP)
process for post-industrial multi-layer PET based lm with
recovery via the anti-solvent approach. Sánchez-Rivera et al.19

compared the TEA of the same process but with polymer
recovery via anti-solvent and cooling approaches. Both of these
studies reported the minimum selling price (MSP) and effect of
economy of scale on capital costs and MSP. It was concluded
that the MSP of recycled polymers was comparable against the
market price of virgin polymers at a processing capacity higher
than 15 000 MT per year.19 Also, the MSP of STRAP process with
polymer recovery via cooling approach had lower MSP than that
of the anti-solvent approach.19 del Carmen Mungúıa-López
et al.22 conducted LCA of STRAP process, reporting greenhouse
gas (GHG) emissions and energy demand along with other LCA
indicators. Sánchez-Rivera et al.23 studied TEA and LCA of
STRAP process for post-industrial multi-layer colored lm with
polymers recovery via cooling approach. Their study23 used
gamma-valerolactone (GVL) solvent for selectively removing
polyurethane (PU)-based ink, but without dissolving PET. It was
concluded that the STRAP process had lower environmental
impacts than virgin polymer lms22,23 and could be economi-
cally feasible at a processing capacity higher than 6000 MT per
year.23 Yu et al.24 conducted TEA and LCA of the STRAP process
for polypropylene based (PP) disposable face masks with poly-
mer recovery via a cooling approach. The majority of the above-
mentioned studies on STRAP processes looked at multi-layer
lms containing PET along with other resins such as poly-
ethylene (PE), ethylene vinyl alcohol (EVOH), and ethylene vinyl
acetate (EVA). However, it is important to note that PET was not
dissolved in the STRAP process, instead it was recovered at the
last aer removing all other components of the multi-layer lm.
On the other hand, Uekert et al.21 reported TEA and LCA of
chemically recycled PET (CR-PET) via solvent based dissolu-
tion–precipitation with anti-solvent approach reporting MSP
and various LCA indicators. Their study21 used benzyl alcohol as
a solvent and methanol as an anti-solvent. Their study showed
higher GHG emissions but lower total energy demand than
fossil PET resin. For a capacity of 150 metric tons per day
facility, the MSP of recycled PET was found to be $0.87 per kg,
which was lower than that of fossil PET resin ($1.19 per kg).21 No
TEA and LCA studies were found that looked at dissolution with
polymer recovery via evaporation approach.

The above-mentioned studies also lacked information on the
effects of process improvements, like heat integration. Addi-
tionally, the studies that looked at economy of scale analysis,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ignored the effects of increasing transportation distances and
costs with increasing capacity. Finally, these studies also lacked
multivariate analysis i.e., effect of varying more than one
parameter on the economic performance metrics. Based on our
literature review, we determine that there is a need for a more
comprehensive evaluation of solvent based dissolution and
precipitation of waste PET using a green solvent, compare all
three different resin recovery options, and conduct a thorough
interrogation of process and system parameters.

Therefore, the purpose of this study is to simulate the three
dissolution–precipitation recycling processes and compare
their economic and environmental performance using TEA and
LCA. This study will expand on our previous work25 to explore
the parameter space for these processes to uncover the key
economic and environmental impact drivers. The presented
study here looks at the effects of heat integration as one strategy
to potentially improve the processes. We also developed
a simple yet useful transportation model to account for the
effects of hauling feedstock over longer distances as a function
of increasing processing capacity, which has been lacking in
prior TEA and LCA studies for chemical recycling technologies.
2. Methods
2.1 Process simulation

The basic process ow diagram shown in Fig. 1 describes the
solvent-based recycling of waste PET with three polymer
recovery techniques: addition of anti-solvent (water) (referred as
Fig. 1 Solvent based dissolution–precipitation processes for waste PET
boundary is shown with green dashed line. Orange dashed line represe
olactone; CR-PET: chemically recycled PET. Adapted from Chaudhari et

