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SCIENCE FOR SOCIETY Bio-based plastics, derived from renewable feedstocks, present a promising alter-
native to traditional fossil-fuel-based plastics. However, the diverse chemistries of both bio- and fossil-based
plastics complicate waste collection, sorting, and recycling, often leading to end-of-life management that is
dominated by landfilling and incineration and results in harmful pollutants and emissions. Chemical recycling
methods, including methanolysis, glycolysis, and acid hydrolysis, offer a pathway to address this challenge
by depolymerizing mixed polyester waste into bio- and fossil-basedmonomers. These monomers can be re-
captured to make new plastics with required properties such as strength and durability, paving the way for a
circular plastic economy. Despite this potential, the economic and environmental performance of these ap-
proaches at the life-cycle level remains unclear. Our findings demonstrate that methanolysis can produce
high-quality recycled plastics from mixed waste streams at two-thirds the cost while delivering significant
environmental benefits. Scaling this approach offers a viable solution to managing plastic waste, advancing
the vision of a circular economy.
SUMMARY
Themixed and varied nature of fossil-based and bio-based plastic waste requires complex and costly separa-
tions toenable compatibilitywith recycling technologies. A circular plastic economybasedonmixedpolyesters
through cleaving ester bonds to produce monomers, while re-utilizing bio-based monomers to produce high-
quality sustainable plastics, charts an exciting solution. However, the feasibility of such a circular economy so-
lution remains underexplored. Here, we conducted a techno-economic analysis and life-cycle assessment of
three polyester depolymerization recycling processes—methanolysis, glycolysis, and acid hydrolysis—for a
mixed feedstock (polyethylene terephthalate [PET], polylactic acid [PLA], and polybutylene adipate tere-
phthalate [PBAT]). Methanolysis outperforms glycolysis and hydrolysis economically and environmentally
due to more efficient downstream separations, generating products with a 31% decrease in selling price and
21%–46% reduction in acidification, carcinogenic toxicity, fossil-fuel depletion, global warming potential, par-
ticulate formation, and smog formation compared to conventional polyester manufacturing. This study high-
lights the viability of a circular plastic economy for mixed polyesters via a single chemical recycling process.
1–5
INTRODUCTION

The reliance on petrochemical feedstocks and failure to mitigate

the loss of plastic to landfills and the natural environment have

accelerated the depletion of finite resources, resulting in enor-
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mous energy and material costs to the global economy. The

greenhouse gas (GHG) emissions fromplastic production are ex-

pected to reach 15% of the global carbon budget by 2050.1 A

recent life-cycle assessment (LCA) study from Bardow et al.

showed that a net-zero emissions plastics supply chain is
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possible when combining biomass feedstocks with high recy-

cling rates.2 The polyolefin (i.e., polyethylene [PE] and polypro-

pylene [PP]) industry has made substantial strides toward

utilizing bio-based feedstocks, with bio-ethanol-derived PE

commercially available today. These materials, when recycled

via mechanical recycling at high rates, have the potential to be

carbon negative and increase circularity. However, due to chal-

lenges associated with contamination and degradation, the me-

chanical recycling rates of PE remain low with limited life cycles.

Chemical recycling of polyolefins via pyrolysis is growing in use

but remains limited in widespread adoption due to the high en-

ergy requirements, and subsequent environmental impacts,

needed to cleave carbon-carbon bonds.6–8 In contrast, polyes-

ters, while currently more energy intensive to produce than poly-

olefins, contain ester linkages that are prevalent in naturally

occurring materials (e.g., cutin, suberin), which enable the use

of bio-based feedstocks and more energy-efficient depolymer-

ization into feedstock materials via ester cleavage through

known chemical recycling techniques.9,10 Additionally, previous

LCA work has demonstrated reductions in emissions and other

negative environmental impacts when recycling polyesters

through solvolysis, compared to the pyrolysis or gasification of

polyolefins.11–14

Polyesters have the potential to direct a future circular plas-

tics system; multiple studies have shown that many bio-based

polyesters can meet or exceed the performance of commodity

plastics, either individually or in combination, while seques-

tering biogenic carbon in their backbones.15–24 The markets

for bio-based and partially bio-based commercial polyesters

such as polylactic acid (PLA) and polybutylene adipate tere-

phthalate (PBAT) continue to grow.25,26 However, the end-of-

life processing of these polyesters, which are currently mar-

keted as industrially compostable, remains a concern and has

limited market adoption.27 While known to break down under

industrial composting conditions, composters often reject

these materials due to the high carbon content leading to

poor compost health. Additionally, compostable polyesters

that enter current mechanical recycling infrastructure are

viewed as contaminants to polyethylene terephthalate (PET) re-

cycling streams.28

A chemical recycling process that can target the ester linkages

in a variable feedstock of both bio-based and non-bio-based

polyesters (e.g., PET) could keep valuable carbon in circulation

and potentially reduce the environmental impact of plastic pro-

duction and disposal. Such a polyester-agnostic system would

increase the volume of material available for recycling, simplify

the sortation process for material recovery facilities (MRFs)

(i.e., sort based on common ester bond), and enable a recycling

mechanism for existing and emerging compostable polyesters

such as polybutylene succinate (PBS), polycaprolactone (PCL),

and polyhydroxyalkanoates (PHAs).25,29,30 Furthermore, the Eu-

ropean Union’s Single-Use Plastic Directive31 aims to ban all sin-

gle-use plastics other than ‘‘natural polymers,’’ the definition of

which is still under debate butmay include bio-based polyesters.

Such a transition may lead to strain on agriculture and natural

feedstocks that can potentially be mitigated by effective recy-

cling of these materials.

Multiple polyester depolymerization recycling strategies such

as methanolysis, glycolysis, aminolysis, and hydrolysis have
been proposed, developed, and, in some cases, scaled up for

PET waste management over the past several decades.6,32,33

The mechanisms to cleave ester linkages will be the same for

both PET and bio-based polyesters such as PLA, albeit under

different conditions,34–38 but downstream separation and

monomer purification are expected to become increasingly

demanding with mixed and variable feedstocks. While compre-

hensive modeling and analysis has been conducted for individ-

ual polyesters,11,39 this has yet to be reported for mixed poly-

ester feedstocks. It is critical to understand the economic and

environmental impacts of a mixed polyester recycling process

that could enable the circularity of these materials and reduce

reliance on both fossil fuels and agricultural feedstocks.40

Here, we report a rigorous process modeling effort comparing

chemical recycling processes for deconstructing mixed polyes-

ters into monomers and repolymerizing them into the parent

polymers using a representative mixed stream of PET, PLA,

and PBAT (Figure 1). The feedstock for this study focuses pri-

marily on packaging applications and was selected based on

the criteria of (1) a representative fossil-based polyester (PET),

a bio-based and compostable polyester (PLA), and a fossil-

based and compostable polyester (PBAT), (2) commercially

available and used in packaging applications, and (3) offers a

range of properties and target use. We construct detailed pro-

cess models for three industrially relevant polyester chemical re-

cycling technologies: methanolysis, glycolysis, and acid hydroly-

sis. We then conduct techno-economic analysis (TEA) and LCA

to estimate the minimum selling price (MSP) and environmental

impacts of the resulting recycled polymer products. Sensitivity

analysis is used to quantify the importance of feedstock compo-

sition, operating conditions, downstream separations, and

renewable electricity and heat sourcing for process improve-

ment and optimization. Overall, this study benchmarks potential

mixed polyester chemical recycling technologies and proposes

that amine-catalyzed methanolysis is the most economical

pathway with the greatest environmental benefit, generating

products with a 31% decrease in selling price and 46% reduc-

tion in global warming potential (GWP). Implementing such a re-

cycling strategy could foster circularity for biogenic carbon

within polyester materials, simultaneously curbing energy con-

sumption, GHG emissions, waste, and other negative environ-

mental impacts throughout the production and utilization of poly-

ester plastics. These models can have far-reaching implications

for emerging ester-based plastic recycling platforms and can

provide analysis-driven process guides for expanding feed-

stocks beyond PET.

