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Summary: 19 

The mixed and varied nature of fossil-based and bio-based plastic waste requires complex and 20 

costly separations to enable compatibility with recycling technologies. A circular plastic economy 21 

based on mixed polyesters through cleaving ester bonds to produce monomers, while re-utilizing 22 

bio-based monomers to produce high-quality sustainable plastics, charts an exciting solution. 23 

However, the feasibility of such a circular economy solution remains underexplored. Here we 24 

conducted a techno-economic analysis and life cycle assessment of three polyester 25 

depolymerization recycling processes—methanolysis, glycolysis, and acid hydrolysis—for a 26 

mixed feedstock (polyethylene terephthalate (PET), polylactic acid (PLA), and polybutylene 27 

adipate terephthalate (PBAT)). Methanolysis outperforms glycolysis and hydrolysis economically 28 

and environmentally due to more efficient downstream separations, generating products with a 29 

31% decrease in selling price and 21-46% reduction in acidification, carcinogenic toxicity, fossil 30 

fuel depletion, global warming potential, particulate formation, and smog formation compared to 31 

conventional polyester manufacturing. This study highlights the viability of a circular plastic 32 

economy for mixed polyesters via a single chemical recycling process. 33 

Keywords: plastic, polyester, bioplastic, chemical recycling, circular economy, techno-economic 34 

analysis, life cycle assessment, methanolysis, hydrolysis, glycolysis 35 
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Introduction 37 

The reliance on petrochemical feedstocks and failure to mitigate the loss of plastic to landfills and 38 

the natural environment has accelerated the depletion of finite resources, resulting in enormous 39 

energy and material costs to the global economy.1-5 The greenhouse gas (GHG) emissions from 40 

plastic production are expected to reach 15% of the global carbon budget by 2050.1 A recent life 41 

cycle assessment (LCA) study from Bardow et al. showed that a net-zero emissions plastics 42 

supply chain is possible when combining biomass feedstocks with high recycling rates.2 The 43 

polyolefin (i.e., polyethylene [PE] and polypropylene [PP]) industry has made substantial strides 44 

towards utilizing bio-based feedstocks, with bio-ethanol derived PE commercially available today. 45 

These materials, when recycled via mechanical recycling at high rates, have the potential to be 46 

carbon negative and increase circularity. However, due to challenges associated with 47 

contamination and degradation, the mechanical recycling rates of PE remain low with limited life 48 

cycles. Chemical recycling of polyolefins via pyrolysis is growing in use, but remains limited in 49 

widespread adoption due to the high energy requirements, and subsequent environmental 50 

impacts, needed to cleave carbon-carbon bonds.6-8 In contrast, polyesters, while currently more 51 

energy intensive to produce than polyolefins, contain ester linkages that are prevalent in naturally 52 

occurring materials (e.g., cutin, suberin), which enable the use of bio-based feedstocks and more 53 

energy efficient depolymerization into feedstock materials via ester cleavage through known 54 

chemical recycling techniques.9,10 Additionally, previous LCA work has demonstrated reductions 55 

in emissions and other negative environmental impacts when recycling polyesters through 56 

solvolysis, compared to the pyrolysis or gasification of polyolefins.100,101 57 

Polyesters have the potential to direct a future circular plastics system; multiple studies have 58 

shown that many bio-based polyesters can meet or exceed the performance of commodity 59 

plastics, either individually or in combination, while sequestering biogenic carbon in their 60 

backbones.11-20 The markets for bio-based and partially bio-based commercial polyesters such as 61 

polylactic acid (PLA) and polybutylene adipate terephthalate (PBAT) continue to grow.21,22 62 

However, the lack of end-of-life processing of these polyesters, which are currently marketed as 63 

industrially compostable, remains a concern and has limited market adoption.23 While known to 64 

break down under industrial composting conditions, composters often reject these materials due 65 

to the high carbon content leading to poor compost health. Additionally, compostable polyesters 66 

that enter current mechanical recycling infrastructure are viewed as contaminants to polyethylene 67 

terephthalate (PET) recycling streams.24  68 
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A chemical recycling process that can target the ester linkages in a variable feedstock of both bio-69 

based and non-bio-based polyesters (e.g., PET) could keep valuable carbon in circulation and 70 

potentially reduce the environmental impact of plastic production and disposal. Such a polyester-71 

agnostic system would increase the volume of material available for recycling, simplify the 72 

sortation process for material recovery facilities (MRFs) (i.e., sort based on common ester bond), 73 

and enable a recycling mechanism for existing and emerging compostable polyesters such as 74 

polybutylene succinate (PBS), polycaprolactone (PCL), and polyhydroxyalkanoates (PHAs).21,25,26 75 