© 2023 The Author(s). Published by the Royal Society of Chemistry
‘anti-solvent approach’), evaporation of solvent (referred as
‘evaporation approach’) and cooling of the dissolved polymer
solution to room temperature (referred as ‘cooling approach’).
Based on the experimental conditions in the literature,26 the
swelling and dissolution of PET in gamma-valerolactone (GVL)
solvent occurred at 120 °C and 170 °C, respectively, at atmo-
spheric pressure with a PET to GVL ratio of 1 to 4 (w/w). For the
anti-solvent process, GVL to water ratio of 1 : 1 (w/w) was
employed. For the evaporation process, the polymer solution
was heated to 207 °C to evaporate GVL solvent. GVL solvent is
considered to be a green solvent, which is obtained from
renewable biomass.26–28 These processes were simulated in the
CHEMCAD soware29 without and with heat integration to
produce 1 metric ton (MT) per hour of chemically recycled PET
(CR-PET). This represents a yearly production capacity of 8400
MT per year. Based on the PET packaging waste that is disposed
in the U.S. per capita,3 the feedstock demand for a plant of this
size could be satised by a population of about 1.2 million
people. Based on the guidelines for using thermodynamic
packages,30,31 the UNIFAC thermodynamic package was selected
for the range of process temperatures and pressures, and the
nature of the components (polarity, non-electrolyte) used in the
process. A contamination level of 10%was assumed in the baled
feedstock,32,33 and removed in the pretreatment stage. This
contamination could be plastics (#2, #4, #5) rigid packaging
materials, aluminum cans, loose paper or cardboard, liquid
residues etc.32,33 Also, within the process a loss of polymer and
solvent was assumed to be 1% and 1.5%, respectively, based on
with different polymer recovery approaches. Notes: LCA/TEA system
nts the system boundary for process simulation. GVL: gamma-valer-
al.25

RSC Sustainability, 2023, 1, 1849–1860 | 1851
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prior studies.21,34,35 The process waste generated during the
pretreatment and dissolution process was assumed to be 80%
landlled and 20% incinerated with energy recovery, based on
the typical U.S. waste management system.3
2.2 Technoeconomic analysis (TEA)

The TEA was conducted to evaluate and compare the economic
performance metrics without and with process heat integration.
These metrics included net present value (NPV), minimum
selling price (MSP) of product, xed capital investment (FCI),
discounted internal rate of return (IRR), return on investment
(ROI), and payback period. The discounted cash ow analysis
over a period of 30 years was conducted with an internal rate of
return of 20% using commonly found technoeconomic
assumptions and parameters in the literature, including
chemical engineering books36,37 and national laboratory
reports.38 These assumptions and parameters along with
pricing data for raw materials, products, and utilities are
summarized in Table S2 in Section 2 of the ESI.† An additional
description of the above-mentioned economic performance
metrics is given in Section 2 of the ESI.† The cost of bale
pretreatment (bale breakage, size reduction, separation) was
assumed to be $100 per MT, which has been previously
assumed to range from $100 to $419 per MT.21,39,40 The cost of
baled PET feedstock represents a 10-year average price of $377
per MT, which ranged from $237 to $566 per MT.41

The effect of scaling up process capacity was also explored in
our TEA using the formula below:

FCINew ¼ FCIBase case �
�

capacityNew

capacityBase case

�n

where, FCI is the xed capital investment. The value of scaling
factor (‘n’) was 0.6 for capital investments based on the litera-
ture.37 For the operating labor costs, 4.8 operators were
assumed to be needed per shi for three shis with an average
annual salary of $58 000 per year per operator.42 As the rela-
tionship between labor requirements and capacity is not always
linear,43 we also adjusted and accounted for the labor costs with
varying capacity. In our economies of scale analysis, we utilized
the labor cost scaling factor of 0.23,43 which typically ranges
between 0.2 and 0.25.44 Similarly, increasing capacity demands
more feedstock for the process, which would need to be sourced
and transported over longer distances. We adopted a simple
transportation model, based on the literature,45,46 to account for
the costs and environmental burdens of supplying and trans-
porting the feedstock over longer distances. Please refer to
Section 3 of the ESI† for more information on this trans-
portation model.