RESULTS AND DISCUSSION

Process model development
This study evaluates methanolysis, glycolysis, and acid hydroly-

sis (Figure 1) because these technologies have been explored

extensively and are industrially relevant for PET recycling.43

Several companies have operated PET methanolysis or glycol-

ysis plants or are pursuing the development of these technolo-

gies at scale. Although most industrial activity for hydrolysis is

focused on enzymatic or alkaline hydrolysis, we have previously

reported on the high environmental impacts associated with

base consumption in these processes.53 As a result, we chose
One Earth 7, 2204–2222, December 20, 2024 2205



Figure 1. Overview of the mixed polyester chemical recycling technologies explored in this study, including corresponding feedstocks,

chemical intermediates generated by each process, high-impact monomer separation operations, energy requirements, outputs, and key

economic and environmental results
Overall process yields shown are on a mass basis relative to the total feedstock input and derive from the combined effects of 95% feedstock purity,41,42 90%

depolymerization yield,37,43–49 and 75% downstream product recovery.50–52
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Figure 2. Simplified process flow diagram for the amine-catalyzed methanolysis of PET, PLA, and PBAT shown by process area

Process inputs, intermediates, and outputs are italicized. Detailed process flow diagrams for all sections of the methanolysis process are available in

Figures S1–S7.
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to explore an acid-catalyzed route that could minimize the need

for alkaline reagents to neutralize acidic monomeric products.

The chemical recycling feedstock was selected to have

an average composition of 50% PET, 30% PLA, and 20%

PBAT.25,54 While this composition ratio does not reflect current

market volumes, this study aims to demonstrate a potential

future scenario where PLA and PBAT have a larger market share,

as currently projected by market reports.25 PLA and PBAT were

selected as additional polyester representatives because they

are used primarily for packaging and single-use applications

and are, currently, the largest volumes in the compostable poly-

esters waste stream.25,26 Other emerging and promising polyes-

ters could also be introduced into the modeled processes as

their respective usage grows.15,18,20,21,23,55,56

Process models for amine-catalyzed methanolysis, amine-

catalyzed glycolysis, and acid-catalyzed hydrolysis were

developed and modeled in Aspen Plus V14. When possible, as-

sumptions around reaction conditions and separations were

guided by the available literature, and the solubility of reaction

products was evaluated experimentally. Due to the exploratory

nature of this work, some property method data for compounds

were not available and the Aspen property estimation tool was

used. Therefore, the results may change as improved property

data are reported and incorporated. However, as highlighted

through sensitivity analysis and the estimation of error ranges

via Monte Carlo analysis, the overall outcomes of the work

are not expected to change substantially. Each process is

briefly described here with full details and process flow dia-

grams in the supplemental information (Notes S1–S3 and

Figures S1–S21).

In the base-case scenario for all modeled technologies, the fa-

cility size was set to process 100 metric tons per day (MTPD), or

36,000metric tons per year, of mixed polyester waste feedstock.

This plant capacity represents 4.5% of the combined 2020 con-

sumption for PET thermoforms and compostable plastics (or,

individually, 5% of PET and 44% of compostable plastics con-
sumption) in North America.26,57 The feedstock was assumed

to comprise 95% polyesters with 5% impurities (Table S1) and

to be purchased from a MRF or reclaimer at $0.44/kg (Table

S2). This price includes the cost of sourcing and sorting the feed-

stock (assumed here to be similar to the national average of PET

thermoform and flexible film bales at $0.16/kg),41 the cost of pre-

treatment including washing, flaking, and drying (estimated to be

$0.20/kg based on equipment and utility costs), and transport

(taken to be $0.08/kg).58 Impurities include inorganic fillers,

glues, paper, and other plastics and align with contamination

levels for grade A PET thermoform bales.41 As average market

prices for PLA and PBAT are approximately 1.7–2 times that of

PET (Table S2), these polymers could eventually demand higher

post-consumer prices. Additionally, certain polyester products

may have higher levels of contaminants andmetals, such as inor-

ganic fillers in PLA food service items and paper labels in PET

thermoforms. To account for this uncertainty, the impact of feed-

stock cost and purity is explored through sensitivity analysis. The

extent of reaction for depolymerization was set to 90% for

all technologies37,43–49 with an overall assumed downstream

monomer recovery of 75%.50–52 Along with the assumed feed-

stock purity, this results in an overall mass yield of approximately

65% with respect to the total feedstock input. The impact of

these recovery and yield assumptions is also further explored

through sensitivity analysis. Heat integration was performed in

each process to minimize utility consumption.

In the methanolysis process (Figure 2), the polyester feed-

stock, mixed with methanol, is fed via a slurry pump to a contin-

uous stirred-tank reactor operating at 170�C and 20 bar along-

side a dimethylethylamine catalyst with a residence time of 4 h.

The catalyst loading is 7 wt % (defined relative to the total feed-

stock mass) and the solids loading is 30 wt % (defined as the

polyester feedstock relative to the total stream).47,48,59 After

the reactor, the mixture is filtered to remove residual solids and

distilled to recover the catalyst and some methanol, which is re-

cycled to the reactor. The bottom product is cooled to crystallize
One Earth 7, 2204–2222, December 20, 2024 2207



Figure 3. Simplified process flow diagram for the amine-catalyzed glycolysis of PET, PLA, and PBAT shown by process area

Process inputs, intermediates, and outputs are italicized. Detailed process flow diagrams for all sub-sections of the glycolysis process are available in

Figures S8–S14.
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dimethyl terephthalate (DMT) from solution. The liquid fraction is

passed through activated carbon and ion-exchange columns to

remove residual colorants and contaminants.60,61 The treated

solution is distilled in a series of columns to recover and separate

methyl lactate from methanol and any residual catalyst. Due to

an anticipated azeotrope between 1,4-butanediol (BDO) and

dimethyl adipate (DMA), the distillation bottoms product contain-

ing ethylene glycol (EG), BDO, and DMA is separated using

liquid-liquid extraction with water and heptane in a mixer-settler

configuration. The organic-rich layer containing DMA is distilled

to recover heptane (>99%) and the aqueous layer containing EG

and BDO is distilled to recover water and separate the diols. The

separated monomers are repolymerized: methyl lactate is con-

verted to lactide, which is polymerized to PLA62; DMT and EG

are reacted to form bis(2-hydroxyethyl) terephthalate (BHET)

and polymerized to PET63–66; and DMT, BDO, and DMA are re-

acted to prepolymer intermediates and polymerized to

PBAT.67–70 Methanol is recovered from the polymerizations

(simplified in Figure 2; see Figures S5–S7 for all stream details)

and recycled back to the depolymerization reactor.

For amine-catalyzed glycolysis (Figure 3), the polyester feed-

stock, mixed with EG, is fed via a slurry pump to a continuous

stirred-tank reactor operating at 190�C and 3 bar with a triethyl-

amine catalyst and a residence time of 1 h.37,46,47 The catalyst

loading is 7 wt % (defined relative to the total feedstock mass)
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and the solids loading is 20 wt % (defined as the polyester feed-

stock relative to the total stream).47 The solids loading selected is

lower than in methanolysis due to the higher viscosity of the re-

action mixture and as guided by the reported ranges in literature.

The reaction products are filtered to remove residual solids and

distilled to recover the catalyst, which is recycled to the reactor.