Furthermore, the European Union’s Single-Use Plastic Directive27 aims to ban all single-use 76 

plastics other than “natural polymers”, the definition of which is still under debate but may include 77 

bio-based polyesters. Such a transition may lead to strain on agriculture and natural feedstocks 78 

that can potentially be mitigated by effective recycling of these materials.  79 

Multiple polyester depolymerization recycling strategies such as methanolysis, glycolysis, 80 

aminolysis, and hydrolysis have been proposed, developed, and, in some cases, scaled up for 81 

PET waste management over the past several decades.6,28,29 The mechanisms to cleave ester 82 

linkages will be the same for both PET and bio-based polyesters such as PLA, albeit under 83 

different conditions,30-34 but downstream separation and monomer purification are expected to 84 

become increasingly demanding with mixed and variable feedstocks. While comprehensive 85 

modeling and analysis has been conducted for individual polyesters,35,36 this has yet to be 86 

reported for mixed polyester feedstocks. It is critical to understand the economic and 87 

environmental impacts of a mixed polyester recycling process that could enable the circularity of 88 

these materials and reduce reliance on both fossil fuels and agricultural feedstocks.37  89 

Here, we report a rigorous process modeling effort comparing chemical recycling processes for 90 

deconstructing mixed polyesters into monomers and repolymerizing them into the parent 91 

polymers using a representative mixed stream of PET, PLA, and PBAT (Figure 1). The selected 92 

feedstock for this study focuses primarily on packaging applications and was selected based on 93 

the following criteria: a representative fossil-based polyester (PET), a bio-based and compostable 94 

polyester (PLA), a fossil-based and compostable polyesters (PBAT), commercially available and 95 

used in packaging applications, and offers a range of properties and target use. We construct 96 

detailed process models for three industrially relevant polyester chemical recycling technologies: 97 

methanolysis, glycolysis, and acid hydrolysis. We then conduct techno-economic analysis (TEA) 98 

and life cycle assessment (LCA) to estimate the minimum selling price (MSP) and environmental 99 

impacts of the resulting recycled polymer products. Sensitivity analysis is used to quantify the 100 
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importance of feedstock composition, operating conditions, downstream separations, and 101 

renewable electricity and heat sourcing for process improvement and optimization. Overall, this 102 

study benchmarks potential mixed polyester chemical recycling technologies and proposes that 103 

amine-catalyzed methanolysis is the most economical pathway with the greatest environmental 104 

benefit generating products with a 31% decrease in selling price and 46% reduction in global 105 

warming potential (GWP). Implementing such a recycling strategy could foster circularity for 106 

biogenic carbon within polyester materials, simultaneously curbing energy consumption, GHG 107 

emissions, waste, and other negative environmental impacts throughout the production and 108 

utilization of polyester plastics. These models can have far reaching implications for emerging 109 

ester-based plastic recycling platforms and can provide analysis-driven process guides for 110 

expanding feedstocks beyond PET.  111 

Results and Discussion 112 

Process model development  113 

This study evaluates methanolysis, glycolysis, and acid hydrolysis (Figure 1) because these 114 

technologies have been explored extensively and are industrially relevant for PET recycling.38 115 

Several companies have operated PET methanolysis or glycolysis plants or are pursuing the 116 

development of these technologies at scale. Although most industrial activity for hydrolysis is 117 

focused on enzymatic or alkaline hydrolysis, we have previously reported on the high 118 

environmental impacts associated with base consumption in these processes.39 As a result, we 119 

chose to explore an acid-catalyzed route that could minimize the need for alkaline reagents to 120 

neutralize acidic monomeric products. The chemical recycling feedstock was selected to have an 121 

average composition of 50% PET, 30% PLA, and 20% PBAT.21,40 While this composition ratio 122 

does not reflect current market volumes, this study aims to demonstrate a potential future scenario 123 

where PLA and PBAT have a larger market share, as currently projected by market reports.21 PLA 124 

and PBAT were selected as additional polyester representatives because they are used primarily 125 

for packaging and single-use applications and are, currently, the largest volumes in the 126 

compostable polyesters waste stream.21,22 Other emerging and promising polyesters could also 127 

be introduced into the modeled processes as their respective usage grows.11,14,16,17,19,41,42 128 