A sensitivity analysis of various input parameters and
assumptions was also conducted on the NPV and MSP of
products. These parameters included raw material costs, feed-
stock costs, product prices, bale contamination level, pretreat-
ment cost, solvent loss, polymer loss, waste treatment cost,
transportation costs, ISBL costs, IRR, and federal corporate tax
rate. These parameters were varied independently one at a time
by +20% (high scenario) and −20% (low scenario) to see the
1852 | RSC Sustainability, 2023, 1, 1849–1860
corresponding change in the NPV andMSP of products. We also
conducted a multivariate analysis on the NPV by varying two
parameters at a time. This multivariate analysis specically
explored the NPV as a function of capacity and feedstock costs,
capacity and pretreatment costs, and feedstock and pretreat-
ment costs.
2.3 Life cycle assessment (LCA)

Consistent with the TEA system boundary, the goal and scope of
this LCA is to compare the “cradle-to-gate” environmental and
energy impacts of CR-PET via the three dissolution processes
compared to fossil-derived PET. The system boundary for the
LCA is shown Fig. 1 and the functional unit was dened on the
output (product) basis of 1 kg of CR-PET produced. The waste
PET material is assumed to have no fossil or upstream burdens
(“cut-off” approach), however, the environmental burdens of
collection, sorting and/or baling associated with the feedstock
were included.47 The LCA impacts associated with the
pretreatment step were sourced from the literature.47 The LCA
input data were sourced from the Ecoinvent database48 wher-
ever possible and inventory tables for all the processes are
shown in Table S3 in Section 4 of the ESI.† The electricity used
in the processes were based on 2020 U.S. average electricity grid
mix.1 The life cycle impact assessment (LCIA) methods of
Intergovernmental Panel on Climate Change (IPCC) 2021
Global Warming Potential (GWP) over 100-year time frame and
Cumulative Energy Demand (CED) were used to evaluate GHG
emissions and total energy demand, respectively. The LCA was
conducted using the SimaPro® soware version 9.4.0.2.49 The
waste from all the modeled processes was assumed to be 80%
landlled and 20% incinerated with energy recovery, based on
the typical U.S. waste disposal system.3
3. Results and discussions
3.1 Process simulation

The input and output mass and energy balances for all the
processes closed within 1%. The mass balance for each of the
processes is shown in the ESI (Fig. S1 and Tables S4–S6†) along
with the process ow diagrams (Fig. S2–S4†). For the heat
integration scenario in anti-solvent and evaporation processes,
the hot recycled GVL stream was used to pre-heat the stream
going to the dissolution tank (see Fig. S2 and S3†). For
production of 1 MT CR-PET per hour, the base case total heating
utilities for the anti-solvent process were the highest (26 GJ per
hour), followed by the evaporation (2.7 GJ per hour), and then
the cooling process (1.6 GJ per hour) (see Table S7†). Aer heat
integration, the heating utilities were reduced by 2% (to 25.5 GJ
per hour), and 22% (to 2.2 GJ per hour) for the anti-solvent and
evaporation processes, respectively. There were no heat inte-
gration opportunities for the cooling process that would benet
from the hot or cold process streams. The base cooling utilities
for anti-solvent, evaporation and cooling processes were 25.6 GJ
per hour, 2.3 GJ per hour, and 1.3 GJ per hour, respectively.
These cooling utilities reduced by 2% (25.1 GJ per hour) and
22% (1.8 GJ per hour) for the anti-solvent and evaporation
© 2023 The Author(s). Published by the Royal Society of Chemistry
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process, respectively, aer heat integration. Heat integration
resulted in higher savings of cooling utilities than the heating
utilities. For the anti-solvent process, most of these utilities
(greater than 94%) were associated with the distillation column
for the separation and recovery of solvent and anti-solvent.
3.2 TEA results

The TEA metrics such as NPV, MSP, ROI, payback period, dis-
counted IRR, and FCI, for solvent based dissolution–precipita-
tion process for waste PET are summarized in Fig. 2. These
economic indicators reveal positive results for all of the
processes at the capacity of 8400 MT of CR-PET per year. The
polymer recovery by evaporation and cooling processes were
found to be more protable than the anti-solvent process.