The bottoms product is passed through activated carbon

and ion-exchange columns to remove residual colorants and

contaminants.50,52,60,61,71 The treated solution is cooled and

the BHET product is crystallized from solution. The liquid fraction

is distilled to recover and purify EG; the bottoms product is

further distilled in a series of columns to recover products in

the following order: BDO, 2-hydroxyethyl lactate (HEL), and

bis(2-hydroxethyl) adipate (BHEA). Before polymerization, HEL,

BHEA, and a portion of BHET must first be hydrolyzed to avoid

the introduction of EG in PLA and PBAT. The hydrolysis reaction

is catalyzed by an acidic ion-exchange resin to form the respec-

tive carboxylic acid intermediates (lactic acid [LA], adipic acid

[AA], and terephthalic acid [TPA]). LA is recovered through distil-

lation, whereas AA and TPA are recovered through evaporation,

crystallization, and drying.72 EG is recovered from the aqueous

solution through distillation and recycled to the polymerization

reactor. The separated monomers are sent to polymerization:

LA is reacted to lactide and polymerized to PLA62; BHET is poly-

merized to PET63,64,70; and TPA, BDO, and AA are reacted to



Figure 4. Simplified process flow diagram for the acid-catalyzed hydrolysis of PET, PLA, and PBAT shown by process area

Process inputs, intermediates, and outputs are italicized. Detailed process flow diagrams for all sub-sections of the hydrolysis process are available in

Figures S15–S21.
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prepolymer intermediates and polymerized to PBAT.65,67–70 EG

vapors from the PET polymerization are recycled to distillation

(not shown in Figure 3, see Figure S13 for all stream details).

In acid-catalyzed hydrolysis (Figure 4), the polyester feedstock

is mixed with the aqueous sulfuric acid catalyst and fed via a

slurry pump to a continuous stirred-tank reactor operating at

170�C and 3 bar for a residence time of 4 h.44,45,49 The catalyst

concentration is 3 M with a pH of 0. This acid catalyst loading

is at the lower end of the 3–17 M range reported in litera-

ture45,60,73 and a longer residence time and higher temperature

has therefore been assumed.45 The reaction solids loading is

20 wt % (defined as the polyester feedstock relative to the total

stream),44,45,49 which is lower than in methanolysis due to the

lower solubility of polyesters in water74 and the formation of solid

products in the reactor. The reaction products are flashed to

recover a portion of the water, which is directly recycled to the

reactor. The remaining mixture is further cooled and then centri-

fuged to separate solid TPA, AA, and residual solids from the

liquid product. The recovered solids are combined with water,

heated to dissolve AA, and filtered.75,76 The filtrate is treated

with activated carbon and ion exchange to remove colorant

and metal contaminants77 and then cooled to recrystallize AA;

the solids from filtration are further purified through recrystalliza-

tion in high-temperature water to yield TPA.78–80 The depolymer-

ization reactor filtrate containing LA, EG, and BDO is neutralized

with calcium hydroxide.81,82 The resulting calcium sulfate pre-

cipitate is centrifuged, washed, and disposed of as waste. LA

is separated from the filtrate by adsorption on a weak, tertiary
amine resin.83,84 The LA is eluted from the column using meth-

anol85 then flashed and distilled to recover and recycle themeth-

anol eluent (96% recovery); the effluent, containing aqueous EG

and BDO, is concentrated using reverse osmosis (RO) and sepa-

rated using distillation.86–88 The separated monomers are then

sent to polymerization: LA is reacted to lactide and polymerized

to PLA62,89; TPA and EG are reacted to form BHET then polymer-

ized to PET63,64,66; TPA, BDO, and AA are reacted to prepolymer

intermediates then polymerized to PBAT.67–70

Key base-case parameters for each technology are summa-

rized in Table S3. Material and energy balances generated

from the Aspen Plus process models were used to size process

equipment and estimate expenses. Using a discounted cash-

flow analysis with a discount rate of 12% (complete financial pa-

rameters provided in Table S4), the overall MSP was calculated

for the polymer products (i.e., the selling price of the total PET,

PLA, and PBAT mass for which the net present value [NPV] is

0) on a 2020 United States dollar (USD) cost basis. Monte Carlo

analysis with 10,000 iterations was run to estimate standard de-

viations for process MSPs (as described in the experimental

procedures).

The environmental impacts of the selected mixed polyester

depolymerization technologies were evaluated using life-cycle in-

ventories built from the Aspen Plus process models (Tables S5–

S11), the Tool for the Reduction and Assessment of Chemicals

and Other Environmental Impacts (TRACI 2.1, US 2008)90 and

available water remaining (AWARE)91 methods, ecoinvent ver-

sion 3.3 background data,92 and SimaPro LCA software. All
One Earth 7, 2204–2222, December 20, 2024 2209



Figure 5. Economic results on a 2020 USD

basis for mixed polyester chemical recy-

cling strategies

Where applicable, the virgin market price range

($2.38–2.78/kg) for an equivalent product mix is

shaded in gray with the average value of $2.70/kg

shown as a dashed gray line.

(A) MSPs for mixed polyester methanolysis, hy-

drolysis, and glycolysis base cases. Error bars

showing the standard deviation were estimated

from Monte Carlo analysis with 10,000 runs.

(B) Annual operating expenses in millions of dol-

lars ($MM) per year ($MM/year) and fixed capital

investment in $MM for a 100-MTPD plant for the

mixed polyester methanolysis, glycolysis, and

hydrolysis base cases.

(C) Comparison of the minimum selling price of

mixed polyester methanolysis, glycolysis, and hy-

drolysis for decarbonization scenarios including the

use of renewable electricity purchased at $0.03/

kWh, renewable natural gas purchased at $12.40/

GJ, and an optimistic case incorporating improve-

ments to process conditions and yields (99% reac-

tion extent, 85% downstream recovery, 99% feed-

stock purity, 150 MTPD, 30%/40% solids loading).

(D) Comparison of the MSP for methanolysis,

glycolysis, andhydrolysiswithdifferent ratios ofPET

content in the feedstock. Error bars showing the

standard deviation were estimated from Monte Carlo analysis with 10,000 runs. The data shown here are provided in Tables S2 and S12–S14. FCI, fixed capital in-

vestment; OPEX, operating expenses.
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technologies were assessed ‘‘cradle to gate,’’ from curbside

collection through to repolymerization of the recycled monomers

into PET, PLA, and PBAT (Figure S22). A cutoff approach was

used in which the mixed polyester waste was assumed to be

free of environmental burdens associated with its original produc-

tion. Recycled polymers were compared to an equivalent mixture

of virgin PET (fossil based, ecoinvent), PLA (corn sugar-based,

ecoinvent), and PBAT (fossil based; Table S8). The standard devi-

ations of the LCA results were estimated using a Monte Carlo

simulationwith 1,000 runs. Further details on the LCAgoal, scope,

and methodology are available in the experimental procedures.

Comparison of chemical recycling technologies
Across the screened processes, methanolysis was estimated to

have the lowest MSP at $1.85/kg for the combined polymer

products (Figure 5A; Table S12). Glycolysis and hydrolysis

were estimated to haveMSPs of $2.55/kg and $3.45/kg, respec-

tively, in comparison to the estimated virgin market price of

$2.70/kg for an equivalent product mixture. Methanolysis was

also estimated to have the lowest annual operating expense

and fixed capital investment when compared to glycolysis and

hydrolysis (Figure 5B; Table S12). The most impactful aspect

of these deconstruction technologies lies in the downstream

processing and separations. Even though the methanolysis pro-

cess has the highest operating pressure and a long residence

time, the high recoverability of the methanol and catalyst and

the ability to directly repolymerize all monomer products mini-

mize the operational costs and capital expenditure. By contrast,

the glycolysis process produces high-boilingmonomer products

that are mostly separated through distillation and require the hy-

drolysis of HEL, BHEA, and a portion of the BHET to avoid EG

contamination in PBAT and PLA. These intensive steps that
2210 One Earth 7, 2204–2222, December 20, 2024
result from the nature of the glycolysis process outweigh the

benefits that derive from the easily recoverable triethylamine

catalyst and the ability to directly polymerize BHET to PET

without requiring an esterification or transesterification step.

Similarly, although the acid hydrolysis process yields monomers

that can be directly sold or polymerized, it requires relatively

complex and energy-intensive separations and purifications

(e.g., AA and TPA separation, TPA purification, and LA recovery).