Process models for amine-catalyzed methanolysis, amine-catalyzed glycolysis, and acid-129 

catalyzed hydrolysis were developed and modeled in Aspen Plus V14. When possible, 130 

assumptions around reaction conditions and separations were guided by the available literature, 131 
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and the solubility of reaction products was evaluated experimentally. Due to the exploratory nature 132 

of this work, some property method data for compounds were not available and the Aspen 133 

property estimation tool was used. Therefore, the results may change as improved property data 134 

are reported and incorporated. However, as highlighted through sensitivity analysis and the 135 

estimation of error ranges via Monte Carlo analysis, the overall outcomes of the work are not 136 

expected to change substantially. Each process is briefly described here with full details and 137 

process flow diagrams in the Supplemental Information (Notes S1-S3 and Figures S1-S21). 138 

In the base case scenario for all modeled technologies, the facility size was set to process 100 139 

metric tons per day (MTPD), or 36,000 metric tons per year, of mixed polyester waste feedstock. 140 

This plant capacity represents 4.5% of the combined 2020 consumption for PET thermoforms and 141 

compostable plastics (or, individually, 5% of PET and 44% of compostable plastics consumption) 142 

in North America.22,43 The feedstock was assumed to comprise 95% polyesters with 5% impurities 143 

(Table S1) and to be purchased from a MRF or reclaimer at $0.44/kg (Table S2). This price 144 

includes the cost of sourcing and sorting the feedstock (assumed here to be similar to the national 145 

average of PET thermoform and flexible film bales at $0.16/kg),44 the cost of pretreatment 146 

including washing, flaking, and drying (estimated to be $0.20/kg based on equipment and utility 147 

costs), and transport (taken to be $0.08/kg).45 Impurities include inorganic fillers, glues, paper, 148 

and other plastics and align with contamination levels for grade A PET thermoform bales.44 As 149 

average market prices for PLA and PBAT are approximately 1.7-2 times that of PET (Table S2), 150 

these polymers could eventually demand higher post-consumer prices. Additionally, certain 151 

polyester products may have higher levels of contaminants and metals, such as inorganic fillers 152 

in PLA food service items and paper labels in PET thermoforms. To account for this uncertainty, 153 

the impact of feedstock cost and purity is explored through sensitivity analysis. The extent of 154 

reaction for depolymerization was set to 90% for all technologies33,38,46-51 with an overall assumed 155 

downstream monomer recovery of 75%52-54. Along with the assumed feedstock purity, this results 156 

in an overall mass yield of approximately 65% with respect to the total feedstock input. The impact 157 

of these recovery and yield assumptions is also further explored through sensitivity analysis. Heat 158 

integration was performed in each process to minimize utility consumption.  159 

In the methanolysis process (Figure 2), the polyester feedstock, mixed with methanol, is fed via 160 

a slurry pump to a continuous stirred-tank reactor operating at 170°C and 20 bar alongside a 161 

dimethylethylamine catalyst with a residence time of 4 h. The catalyst loading is 7 wt% (defined 162 

relative to the total feedstock mass) and the solids loading is 30 wt% (defined as the polyester 163 
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feedstock relative to the total stream).49,50,55 After the reactor, the mixture is filtered to remove 164 

residual solids and distilled to recover the catalyst and some methanol, which is recycled to the 165 

reactor. The bottom product is cooled to crystallize dimethyl terephthalate (DMT) from solution. 166 

The liquid fraction is passed through activated carbon and ion-exchange columns to remove 167 

residual colorants and contaminants.56,57 The treated solution is distilled in a series of columns to 168 

recover and separate methyl lactate from methanol and any residual catalyst. Due to an 169 

anticipated azeotrope between 1,4-butanediol (BDO) and dimethyl adipate (DMA), the distillation 170 

bottoms product containing ethylene glycol (EG), BDO, and DMA is separated using liquid-liquid 171 

extraction with water and heptane in a mixer-settler configuration. The organic-rich layer 172 

containing DMA is distilled to recover heptane (>99%) and the aqueous layer containing EG and 173 

BDO is distilled to recover water and separate the diols. The separated monomers are 174 

repolymerized: methyl lactate is converted to lactide, which is polymerized to PLA;58 DMT and EG 175 

are reacted to form bis(2-hydroxyethyl) terephthalate (BHET) and polymerized to PET;59-62 and 176 