The NPV for all of these processes were positive, ranging
from $2.4 MM to $10.8 MM, with the highest NPV observed for
dissolution with evaporation process ($10.8 MM), followed by
cooling ($8.7 MM) and then anti-solvent ($2.5 MM) process (see
Tables S8–S10† for the discounted cash ow tables over the 30-
year project life). Aer heat integration, the NPV increased
slightly by 0.8–1.8% compared to the base case due to reduction
in the annual utilities cost, despite higher capital costs.

TheMSP of CR-PET via these technologies ranged from $1.27
to $1.53 per kg of CR-PET and was found to be lower than virgin
PET resin ($1.55 per kg) at the base capacity. It was found to be
the least for dissolution with evaporation process ($1.27 per kg
of CR-PET), followed by cooling ($1.33 per kg of CR-PET) and
Fig. 2 Summary of TEA metrics for the base case and heat integrated sol
‘HIX’ refers to heat integration case. Base case is without any heat inte
recycled PET. All of these results are based on the CR-PET production c

© 2023 The Author(s). Published by the Royal Society of Chemistry
then anti-solvent process ($1.53 per kg of CR-PET). The FCI
costs ranged from $8.4 to $11.2 MMwith the maximum for anti-
solvent process ($11.2 MM) followed by cooling ($10.3 MM) and
then evaporation ($8.5 MM). The anti-solvent process has
higher FCI due to greater number of processing steps and
equipment, as compared to cooling and evaporation processes.

The discounted IRR was found to be in the range of 23.1% to
36.3%, which is higher than the assumed value of 20%. The ROI
ranged from 27.4% to 57.2% and increased by less than 1%
aer the heat integration. The payback period was the longest
for the anti-solvent process (3.6 years) and the least for evapo-
ration (2.1 years), which can also be seen from Fig. S5.† Total
annual xed and variable operating costs are shown in Table
S11 of the ESI.†

Overall, the dissolution of PET with polymer precipitation via
evaporation and cooling processes were found to be more
economically favorable than the anti-solvent process. As there
were only a few heat integration opportunities in these
processes, heat integration increased the protability metrics
by less than 2%, indicating a small effect on the economic
performance. The price of CR-PET was found to be lower than
virgin PET resin at a base capacity of 8400 MT per year. Our
results also align with other studies, which concluded that the
economics of anti-solvent process is less favorable than a cool-
ing process,19 however ours is the rst to compare evaporation
in the same study. Other studies have also concluded that the
solvent based dissolution–precipitation process can be
vent based dissolution–precipitation processes for PET. Note: the term
gration. $ MM is millions of US dollars. ‘CR-PET’ refers to chemically
apacity of 8400 MT per year.

RSC Sustainability, 2023, 1, 1849–1860 | 1853
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Fig. 3 Cost components of MSP of CR-PET for the base case and heat integrated (HIX) processes.
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economically feasible at a capacity higher than 5000–6000 MT
per year.23,24

3.2.1 Minimum selling price. Fig. 3 shows the contribution
of different cost factors to the MSP. For all processes, feedstock
cost, xed operating costs, and xed capital investment costs
contributed the most to the MSP of CR-PET. The utility costs for
the anti-solvent process contributed about 12% to the MSP,
whereas that for evaporation and cooling processes contributed
less than 2%. For the evaporation and cooling processes, bale
pretreatment, raw material costs, and taxes contributed more to
the MSP than utilities costs. The cost of waste treatment and
transporting PET bales contributed the least to MSP at less than
1% each.

3.2.2 Economies of scale. Fig. 4 shows the effect of
increasing production capacity on the total capital costs
(Fig. 4A), MSP of CR-PET (Fig. 4A), transportation costs ($MM
per year) (Fig. 4B), and average roundtrip distance travelled for
Fig. 4 Economies of scale analysis for heat integrated PET dissolution p
feedstock transportation cost ($MM per year) and average roundtrip dis
shows the base case production capacity of 8400 MT per year.