When combined with an unrecoverable sulfuric acid catalyst that

requires neutralization, the operational costs and capital expen-

diture of acid hydrolysis are driven up, leading to the high-

est MSP.

In addition to the base-case scenarios, various decarboniza-

tion and optimization scenarios were evaluated (Figure 5C;

Table S13). First, a case was considered in which the processes

purchase renewable electricity at a price of $0.03/kWh, which is

representative of the average purchase price agreement for util-

ity scale solar and wind.93–96 Across all technologies, this

showed a relatively small decrease in MSP of $0.01/kg due to

the small contribution of electricity expenses to overall MSP

(�1%). Next, a renewable heating case in which renewable nat-

ural gas is purchased at $12.40/GJ and used for process heating

and steam generation was considered.97,98 Renewable natural

gas refers to upgraded biogas from sources such as landfills, an-

imal manure, and crop residues.97 Due to the high premium of

renewable natural gas relative to its fossil counterpart ($2.70/

GJ), all technologies showed increases in MSP, with methanoly-

sis exhibiting the smallest increase in MSP of $0.24/kg due to

lower overall process heating requirements. Lastly, an optimistic

case including both renewable electricity and heating along with

select optimistic process improvements (99% reaction extent,

85% downstream recovery, 99% feedstock purity, 150 MTPD,



Figure 6. LCA screening of mixed polyester

chemical recycling strategies

(A) LCA results comparing mixed polyester

methanolysis, glycolysis, hydrolysis, and virgin

manufacturing. The colored asterisks highlight the

process with the lowest environmental impact in

each category. Error bars represent standard de-

viations and were estimated using Monte Carlo

analysis with 1,000 iterations.

(B) Comparison of the multi-criteria decision

analysis (MCDA) scores (which combine all envi-

ronmental impact metrics into a single value) of

mixed polyester methanolysis, glycolysis, hydro-

lysis, and virginmanufacturing for decarbonization

scenarios including the use of renewable elec-

tricity (ReEDS mid-case scenario with 95% de-

carbonization by 2035), renewable heat (from

renewable natural gas), and an optimistic case

incorporating additional improvements to process

conditions and yields (99% reaction extent, 85%

downstream recovery, 99% feedstock purity, 150

MTPD, 30%/40% solids loading).

(C) Comparison of the MCDA scores of mixed

polyester methanolysis, glycolysis, hydrolysis,

and virgin manufacturing with different ratios of

PET content in the feedstock. Raw data are

available in Tables S15–S18.
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30%/40% solids loading) was modeled. Even with the premium

paid for renewable heating, the optimistic case scenarios

showed substantial decreases in MSP due to increased yields,

lower process heating, and lower material consumption. Under

these optimistic case scenario assumptions, all processes

were shown to be potentially competitive with the virgin equiva-

lent market price, with glycolysis and hydrolysis showing the

largest magnitude in MSP decrease, albeit with final MSPs still

higher than methanolysis.

To understand the impact of feedstock composition on pro-

cess economics, the PETmass fraction in the feedstockwas var-

ied while maintaining PLA and PBAT at a mass ratio of 3:2 (Fig-

ure 5D; Table S14). Hydrolysis and glycolysis are estimated to

exhibit a slight decrease in MSP as the PET fraction increased

due to a reduction in methanol and EG consumption, respec-

tively. In contrast, the methanolysis MSP was relatively invariant

due to a reduction in the capital recovery charge offsetting an in-

crease in rawmaterial demand for EGmakeup in polymerization.

As the PET market price is estimated to be less than PLA and

PBAT, the reference market price (dashed gray line) is also

shown to decrease as PET content increases.

On an environmental basis, methanolysis offered the lowest

acidification, carcinogenic toxicity, fossil-fuel depletion, GWP,

particulate formation, and smog formation, at 21%–46% lower

than virgin manufacturing of an equivalent combination of PET,

PLA, and PBAT (Figure 6A; Tables S15–S18). Virgin manu-

facturing had the lowest impact in the remaining ecotoxicity,

eutrophication, non-carcinogenic toxicity, ozone depletion, and

water use categories (17%–59% lower than methanolysis).

Glycolysis offered the second-best performance across the re-

cycling technologies, with impacts 1.2–4.2 times higher than

methanolysis and 1.0–10.2 times higher than virgin manu-

facturing. Hydrolysis exhibited life-cycle impacts 1.3–3.1 and

1.3–6.2 times higher than methanolysis and virgin polyester,
respectively. Methanolysis tends to have the lowest impacts of

the three assessed recycling technologies due to its streamlined

downstream separations and production of monomers that

are more efficient to polymerize. This results in lower steam

(5.4 kg/kg) and natural gas (1.4 MJ/kg) consumption than glycol-

ysis (18.6 kg/kg and 2.5 MJ/kg) or hydrolysis (18.8 kg/kg and

18.5 MJ/kg). Furthermore, methanolysis generates less waste

for disposal (0.25 kg/kg) than glycolysis (0.71 kg/kg) or hydrolysis

(2.62 kg/kg), contributing to its lower impacts. Glycolysis pro-

duces more organic waste due to EG losses (treated as hazard-

ous waste by incineration with energy recovery), while hydrolysis

generates more solid waste due to the formation of a calcium

sulfate byproduct (treated as inert waste in a sanitary landfill). If

the calcium sulfate could be sold as a co-product for applica-

tions such as plaster or fertilizer, the quantity of waste generated

by hydrolysis would decrease 86% to 0.36 kg/kg.

The LCA system boundary can also be expanded from cradle

to gate (Figure 6A) to cradle to grave (Figure S22). This enables

comparison between a business-as-usual scenario (virgin poly-

ester synthesis, manufacturing into 50% bottles and 50% film,

and disposal by landfilling, incineration, or mechanical recycling

according to 2019 US disposal data5) and a recycling scenario

(virgin polyester synthesis, manufacturing into 50% bottles and

50% film, and disposal by chemical recycling, all normalized

over the multiple lifetimes that can be achieved by repeated re-

cycling40) (Figure S22). See the experimental procedures for

further details on the life-cycle normalization process. Under

this expanded system boundary, methanolysis retained lower

environmental impacts than virgin polyester across all metrics

except ozone depletion and water use. Glycolysis also became

more competitive under the expanded system boundary, with

impacts in many cases statistically equivalent to methanolysis

or virgin manufacturing. This performance improvement is pri-

marily linked to the higher PET yield of glycolysis (70%) than
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methanolysis (65%), which means that less supplemental virgin

PET is required to re-manufacture 1 kg of mixed polyester.

Each chemical recycling technology also has the potential to

improve with future innovations and market changes. To explore

this, we conducted multi-criteria decision analysis (MCDA) by

normalizing each environmental impact metric by the highest

value and summing the results into a single score (see the sup-

plemental information for details). This systematic technique en-

ables the evaluation and ranking of options acrossmultiple, often

conflicting, criteria.99 A lower MCDA score indicates a ‘‘better’’

outcome. Switching to a renewable electricity grid enabled re-

ductions in MCDA score of 23% for methanolysis, 23% for

glycolysis, 14% for hydrolysis, and 9% for virgin manufacturing

(Figure 6B; Tables S15–S18). Adding renewable natural gas

heating in addition to renewable electricity allowed all recycling

options to exhibit lower MCDA scores than virgin polyesters,

showcasing the compatibility of a circular polyester economy

with decarbonization strategies. The effects of renewable elec-

tricity and heating on virgin polyester manufacturing were mini-

mal as most life-cycle impacts are associated with fossil-fuel

extraction and refining into monomers. Incorporating potential

recycling yield improvements as mentioned above (optimistic

case) resulted in MCDA scores of 2.6, 3.5, and 4.7 for methanol-

ysis, glycolysis, and hydrolysis, respectively, in comparison to

virgin manufacturing at 4.8. While these results suggest holistic

benefits, it should be noted that the recycling technologies still

exhibit tradeoffs, including higher ecotoxicity, non-carcino-

genics, ozone depletion, and water use than virgin manufac-

turing with renewable electricity and heat. Additionally, virgin

polyester manufacturing could be further decarbonized through

biogenic carbon sequestration when using a fully bio-based

PBAT or PET in contrast to the fossil-fuel-based PBAT and

PET modeled here.1,100 Such an approach could make biode-

gradable polyesters more environmentally competitive with the

PE films that are standard today (1.93–2.18 kg CO2 eq/kg) but

could also reduce the relative benefits of chemical recycling.