DMT, BDO, and DMA are reacted to prepolymer intermediates and polymerized to PBAT.63-67 177 

Methanol is recovered from the polymerizations (simplified in Figure 2, see Figures S5-S7 for all 178 

stream details) and recycled back to the depolymerization reactor. 179 

For amine-catalyzed glycolysis (Figure 3), the polyester feedstock, mixed with EG, is fed via a 180 

slurry pump to a continuous stirred-tank reactor operating at 190°C and 3 bar with a triethylamine 181 

catalyst and a residence time of 1 h.33,48,49 The catalyst loading is 7 wt% (defined relative to the 182 

total feedstock mass) and the solids loading is 20 wt% (defined as the polyester feedstock relative 183 

to the total stream).49 The solids loading selected is lower than in methanolysis due to the higher 184 

viscosity of the reaction mixture and as guided by the reported ranges in literature. The reaction 185 

products are filtered to remove residual solids and distilled to recover the catalyst, which is 186 

recycled to the reactor. The bottoms product is passed through activated carbon and ion-187 

exchange columns to remove residual colorants and contaminants.52,54,56,57,68 The treated solution 188 

is cooled and the BHET product is crystallized from solution. The liquid fraction is distilled to 189 

recover and purify EG; the bottoms product is further distilled in a series of columns to recover 190 

products in the following order: BDO, 2-hydroxyethyl lactate (HEL), and bis(2-hydroxethyl) adipate 191 

(BHEA).  Before polymerization, HEL, BHEA, and a portion of BHET must first be hydrolyzed to 192 

avoid the introduction of EG in PLA and PBAT. The hydrolysis reaction is catalyzed by an acidic 193 

ion exchange resin to form the respective carboxylic acid intermediates (lactic acid [LA], adipic 194 

acid [AA], and terephthalic acid [TPA]). LA is recovered through distillation whereas AA and TPA 195 

are recovered through evaporation, crystallization, and drying.69 EG is recovered from the 196 
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aqueous solution through distillation and recycled to the polymerization reactor. The separated 197 

monomers are sent to polymerization: LA is reacted to lactide and polymerized to PLA;58 BHET is 198 

polymerized to PET;59,60,66 and TPA, BDO, and AA are reacted to prepolymer intermediates and 199 

polymerized to PBAT.61,63-67 EG vapors from the PET polymerization are recycled to distillation 200 

(not shown in Figure 3, see Figure S13 for all stream details). 201 

In acid-catalyzed hydrolysis (Figure 4), the polyester feedstock is mixed with the aqueous sulfuric 202 

acid catalyst and fed via a slurry pump to a continuous stirred-tank reactor operating at 170°C 203 

and 3 bar for a residence time of 4 h.46,47,51 The catalyst concentration is 3 molar with a pH of 0. 204 

This acid catalyst loading is at the lower end of the 3-17 molar range reported in literature47,56,70 205 

and a longer residence time and higher temperature has therefore been assumed.47  The reaction 206 

solids loading is 20 wt% (defined as the polyester feedstock relative to the total stream)46,47,51 207 

which is lower than in methanolysis due the lower solubility of polyesters in water71 and the 208 

formation of solid products in the reactor. The reaction products are flashed to recover a portion 209 

of the water, which is directly recycled to the reactor. The remaining mixture is further cooled and 210 

then centrifuged to separate solid TPA, AA, and residual solids from the liquid product. The 211 

recovered solids are combined with water, heated to dissolve AA, and filtered.72,73 The filtrate is 212 

treated with activated carbon and ion exchange to remove colorant and metal contaminants74 and 213 

then cooled to recrystallize AA; the solids from filtration are further purified through 214 

recrystallization in high temperature water to yield TPA.75-77 The depolymerization reactor filtrate 215 

containing LA, EG, and BDO is neutralized with calcium hydroxide.78,79 The resulting calcium 216 

sulfate precipitate is centrifuged, washed, and disposed of as waste. LA is separated from the 217 

filtrate by adsorption on a weak, tertiary amine resin.80,81  The LA is eluted from the column using 218 

methanol82 then flashed and distilled to recover and recycle the methanol eluent (96% recovery); 219 

the effluent, containing aqueous EG and BDO, is concentrated using reverse osmosis (RO) and 220 

separated using distillation.83-85 The separated monomers are then sent to polymerization: LA is 221 

reacted to lactide and polymerized to PLA;58,86 TPA and EG are reacted to form BHET then 222 

polymerized to PET;59,60,62 TPA, BDO, and AA are reacted to prepolymer intermediates then 223 

polymerized to PBAT.63-67 224 

Key base case parameters for each technology are summarized in Table S3. Material and energy 225 

balances generated from the Aspen Plus process models were used to size process equipment 226 

and estimate expenses. Using a discounted cash flow analysis with a discount rate of 12% 227 