1854 | RSC Sustainability, 2023, 1, 1849–1860
the transportation of feedstock (Fig. 4B). Fig. 4A shows that
increasing the capacity increases the total capital costs and
reduces the MSP of CR-PET due to smaller capital and labor
costs per unit of CR-PET produced. For the capacity of 8400 MT
per year, the annual capital costs per metric ton of CR-PET
produced were found to be $1326, $1227, and $1005 per MT
per year for anti-solvent, cooling, and evaporation processes,
respectively. These costs for the anti-solvent process at the same
capacity are lower than Walker et al.20 by a factor of two mainly
due to the differences in their feedstock and number of process
equipment. Over the studied range of capacities, the MSP of CR-
PET was found to range from $2.95 per kg to $0.90 per kg and
was found to be lower than the 10-year average price of virgin
PET resin ($1.55 per kg) at the base capacity (8400 MT CR-PET
per year).

Increasing capacity would mean collecting feedstock over
longer distances, which would further increase the cost of
rocesses: (A) total capital costs and MSP as a function of capacity; (B)
tance travelled as a function of capacity. Note: The green dashed line

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of increasing production capacity on the NPV (blue color)
and the cost of production (orange color).
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transportation and associated GHG emissions and total energy
consumption. Fig. 4B shows the transportation costs of PET
feedstock ($MM per year) and average roundtrip distance
Fig. 6 Sensitivity analysis of TEA assumptions and parameters on NPV (A
polymer recovery techniques.

© 2023 The Author(s). Published by the Royal Society of Chemistry
travelled in miles as a function of capacity. The average
roundtrip distance travelled ranged from 27 to 230 miles,
whereas the maximum roundtrip distance ranged from 34 to
287 miles over the studied range of capacities. For the base
capacity, the average and maximum roundtrip distance of 67
and 83 miles, respectively, would be needed to travel for the
collection of the feedstock, including a contamination of 10%
and a polymer loss of 1% (as mentioned in the Methods
section). The annual average transportation costs for the base
capacity were found to be $67 800 per year. In a hypothetical
situation where there is zero contamination, the average
roundtrip distance would be 63 miles and the transportation
costs would be reduced by 14%. Please refer to Fig. S6 in Section
5 of the ESI† for transportation costs in $ per MT of PET bale
and unit delivery cost as a function of capacity. The average
transportation costs ranged from $3.56 per MT to $19.03 per MT
of PET bale over the studied range of capacities (see Fig. S6†).
Our analysis found that the transportation costs ($ MMper year)
varies with the capacity raised to a power of 1.4 (see Fig. S6†),
which is consistent with Nguyen et al.50
)–(C) and MSP (D)–(F) for dissolution and precipitation of PET via three
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Over the studied range of capacities, Fig. 5 shows that the
NPV for these technologies could range from −$9 MM at lower
capacity to $305 MM at the higher capacity. The minimum
required capacity for processes to breakeven (NPV equal to zero)
and still achieve the initially assumed protability targets is
represented by the point at which the NPV equals zero. For
example, the production capacity of the anti-solvent process
would need to be at least 8400 MT per year. Similarly, the
production capacity of cooling and evaporation processes would
need to be at least 5400 MT per year and 4400 MT per year,
respectively. The total cost of production at the base capacity
was the highest for the anti-solvent process ($1396 per MT of
CR-PET), followed by cooling ($1211 per MT of CR-PET) and
then evaporation process ($1166 per MT of CR-PET). These costs
were lower than the assumed selling price of PET ($1608 per
MT), resulting in protable economic metrics. The contribution
of different cost factors to the total cost of production is shown
in Fig. S7 in the ESI.†

3.2.3 Sensitivity and multivariate analysis. The sensitivity
analysis of key input parameters and assumptions (±20%) on
the NPV and MSP of CR-PET for heat integrated dissolution
processes is shown in Fig. 6. For the NPV, the sensitivity analysis
revealed that the selling price of CR-PET, plant capacity, IRR,
feedstock cost, and ISBL costs affected the NPV the most. The
bale pretreatment cost and tax rate are nearly the same in
importance. Increase in CR-PET selling price and capacity
favors the NPV, whereas increase in all other parameters results
a decrease in NPV.