If PET is gradually replaced with biodegradable polyesters

such as PLA and PBAT, the GWP of recycling will alter due to

changes in yields and monomer separation requirements (Fig-

ure 6C; Tables S15–S18). The GWPs of both hydrolysis and

glycolysis increased with decreasing PET content. At lower

PET loadings, glycolysis is anticipated to experience higher EG

losses during monomer separation, resulting in higher organic

waste generation. Hydrolysis will require higher methanol

makeup and disposal for LA processing, and correspondingly

higher steam consumption for methanol recovery. In contrast,

the GWP of methanolysis decreased by 3% relative to the

base case, resulting in an impact 2.5 times lower than a virgin

polyester mixture containing 20% PET. At lower PET loadings,

methanolysis will require less EG makeup and natural gas for

PET polymerization, as well as lower distillation energy require-

ments to separate EG from BDO.

Detailed analysis of mixed polyester methanolysis
Based on the economic and environmental results for the recy-

cling techniques under both base-case assumptions and poten-

tial future scenarios, we down-selected methanolysis for further

characterization and optimization for mixed polyester recycling.

In the base-case scenario for methanolysis, the total direct
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installed cost was estimated to be $36.1 million (MM) (Figure 7A;

Table S19). The largest contributions came from repolymeriza-

tion of monomers and the assumed outside battery limit

(OSBL) contribution for plant utility integration. The polymeriza-

tion section accounted for the largest cost at $8.5 MM due to

the separate polymerization lines required for each polymer.

This highlights that the co-location of the methanolysis plant

with existing polymerization facilities could substantially reduce

capital costs. Product recovery and depolymerization were the

next highest contributors at $6–7 MM each, primarily due to

reactor and distillation column costs. Minor contributors

included feedstock handling and clarification sections, which ac-

counted for approximately $4 MM each. The total annual oper-

ating expense was estimated to be $28.5 MM with feedstock

costs dominating (Figure 7B; Table S20). Fixed costs also ex-

hibited a high contribution to operating expenses due to the

number of operators required for the many unit operations in

the process. TheMSP for methanolysis was $1.85/kg (Figure 7C;

Table S21), with the two largest contributions coming from the

feedstock (37% of overall MSP) and the capital charge (28% of

overall MSP). Fixed costs also contributed 18% to the overall

MSP with smaller contributions coming from waste disposal,

raw material consumption, and steam.

Univariate sensitivity analysis was conducted to understand

the impact of key process variables on the MSP of methanolysis

(Figure 7D; Table S22). Feedstock cost showed the largest

impact on overall MSP due to its high contribution to MSP and

the wide range of the bounds explored. The lower bound of

$0.22/kg represents a cost scenario in which only the expenses

for washing, drying, and flaking are included, whereas the upper

bound of $1.10/kg represents a high-feedstock-cost scenario

and is derived from historical PET bottle flake costs. Importantly,

the pessimistic feedstock cost scenario of $1.10/kg is still ex-

pected to result in an MSP lower than the virgin market price

for methanolysis. Other process variables, including reaction

extent, feedstock purity, and downstream recovery, showed a

high impact on process economics as they are linked to the over-

all process yield. Additionally, due to the high contribution of

capital recovery and fixed costs to the MSP, plant size was

shown to be the second most impactful variable, emphasizing

the importance of economies of scale. Lastly, the variables

explored with minor impacts on economics included solids

loading and feedstock PET content. Aswith other recycling tech-

nologies,11–14,101–103 these insights emphasize the importance

of securing feedstock in sufficient volumes and at low, reliable

cost points to maximize process profitability.

Since the methanolysis process is assumed to produce poly-

mer products on par with virgin quality, an economic scenario

was considered where the overall product selling price was set

equal to the representative virgin market price of $2.70/kg. The

results for the NPV of the plant across a range of discount rates

are shown in Figure 7E (Table S23). The base-case scenario was

shown to have a break-even discount rate of 36% (i.e., where the

NPV is equal to zero), which is more profitable than the typical

discount rate range for industrial processes of 10%–30% (the

shaded region in Figure 7E). As unproven technologies typically

carry greater financial risk, a higher discount rate is desirable and

highlights the economic potential of the methanolysis process.

The optimistic case shows that process improvements could



Figure 7. In-depth TEA of mixed polyester methanolysis

(A) Direct installed capital costs in $MM by process area for the base case.

(B) Annual plant operating expenses in $MM for each process area divided into key cost categories.

(C) MSP of the mixed polyester product for the base case divided into key cost categories.

(D) Univariate sensitivity analysis results for the MSP of the polyester products. The numbers listed in parentheses on the y axes correspond to the left (blue,

optimistic), middle (black, base case), and right (orange, pessimistic) points of the graph. The virgin market price range ($2.38–2.78/kg) for an equivalent product

mix is shaded in gray with the average value of $2.70/kg shown as a dashed gray line.

(E) Net present value (NPV) curves for the base case and optimistic case scenarios for a product selling price equal to the virgin market value of $2.70/kg. Drop

lines are shown at break-even discount rates where the NPV is equal to 0. The typical range for a feasible discount rate is shaded in gray. See the supplemental

information for corresponding data (Tables S2 and S19–S23). Depolym., depolymerization; Polym., polymerization; OSBL, outside battery limits; MTPD, metric

tons per day.
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greatly increase the break-even discount rate for the process up

to 59%. The corresponding capital and operating expenses,

MSP breakdowns, univariate sensitivity analyses, and NPV cal-

culations for glycolysis and hydrolysis are available in the sup-

plemental information (Figures S23–S24; Tables S24–S33).

Most of the environmental impacts of methanolysis, except

water use, could be linked to feedstock preparation (33%–

66% contribution to impacts), steam (2%–35%), electricity

(5%–28%), and other consumables encompassing EG, heptane,

and additional organic and inorganic chemicals (4%–16%) (Fig-

ure 8A; Table S34). The impacts of feedstock preparation are

related to electricity use for sorting and shredding equipment

(0.35 kWh/kg), landfilling of feedstock losses and contaminants
(0.2 kg/kg), and transportation of the feedstock by diesel-pow-

ered truck between collection, sorting, and recycling facilities

(total of 700 km).104 Steam in the ecoinvent database is assumed

to be generated primarily from natural gas (>60%), as well as

from coal and fuel oil, which drive the overall impacts of steam

use.92 For example, natural gas venting during extraction and

refining contributes strongly to climate change,105 while blasting

during coal mining releases a variety of air emissions that lead to

acidification.106 The life-cycle impacts of electricity, which in the

US is still generated primarily from natural gas and coal,107 are

similarly affected by the extraction and combustion of these fos-

sil fuels. Furthermore, ecotoxicity, eutrophication, and non-car-

cinogenics are linked to waste disposal (10%–17%), particularly
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Figure 8. In-depth LCA of mixed polyester methanolysis

(A) Contribution of various process components to the life-cycle impacts of mixed polyester methanolysis.

(B) Contribution of life-cycle stages to the life-cycle impacts of mixed polyester methanolysis when the system boundary is expanded to cradle to cradle (virgin

polyester production through to recycling and processing back into packaging products).