(complete financial parameters provided in Table S4), the overall MSP was calculated for the 228 
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polymer products (i.e., the selling price of the total PET, PLA, and PBAT mass for which the net 229 

present value [NPV] is 0) on a 2020 United States dollar (USD) cost basis. Monte Carlo analysis 230 

with 10,000 iterations was run to estimate standard deviations for process MSPs (as described in 231 

the Experimental Procedures). 232 

The environmental impacts of the selected mixed polyester depolymerization technologies were 233 

evaluated using life cycle inventories built from the Aspen Plus process models (Tables S5-S11), 234 

the Tool for the Reduction and Assessment of Chemicals and Other Environmental Impacts 235 

(TRACI 2.1, U.S. 2008)87 and Available WAter REmaining (AWARE)88 methods, ecoinvent version 236 

3.3 background data,89 and SimaPro LCA software. All technologies were assessed “cradle-to-237 

gate,” from curbside collection through to repolymerization of the recycled monomers into PET, 238 

PLA, and PBAT (Figure S22). A cut-off approach was used in which the mixed polyester waste 239 

was assumed to be free of environmental burdens associated with its original production. 240 

Recycled polymers were compared to an equivalent mixture of virgin PET (fossil-based, 241 

ecoinvent), PLA (corn sugar-based, ecoinvent), and PBAT (fossil-based, Table S8). The standard 242 

deviations of the LCA results were estimated using a Monte Carlo simulation with 1,000 runs. 243 

Further details on the LCA goal, scope, and methodology are available in the Experimental 244 

Procedures.  245 

Comparison of chemical recycling technologies 246 

Across the screened processes, methanolysis was estimated to have the lowest MSP at $1.85/kg 247 

for the combined polymer products (Figure 5A, Table S12). Glycolysis and hydrolysis were 248 

estimated to have MSPs of $2.55/kg and $3.45/kg, respectively, in comparison to the estimated 249 

virgin market price of $2.70/kg for an equivalent product mixture. Methanolysis was also estimated 250 

to have the lowest annual operating expense and fixed capital investment when compared to 251 

glycolysis and hydrolysis (Figure 5B, Table S12). The most impactful aspect of these 252 

deconstruction technologies lies in the downstream processing and separations. Even though the 253 

methanolysis process has the highest operating pressure and a long residence time, the high 254 

recoverability of the methanol and catalyst alongside the ability to directly repolymerize all 255 

monomer products minimize the operational costs and capital expenditure. By contrast, the 256 

glycolysis process produces high-boiling monomer products that are mostly separated through 257 

distillation and require the hydrolysis of HEL, BHEA, and a portion of the BHET to avoid EG 258 

contamination in PBAT and PLA. These intensive steps that result from the nature of the glycolysis 259 

process outweigh the benefits that derive from the easily recoverable triethylamine catalyst and 260 
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the ability to directly polymerize BHET to PET without requiring an esterification or 261 

transesterification step. Similarly, although the acid hydrolysis process yields monomers that can 262 

be directly sold or polymerized, it requires relatively complex and energy-intensive separations 263 

and purifications (e.g., AA and TPA separation, TPA purification, and LA recovery). When 264 

combined with an unrecoverable sulfuric acid catalyst that requires neutralization, the operational 265 

costs and capital expenditure of acid hydrolysis are driven up, leading to the highest MSP. 266 

In addition to the base case scenarios, various decarbonization and optimization scenarios were 267 

evaluated (Figure 5C, Table S13). First, a case was considered in which the processes purchase 268 

renewable electricity at a price of $0.03/kWh, which is representative of the average purchase 269 

price agreement for utility scale solar and wind.90-93 Across all technologies, this showed a 270 

relatively small decrease in MSP of $0.01/kg due to the small contribution of electricity expenses 271 

to overall MSP (~1%). Next, a renewable heating case in which renewable natural gas is 272 

purchased at $12.40/GJ and used for process heating and steam generation was considered.94,95 273 