The sensitivity analysis for the MSP revealed that the feed-
stock cost, IRR, and ISBL costs affect the MSP the most. Also, an
increase in any of the listed parameters for the MSP would
Fig. 7 Multivariate analysis of capacity and feedstock cost, and pretrea
processes with different polymer recovery approaches. Notes: for (A)–(C
represents negative NPV. For 7(D)–(F): capacity is 8400MT per year. The b
represents negative NPV.

1856 | RSC Sustainability, 2023, 1, 1849–1860
further increase the MSP. For the anti-solvent process, a 20%
increase in the IRR, feedstock cost, and ISBL costs would lead to
higher MSP of CR-PET than the price of virgin PET ($1.55 per kg)
(see Fig. 6D). Similarly, for the anti-solvent and cooling process,
a 20% decrease in the selling price of CR-PET would lead to
a negative NPV at the base capacity (see Fig. 6A and C). The NPV
and MSP were the least sensitive to waste treatment costs, loss
of polymer, and transportation costs.

Multivariate analyses in Fig. 7A–C show the NPV as a func-
tion of production capacity and feedstock cost at a constant
pretreatment cost of $100 per MT. The NPV = 0 line is at the
interface between the purple and blue colors. This interface
represents the minimum capacity to achieve protability. For
example, for the antisolvent case (Fig. 7A), at a PET bale feed-
stock cost of 700 per MT, minimum capacity would have to be
about 20 000 MT per year. Similarly, at the same feedstock cost,
this minimum capacity would have to be about 10 000 MT per
year for evaporation and cooling processes (Fig. 7B and C).
Fig. 7D–F shows the NPV as a function of feedstock cost and
pretreatment costs at the base capacity of 8400 MT per year, in
which the NPV = 0 line is shown in bold red color. As
mentioned in the methods section, the PET feedstock cost over
the period of 2012–2019 ranged from $237 to $566 per MT and
the pretreatment costs ranged from $100 to $419 per MT.

Fig. 7A–C reveals that increase in feedstock cost decreases
the NPV, but at the same time increase in capacity increases the
NPV, because of economies of scale. The change in NPV with
change in production capacity is strongly positive compared to
the effect of feedstock cost, which is weakly negative. Fig. 7D–F
shows that the NPV decreases linearly with an increase in both
feedstock and pretreatment costs. Fig. S8 in Section 5 of the
tment and feedstock cost on the NPV of heat integrated dissolution
): pretreatment cost is $100 per MT. The shaded/dotted violet region
old red line represents NPV equal to zero and the region above that line

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ESI† shows the NPV as a function of capacity and pretreatment
cost, at a constant feedstock cost of $377 per MT. It shows that
the anti-solvent process can be protable for a pretreatment
cost lower than $650 per MT over the studied capacity range and
at the assumed feedstock cost.
3.3 Environmental performance metrics: GHG emissions
and total energy demand

Our LCA results in Fig. 8 show that the PET dissolution process
with polymer recovery via cooling and evaporation processes
have lower GHG emissions and total energy demand than the
anti-solvent process. In addition, CR-PET from evaporation and
cooling processes have lower GHG emissions than fossil-based
virgin PET resin. But all dissolution processes exhibited lower
total energy demand than fossil virgin PET resin. Heat inte-
gration (HIX cases) shows only very minor improvement (1.4–
4.4% savings) compared to the processes with no HIX. Themain
causes for environmental impacts are, in descending order of
importance, utilities, raw materials (GVL), bale to ake
pretreatment, and collection/sorting. Transport of PET bales as
well as landll and incineration operations were very minor in
comparison. The only LCA input that scales with the capacity is
the transport of bales, which for all capacities studied is less
than 2% in terms of the total GHG emissions and energy
demand. In terms of comparing to mechanically-recycled PET
(MR-PET), the cradle-to-gate GHG emissions and total energy
demand for all of these modeled processes were found to be
higher (0.91 kg CO2-eq. per kg of MR-PET and 14.8 MJ kg−1 of
MR-PET resin47).