(C–E) Effect of sensitivity cases on (C) global-warming potential (GWP), (D) non-carcinogenic toxicity, and (E) water use. The numbers listed in parentheses on the

y axes correspond to the left (blue, optimistic), middle (black, base case), and right (orange, pessimistic) points of the graph. See the supplemental information for

corresponding data (Tables S15 and S34).
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landfilling of the unreacted plastic feedstock mixture because

non-plastic contaminants such as metals are assumed to seep

into the landfill leachate.108 Methanol also contributes to acidifi-

cation, fossil-fuel depletion, and ozone depletion (4%–8%) due

to its use of a synthesis gas feedstock derived from natural

gas,109 while cooling water accounts for 96% of water use.

If we consider the entire cradle-to-cradle life cycle of mixed

polyester from virgin production and manufacturing into bottles

and films through to methanolysis and re-manufacturing, the re-

cycling step accounts for 34%–66% of all impacts, followed by

virgin polyester synthesis at 16%–37% (Figure 8B; Table S34).

In contrast, for a conventional cradle-to-grave life cycle in which

mixed polyester is sent to landfill and incineration, virgin synthe-

sis would account for 34%–84% of all impacts while end-of-life

management would contribute 0.2%–54%. Displacing virgin

manufacturing with methanolysis could reduce virgin material

demand and thereby lower the overall environmental impacts

of the polyester sector, especially when combined with the de-

carbonization opportunities discussed in Figure 8B. Cycling

polyesters through methanolysis multiple times could further

reduce the environmental impacts. Increasing the recycling

rate from the 54% assumed in the base case to 99%—including

all sorting (90% increases to 100% yield), flaking (93% increases
2214 One Earth 7, 2204–2222, December 20, 2024
to 100% yield), and methanolysis (65% increases to 99% yield)

steps—could enable 1 kg of virgin polyester to undergo 100 life-

times and reduce the overall GWP of the system by 25%

(Figure S22B).

The effects of univariate sensitivity cases on the environmental

performance of methanolysis are explored for global warming,

non-carcinogenic toxicity, and water use in the main text

(Figures 8C–8E) and for all other impact categories in the supple-

mental information (Figure S25; Table S15). Of the variables

investigated in the methanolysis sensitivity analysis, depolymer-

ization reaction extent was the most impactful parameter for

ecotoxicity, eutrophication, carcinogenic toxicity, fossil-fuel

depletion, non-carcinogenic toxicity, ozone depletion, particu-

lates formation, and smog formation. As yields increase, less

mixed polyester flake input will be needed per unit of output pol-

yester: 1.40 kgin/kgout in the optimistic case versus 1.54 kgin/

kgout for the base case and 1.99 kgin/kgout for the pessimistic

case. Electricity and some consumable requirements also vary

slightly between scenarios, although these alterations are ex-

pected to have less of an impact than that of feedstock require-

ments given that most assessed life-cycle impacts are domi-

nated by feedstock collection, sorting, and pretreatment into

flake. For GWP and water use, PET content was the most



Figure 9. Suggested process improvements by process section for the mixed polyester deconstruction technologies explored in this work

ll
Article
impactful parameter. Natural gas, steam, electricity, and cooling

water consumption are anticipated to decrease with lower PET

content because downstream separation and polymerization of

the PLA and PBAT monomers are less energy intensive than

those of DMT, as discussed above. Increasing the efficiency of

upstream feedstock processing (sorting and flaking yields) or ad-

justing the plant size are expected to have the least impact on all

LCA scores. The environmental impact breakdowns and sensi-

tivity analysis for glycolysis and hydrolysis are available in the

supplemental information (Figures S26–S28; Tables S16, S17,

S35, and S36).

Opportunities for further process improvements and
limitations of this analysis
Based on this TEA and LCA, we propose a series of research tar-

gets to refine the feasibility of deconstruction technologies for

mixed polyester waste (Figure 9). First, all technologies would

benefit from the use of a high-purity feedstock (i.e., high poly-

ester content, low contaminant content). Such a feedstock could

potentially be sourced from MRFs equipped with suitable near-

infrared spectroscopy separations or from packaging drop-off

sites.110 However, a high-purity feedstock often comes with a

price premium, which contradicts the low feedstock cost identi-

fied as important in the MSP sensitivity analysis. It will therefore

be crucial to identify a robust waste supply chain early in the

technological scaling process. Furthermore, it would be benefi-

cial to explore whether methanolysis can operate efficiently on

bulk plastic rather than polyester flakes to minimize the energy

requirements associated with feedstock pretreatment.

For all screened technologies, the deconstruction processes

themselves could benefit from overall yield optimization. For

the methanolysis process, we estimate that a depolymerization

reaction extent of at least 80% should be sufficient for the

MSP and environmental impacts to be competitive with virgin

polyester production. Increasing the solids loading from the

base-case values could also help minimize solvent recovery re-

quirements, reducing costs and environmental impacts. Further-

more, downstream recovery in the proposed mixed polyester

chemical recycling processes is currently underexplored. A key

research area will likely be to maximize monomer recovery while

using lower-energy separation technologies. One example in the

methanolysis process is the separation and purification of EG

and BDO via distillation, which accounts for 41% of the overall

steam consumption. Replacing this step with azeotropic distilla-

tion,111,112 reactive extraction and distillation,113 or melt crystal-

lization,114,115 or changing the upstream liquid-liquid extraction
solvent system, could greatly reduce the overall steam con-

sumption. All or some of the purified monomers could also be

sold directly to existing polymerization plants to reduce the staff-

ing and capital costs associated with polymerization.

While the analysis results indicate that methanolysis has poten-

tial as a flexible, polyester-agnostic recycling technology, experi-

mental work will be necessary to validate and improve upon the

process design presented here. Furthermore, this analysis is high-

ly dependent on the proposed process designs and underlying

assumptions. As a result, glycolysis, hydrolysis, and other tech-

nologies should not be discounted for application to mixed poly-

esters but instead modified when useful. For example, in-depth

LCA characterization of glycolysis suggested that increasing

depolymerization reaction extent, feedstock purity, and down-

stream recovery yield could reduce the consumption of impactful

components such as steam and waste disposal (Figure S25). The

adoption of copolymers such as PET-PBT,116 PET-PLA,117 or pol-

y(butylene adipate-co-ethylene terephthalate)118 could alsomake

glycolysismore competitive by reducingpurification requirements

and eliminating the need for energy-intensivemonomer hydrolysis

prior to polymerization. These copolymers could be used in direct

applications such as polyurethane foams.119,120 Hydrolysis envi-

ronmental impacts, meanwhile, were dominated by sulfuric acid

and steam consumption, which could be minimized by using a

recoverable acid catalyst49,121 or by increasing solids loading,

depolymerization reaction extent, and downstream recovery yield

(Figure S26).

Due to the scope and exploratory nature of this work, not all

innovations, scenarios, behaviors, or impacts were assessed.

Further work could focus on understanding the effect of real-

world post-consumer feedstocks on chemical recycling strate-

gies, such as characterizing problematic contaminants or the

performance of compatibilized blends. Process modifications

may also be necessary to ensure compatibility with other polyes-

ters, including PBS and PHAs. Many of these contamination,

compatibility, and availability issues for post-consumer plastic

feedstocks are linked to access to curbside collection programs,

which are alreadyminimal for polymer composting and expected

to be a major barrier to sourcing a mixed polyester feedstock for

chemical recycling.122 Current MRF infrastructure could be

adapted to include additional near-infrared sortation for bio-

based polyesters but may also present challenges when trying

to achieve single streams of polyesters, like bottle grade

PET,123 which can be efficiently processed by mechanical recy-

cling.11 However, if a recycling process could accommodate

mixed polyesters, the common ester bonds would allow for an
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easier ‘‘one-shot’’ sortation of all polyesters, including PET, into

a single stream at an MRF.
Conclusions
In this work, we compared the process economics and environ-

mental performance of selective depolymerization via methanoly-

sis, glycolysis, andhydrolysis for the recyclingofamixedpolyester

streamcontainingPET, PLA, andPBAT. The results of the analysis

highlight the potential benefits of a system that harmonizes recy-

cling withmixed and variable polyesters, including bio-basedma-

terials, tokeepvaluablecarbonmolecules incirculation rather than

permit them to degrade. Another advantage of chemically recy-

cling mixed polyesters is the ability to process a wider range of

form factors beyond packaging. This includes other emission-

intensive waste streams such as textiles, electronics, and building

and construction waste. Expanding the scope of acceptable ma-

terials enhances the potential for waste reduction and promotes

a more comprehensive approach to sustainability.124,125

Methanolysis was found to have the most advantageous over-

all performance for polyester recycling with an MSP of $1.85/kg

in the base-case scenario, which represents a 31% decrease

relative to the estimated market value of an equivalent mixture

of PET, PLA, and PBAT. Methanolysis also showed life-cycle

environmental benefits including a 46% reduction in GWP and

a 29% reduction in carcinogenic toxicity relative to virgin pro-

duction, with all other life-cycle impact metrics lower than or sta-

tistically equivalent to virgin production. Recycling via glycolysis

or acid hydrolysis was found to have higher costs and environ-

mental impacts in the base-case scenario but has the potential

to be competitive with virgin production under process optimiza-

tion and decarbonization conditions.

This work demonstrates that, with a surplus of potential tech-

nologies to choose from, process modeling alongside TEA and

LCA can help guide the direction of early-stage research and

down-select optimum recycling pathways for select waste

streams. As the market and demand for bio-based polyesters

grows, a flexible chemical recycling process will be crucial for

enabling an effective and sustainable circular economy.
EXPERIMENTAL PROCEDURES

TEA

Goal and scope

The goal of this work was to determine the economic and environmental feasi-

bility of a chemical deconstruction approach to mixed polyester recycling. To

that end, three process models were developed to represent key industry

technologies of interest: methanolysis, glycolysis, and hydrolysis. Process

models for representative processes were developed in Aspen Plus V14

guided by available literature including publications, patents, and technology

reports. The POLYNRTL model package was used for methanolysis and

glycolysis and the EP-NRTL package was used for hydrolysis.

Some property method data for compounds were not available and the

Aspen property-estimation tool was employed where necessary. Complete

property estimation was required for the glycolysis products HEL and BHEA,

which may result in particularly high uncertainty for distillation operations

involving these components. Where important, compound behavior was

determined experimentally; this included validating the proposed deconstruc-

tion technologies on mixed polyester substrates, confirming compound misci-

bility and solubilities, and testing the proposed AA and TPA crystallization sep-

aration under highly acidic conditions in hydrolysis. Data for these experiments

are not included in this work.
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At this level of modeling and with the underlying assumptions, there are as-

pects of the modeled processes that may not be fully accounted for including

unpredictable equilibrium or thermodynamic behavior (i.e., azeotropes, phase

separation, etc.) and application of unique separation approaches (surfac-

tants, membrane separations, etc.). Therefore, it will be necessary to re-eval-

uate the designs and underlying assumptions if these technologies are further

developed.

Full process descriptions are provided in Notes S1–S3 with detailed process

flow diagrams provided in Figures S1–S21. Some equipment that was ac-

counted for in the economic analysis is not shown in these diagrams due to

how the items were costed or for simplicity. This includes items such as spare

pumps or storage and surge tanks.

For all modeled processes, mixed polyester flakes are blended with the

respective solvent and fed continuously into the depolymerization reactor

via a slurry. While many PET depolymerization technologies usemelt extrusion

coupled with backflush filtration to continuously remove solid contaminants

and feed the plastic into a reactor,126 this method becomes more challenging

at lower reaction temperatures and with mixed feedstocks having different

melt temperatures. Instead, we adopted the slurry method for continuous

feeding and placed solids removal filtration after the depolymerization reaction

step in the modeled process.

nth-plant assumptions

The analysis performed in this work assumes nth-plant assumptions, meaning

that many of the economic and technological assumptions used (e.g., depoly-

merization extents, on-stream time, financing amounts) represent a mature

technology and not a pioneer plant. While the process models developed

here are theoretical and unproven at a high technology readiness level, nth-

plant assumptions are employed to better understand the potential for the

technologies and avoid overshadowing of performance especially when

comparing to incumbent technologies. More details on these assumptions

can be found in the National Renewable Energy Laboratory (NREL) design

reports.127

Discounted cash-flow analysis and the MSP

This section summarizes the approach behind the discounted cash-flow eco-

nomic analysis conducted. The description is adapted from a 2011 design

report by Davis et al.128

After estimating the total capital investment, variable operating costs, and

fixed operating costs, a discounted cash-flow analysis was used to determine

the MSP per kilogram of overall polymer product produced. This is performed

by iterating the selling cost of the product until the NPV of the plant is zero. This

discounted cash-flow analysis requires that the discount rate, depreciation

method, income tax rates, plant life, and construction start-up duration be

specified. Because this plant is assumed to be equity financed, this also re-

quires assumptions around the loan terms. See Table S4 for a list of the param-

eters used in the base-case scenarios for the deconstruction technologies.

Total capital investment

The capital costs for equipment were calculated using a combination of quotes

from previous NREL design reports and Aspen Process Economic Analyzer

V14. When necessary, these costs were scaled by a factored approach with

corresponding installation factors as described in Peters and Timmerhaus.129

Indirect costs such as piping and facilities and the assumed contributions for

utility and waste integration from the OSBLs were based on the direct installed

costs. The employed factors are summarized in Table S4.

Discount rate

In the base-case scenarios, the discount rate was set to 12% and the plant life-

time was set to 30 years. A discount rate of 10%was previously used in design

reports and was based on the recommendation in Short et al.,128 but we use

the higher discount rate of 12% based on feedback from industry partners.

Equity financing

It was assumed that the chemical recycling plants modeled here would be

40% equity finance with 8% interest paid back across a 10-year period. The

principal is taken out in stages over the 3-year construction period (see

Table S4). Interest on the loan is paid during this period, but principal is not

paid back in alignment with the nth-plant assumptions used in this work.

Depreciation

The Internal Revenue Service (IRS) Modified Accelerated Cost Recovery Sys-

tem (MACRS) was used to determine the amount of capital depreciation to

calculate the amount of federal taxes to be paid. This is in alignment with
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previous design reports from NREL.130 As described in IRS publication 946,131

a recycling plant falls under Asset Class 49.5, ‘‘Waste Reduction and Resource

Recovery Plants.’’ This class uses a 7-year recovery period.

Taxes

The federal corporate tax rate used in our analysis is 21% as stated by IRS

publication 542 for corporations.132 Income tax is averaged over the plant

life and that average is calculated on a per-kilogram basis. This amount of

tax to be paid varies annually due to changes in the volume of polymer product

produced and plant depreciation. In some cases, no income is paid in the first

few years of operation if the depreciation and loan interest deductions are

greater than the net income. State taxes are not considered in this economic

analysis, primarily because the location of the plant has not been determined

and rates can vary from 0%–19%.

Construction time

The construction time for this analysis is assumed to occur over 2 years with an

added 12 months for planning and engineering design as summarized in

Table S4. This assumption is important to the cash-flow analysis because

large amounts of capital are being spent but no income is generated. As noted

in previous design reports from NREL,128 this construction period falls within

the ranges for smaller refineries outlined by Perry and Green133 and those

for large refineries.134

Start-up time

Perry and Green133 indicate that, for a moderately complex plant, start-up

should be about 25% of the construction time, or 6 months in this case.

Considering that this design is for the nth operating plant, we assumed a

start-up time of 3 months. The start-up period is not completely wasted, how-

ever. We assume that an average of 50% production could be achieved during

that period while incurring 75% of variable expenses and 100% of fixed ex-

penses (see Table S4).