The cradle-to-gate GHG emissions and total energy demand
for PET dissolution processes ranged from 1.08 to 3.55 kg CO2-
eq. per kg of CR-PET and 17.86–56.22 MJ kg−1 of CR-PET,
respectively. These impacts were the highest for polymer
recovery via anti-solvent process. The environmental impacts of
the three processes for PET precipitation vary due to their
differences in utility consumption. The GHG emissions of CR-
PET via anti-solvent process were found to be 1.6 times higher
than the virgin PET impacts (2.23 kg CO2-eq. per kg of virgin
Fig. 8 GHG emissions (A) and CED impacts (B) of PET dissolution process
integrated process; (A): the red dashed line represents the impacts of virg
energy demand of virgin PET, whereas the black line represents total en

© 2023 The Author(s). Published by the Royal Society of Chemistry
PET51). Dissolution of PET with polymer recovery by cooling has
the highest GHG emissions savings of 51%, when compared
against virgin PET.

It is important to note from Fig. 8B that the total energy
demand for virgin PET is 61.4 MJ kg−1 of virgin PET51 (dark
dashed line), however, 40% of this total energy is associated
with process and fuel energy (red dashed line), and the
remaining 60% is associated with the material feedstock
energy, which is the energy content of oil and gas that is used to
produce virgin PET.51 As waste PET is assumed to have zero
fossil or upstream burdens (“cut-off” approach), the total energy
impacts of CR-PET could also be compared against only the
process and fuel energy of virgin PET as another metric. For the
anti-solvent process, the process and fuel energy of CR-PET was
found to be 2.3 times higher than that of virgin PET resin (24.56
MJ kg−1 of virgin PET). The CR-PET produced via evaporation
and cooling processes had lower process and fuel energy than
virgin PET resin.

For the anti-solvent process, most of these impacts were due
to the utilities consumed during the dissolution process,
particularly the use of high-pressure steam for the solvent and
anti-solvent recovery in the distillation column. The GVL
solvent used for the process is considered a green and renew-
able solvent, but has a high boiling point of 207 °C, thereby
increasing the total reboiler heat duty. Therefore, the amount
and choice of solvent and anti-solvent used for the process plays
an important role.19,22 The impacts related to rawmaterials (GVL
solvent), as shown in Fig. 8, are uncertain due to lack of avail-
able LCA data for the GVL solvent (Table S3†). A surrogate
compound (butyrolactone) was used for the GVL, which was
selected based on their structural similarities and boiling
points. This lack of LCA data for the GVL solvent has also been
previously noted in a recent study by Sánchez-Rivera et al.,23

which looked at the LCA of STRAP process. To ll this data gap,
their study considered average impacts of certain organic
solvents, which are not clear from their study.23 However, their
study found that these impacts were less than 1% of the total
GHG emissions of the STRAP process.
es with different polymer recovery approaches. Note: HIX refers to heat
in PET; for (B): the red dashed line represents only the process and fuel
ergy demand including material feedstock energy.
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As mentioned earlier, the environmental impacts associated
with transportation would increase with increasing capacity due
to transportation of feedstock over longer distances. Fig. S9 in
Section 5 of the ESI† shows that both GHG emissions and total
energy demand associated only with the transportation of
feedstock varies with the capacity raised to the power of 0.5. For
the studied range of capacities, these GHG emissions and total
energy demand ranged from 0.002 to 0.02 kg CO2-eq. per kg of
CR-PET and 0.03–0.27 MJ kg−1 of CR-PET, respectively. These
transportation related GHG emissions could range up to 2% of
the observed range for the GHG emission totals, as shown in
Fig. 8. Similarly, the total energy demand could range up to 1%,
over the studied range of capacities.

The LCA in this study shows that the recovery of dissolved
polymer via anti-solvent approach showed higher environ-
mental burdens than either the evaporation or cooling
approaches. These conclusions are also supported by other
researchers22 who conducted process simulation based LCA of
the STRAP process for post-industrial multi-layered PET based
lm. Their study22 looked at environmental impacts of the
STRAP process with 3 different polymer recovery techniques:
addition of anti-solvent (STRAP-A), temperature reduction
(STRAP-B; cooling) and a combination of both (STRAP-C). The
functional unit for their study was production of multi-layer
PET based lm via STRAP process. Their study found the envi-
ronmental impacts of anti-solvent (STRAP-A) process to be the
highest (6.73 kg CO2-eq. per kg of lm; 100.8 MJ kg−1 of lm),
followed by STRAP-C (2.07 kg CO2-eq. per kg of lm; 32 MJ kg−1

of lm) and then STRAP-B process (1.18 kg CO2-eq. per kg of
lm; 19 MJ kg−1 of lm). Another study by Uekert et al.21 con-
ducted process simulation based LCA of dissolving of PET in
a benzyl alcohol solvent and precipitation via methanol as an
anti-solvent. Their study21 found the GHG emissions and CED to
be 4.5 kg CO2-eq. per kg of CR-PET and 83 MJ kg−1 of CR-PET,
respectively. Their results align well with our anti-solvent results
in Fig. 8, although are somewhat higher.

4. Conclusions

This study investigated the economic and environmental
performance of solvent-based dissolution of waste PET using
a renewable solvent, GVL, with three different polymer recovery
approaches. A total of six economic and two environmental
performance metrics were evaluated for the modeled processes.
The assessment was improved using a simple transportation
model to account for changes in feedstock transportation costs
and impacts with increasing processing capacity, which has
been neglected in prior TEA and LCA studies for chemical
recycling technologies. Our results showed that the choice of
polymer precipitation method affects the overall environmental
and economic feasibility of the dissolution process. All of the
modeled processes were economically feasible at the baseline
capacity of 8400 MT per year, however the anti-solvent process
showed much higher GHG emissions compared to fossil
derived PET resin. The recovery of dissolved polymer via evap-
oration and cooling processes was found to be both environ-
mentally favorable and economically protable compared to the
1858 | RSC Sustainability, 2023, 1, 1849–1860
anti-solvent process as well as to virgin PET resin. The MSP of
CR-PET, at 8400 MT per year, was found to be ranging from
$1.27 to $1.53 per kg of CR-PET, which was lower than virgin
PET ($1.55 per kg). Heat integration had a small effect on the
overall economic (<2%) and environmental (<5%) performances
of these process, as there were only a few heat integration
opportunities. The average transportation costs were deter-
mined to range from $3.56 per MT to $19.03 per MT over the
studied range of capacities. The feedstock transportation costs,
and environmental impacts were found to have a small effect
(<2%) on the NPV, MSP, GHG emissions and total energy
demand. Depending on CR-PET precipitation method, the GHG
emissions and total energy demand of CR-PET ranged from 1.08
to 3.55 kg CO2-eq. per kg of CR-PET and 17.86 to 56.22 MJ kg−1

of CR-PET, respectively. More research efforts are needed to
evaluate the environmental impacts of GVL solvent and to
strengthen the LCA impacts observed in this study. The para-
metric studies, particularly the effects of processing capacity,
clearly show desired ranges of protability for recycling of waste
PET using dissolution and precipitation techniques, thus aiding
decision-making in the circular economy of waste PET plastics.
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22 A. del Carmen Mungúıa-López, D. Göreke, K. L. Sánchez-
Rivera, H. A. Aguirre-Villegas, S. Avraamidou, G. W. Huber
and V. M. Zavala, Green Chem., 2023, 25, 1611–1625.

23 K. L. Sánchez-Rivera, A. del Carmen Mungúıa-López,
P. Zhou, V. S. Cecon, J. Yu, K. Nelson, D. Miller, S. Grey,
Z. Xu and E. Bar-Ziv, Resour., Conserv. Recycl., 2023, 197,
107086.

24 J. Yu, A. del Carmen Mungúıa-López, V. S. Cecon,
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