Working capital

Peters and Timmerhaus129 define working capital as money available to

cover (1) raw materials and supplies in inventory, (2) finished product in stor-

age, (3) accounts receivable, (4) cash on hand for monthly payments such as

wages and maintenance supplies, (5) accounts payable, and (6) taxes

payable. They note that working capital can fall between 10% and 20% of

the fixed capital investment. This money is spent during the start-up phase

and is carried through the life of the plant to purchasematerials and supplies.

Garrett135 suggests that using a fraction of the yearly operating cost, typi-

cally 10%–35%, is more relevant. As noted by Seider,136 the working capital

should ultimately be recalculated based on the annual operating and

installed capital costs once they are known. When performing the calcula-

tions suggested by Seider,136 the working capital amounts to 10%–12%

across the technology base cases. This percentage aligns well with the initial

estimate strategies outlined above from both Peters and Timmerhaus and

Garrett. As a result, we chose a working capital of 12% of the FCI across

all base cases in this work. Table S4 summarizes the parameters used in

the discounted cash-flow analysis.

Uncertainty analysis

Uncertainty analysis was applied for theMSP of the processes. Historical mar-

ket prices within a 5-year time period (2016–2020) were used to bound the pri-

ces. Where market data were unavailable or unreliable, lower bounds and up-

per bounds were assumed to be 80% and 120% of the averages, respectively.

Monte Carlo analysis was performed using a triangular distribution with 10,000

iterations, giving mean and s values.

Sensitivity analysis

Sensitivity analysis was conducted in a univariate manner, meaning that only

one variable was changed relative to the base case to understand its impact.

Bounds for these variables were guided by similar technologies for PET or

polyester deconstruction or by engineering intuition where not available.

Although the sensitivities explored were univariate, each sensitivity case can

likely benefit from optimization of the model under those specific conditions.

LCA

Goal and scope

The goal of this work was to compare the environmental impacts of three

chemical recycling strategies for mixed polyesters relative to virgin

manufacturing of those same polyesters. This LCA also aimed to identify key
areas for innovation and potential challenges and opportunities that may arise

with future market changes. All results reported in the main text use a cradle-

to-gate system boundary and a cutoff approach in which post-consumer plas-

tic waste is assumed to be free of environmental burdens. For the recycling

strategies, cradle-to-grave includes post-consumer mixed polyester collec-

tion, sorting at an MRF with a 10% mass loss, processing into flake with a

7% mass loss (final purity = 95% target polyesters), recycling to monomers,

and separation and repolymerization of the monomers into plastics. For virgin

manufacturing, cradle to grave includes resource extraction, fossil-fuel refining

into chemicals, and polymerization of the chemicals into plastics.

Manufacturing into final products (e.g., bottles or films) and the product-use

phase are not included. Results are reported per kilogram of output mixed

polyester.

To consider the effect of chemically recycling polyesters multiple times

through the reported strategies, normalized life-cycle impacts were also calcu-

lated and are reported in the supplemental information according to a system-

expansion approach.40 The number of product lifetimes (L) that could be ob-

tained from recycled polyesters were calculated with Equation 1:

L =
XN
n = 0

�
ab

c

�n

=
c

c � ab
when

ab

c
< 1 (Equation 1)

where a = mass yield of the recycling process; b = mass yield of pre-recycling

steps including collection, sorting, and flaking; c = mass ratio of recycled

monomers contained in 1 kg of secondary polyester; and n = number of recy-

cling cycles. For all base cases, a = 0.65 for methanolysis, 0.65 for glycolysis,

and 0.64 for hydrolysis; b = 0.84 (90% sorting yield and 93% bale-to-flake

yield); and c = 0.87 for methanolysis, 0.98 for glycolysis, and 0.76 for hydroly-

sis. Note that b does not include losses from the collection phase; incorpo-

rating this factor would substantially change L and thus the normalized envi-

ronmental impacts.

The normalized impact of the entire system (xi ) for impact category i was

then calculated with Equation 2:

xi =
xv;i+ðL � 1Þxc;i

L
(Equation 2)

where xv,i = impacts of one unit of virgin polyester production and xc,i = impacts

of one unit of recycled polyester from the selected chemical recycling process.

The resulting value was then compared to the impact from one unit of virgin

polyester (50% PET, 30% PLA, and 20% PBAT) production and disposal.

Disposal was assumed to be 76% sanitary landfill, 9% incineration with energy

recovery, and 15%mechanical recycling for PET, and 90%sanitary landfill and

10% incineration with energy recovery for PLA and PBAT, according to

2019 US data.5 Both virgin and recycled polyester are manufactured into

50% bottles by stretch blow molding and 50% film by extrusion. It is assumed

that the recycled polyester has the same material quality as virgin polyester

and therefore can be directly substituted into the manufacturing stream.

Inventory analysis

Background data were sourced from ecoinvent version 3.3 (allocation, cutoff

by classification—unit).92 US-specific inventories were used when available;

if unavailable, global average data were used instead. Additional inventories

were obtained from the literature: polyester collection (based on PET collec-

tion data; Table S5), polyester sorting (based on PET sorting data; Table S6),

polyester flaking (based on PET bottle flaking data; Table S7), and virgin

PBAT production (Table S8). The renewable electricity inventory was prepared

using the grid mix reported in the Regional Energy Deployment System

(ReEDS) mid-case scenario with 95% decarbonization by 2035 (43% wind,

32% photovoltaics, 12% nuclear, 5% hydropower, 5% natural gas, 1%

geothermal, and 2% other).137 The renewable heat inventory was supplied

by ecoinvent (market for heat, future138) and assumes biogas production

and upgrading from a combination of landfill gas, sewage sludge anaerobic

digestion, and grass digestion.

Impact assessment

The LCAwas conducted using SimaPro software and the TRACI 2.1 US 200890

and AWARE91 methods. TRACI is a US-oriented method developed by the US

Environmental Protection Agency that uses a midpoint approach to quantify

acidification (kg SO2 equiv), carcinogenics (comparative toxic unit for human
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[CTUh]), ecotoxicity (comparative toxic unit for aquatic ecotoxicity [CTUe]),

eutrophication (kg N equiv), fossil-fuel depletion (MJ surplus energy), global

warming (kg CO2 equiv), non-carcinogenics (CTUh), ozone depletion (kg tri-

chloro-fluoromethane equiv [kg CFC-11 equiv]), particulates exposure (kg

fine particulate matter equiv [kg PM2.5 equiv]), and smog formation (kg ozone

equiv [kg O3 equiv]). AWARE is a midpoint method for determining water use

(m3) and considers the potential for water depletion averaged over 1 year.

Uncertainty analysis

The uncertainty of themethanolysis, glycolysis, and hydrolysis inventories was

estimated using a semi-quantitative pedigree approach. This method enables

verification of the reliability (or unreliability) of point estimates. Each item in the

life-cycle inventory was given reliability, completeness, temporal correlation,

geographical correlation, and further technological correlation scores (scale

of 1–5) according to the rubric previously published in the electronic supple-

mentary information (Table S8) of Uekert et al.53 The sum of these scores

were assigned a certain standard deviation (s): scores of 5–9 were varied

by ±5%, 10–14 by ±10%, 15–19 by ±15%, 20–24 by ±20%, and 25

by ±25%. Most material, energy, and emission flows in this work fell within

the ±20% category. The uncertainties of background processes were pro-

vided by log-normal distributions in the ecoinvent database. Using these dis-

tributions, Monte Carlo analysis was performed with 1,000 iterations, giving

mean and s values. Error propagation was applied when needed.

MCDA

MCDA was conducted by dividing the results for a given metric (xn) for all

selected scenarios (e.g., decarbonization scenarios or PET content scenarios)

by the maximum value for that metric (xmax) according to Equation 3.

x =
xn
xmax

(Equation 3)

The normalized values (x) were then summed (no weighting applied) into a

single MCDA score. Here, a lower score indicates a better outcome.
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nomic calculations were performed in Microsoft Excel, and LCA was conduct-
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