Renewable natural gas refers to upgraded biogas from sources such as landfills, animal manure, 274 

and crop residues.94 Due to the high premium of renewable natural gas relative to its fossil 275 

counterpart ($2.70/GJ), all technologies showed increases in MSP, with methanolysis exhibiting 276 

the smallest increase in MSP of $0.24/kg due to lower overall process heating requirements. 277 

Lastly, an optimistic case including both renewable electricity and heating along with select 278 

optimistic process improvements (99% reaction extent, 85% downstream recovery, 99% 279 

feedstock purity, 150 MTPD, 30/40% solids loading) was modeled. Even with the premium paid 280 

for renewable heating, the optimistic case scenarios showed substantial decreases in MSP due 281 

to increased yields, lower process heating, and lower material consumption. Under these 282 

optimistic case scenario assumptions, all processes were shown to be potentially competitive with 283 

the virgin equivalent market price, with glycolysis and hydrolysis showing the largest magnitude 284 

in MSP decrease, albeit with final MSPs still higher than methanolysis. 285 

To understand the impact of feedstock composition on process economics, the PET mass fraction 286 

in the feedstock was varied while maintaining PLA and PBAT at a mass ratio of 3:2 (Figure 5D, 287 

Table S14). Hydrolysis and glycolysis are estimated to exhibit a slight decrease in MSP as the 288 

PET fraction increased due to a reduction in methanol and EG consumption, respectively. In 289 

contrast, the methanolysis MSP was relatively invariant due to a reduction in the capital recovery 290 

charge offsetting an increase in raw material demand for EG make-up in polymerization. As the 291 
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PET market price is estimated to be less than PLA and PBAT, the reference market price (dashed 292 

gray line) is also shown to decrease as PET content increases. 293 

On an environmental basis, methanolysis offered the lowest acidification, carcinogenic toxicity, 294 

fossil fuel depletion, GWP, particulate formation, and smog formation, at 21-46% lower than virgin 295 

manufacturing of an equivalent combination of PET, PLA, and PBAT (Figure 6A, Tables S15-296 

S18). Virgin manufacturing had the lowest impact in the remaining ecotoxicity, eutrophication, 297 

non-carcinogenic toxicity, ozone depletion, and water use categories (17-59% lower than 298 

methanolysis). Glycolysis offered the second-best performance across the recycling technologies, 299 

with impacts 1.2-4.2 times higher than methanolysis and 1.0-10.2 times higher than virgin 300 

manufacturing. Hydrolysis exhibited life cycle impacts 1.3-3.1 and 1.3-6.2 times higher than 301 

methanolysis and virgin polyester, respectively. Methanolysis tends to have the lowest impacts of 302 

the three assessed recycling technologies due to its streamlined downstream separations and 303 

production of monomers that are more efficient to polymerize. This results in lower steam (5.4 304 

kg/kg) and natural gas (1.4 MJ/kg) consumption than glycolysis (18.6 kg/kg and 2.5 MJ/kg) or 305 

hydrolysis (18.8 kg/kg and 18.5 MJ/kg). Furthermore, methanolysis generates less waste for 306 

disposal (0.25 kg/kg) than glycolysis (0.71 kg/kg) or hydrolysis (2.62 kg/kg), contributing to its 307 

lower impacts. Glycolysis produces more organic waste due to EG losses (treated as hazardous 308 

waste by incineration with energy recovery), while hydrolysis generates more solid waste due to 309 

the formation of a calcium sulfate byproduct (treated as inert waste in a sanitary landfill). If the 310 

calcium sulfate could be sold as a co-product for applications such as plaster or fertilizer, the 311 

quantity of waste generated by hydrolysis would decrease 86% to 0.36 kg/kg.  312 

The LCA system boundary can also be expanded from cradle-to-gate (Figure 6A) to cradle-to-313 

grave (Figure S22). This enables comparison between a business-as-usual scenario (virgin 314 

polyester synthesis, manufacturing into 50% bottles and 50% film, and disposal by landfilling, 315 

incineration, or mechanical recycling according to 2019 U.S. disposal data5) and a recycling 316 

scenario (virgin polyester synthesis, manufacturing into 50% bottles and 50% film, and disposal 317 

by chemical recycling, all normalized over the multiple lifetimes that can be achieved by repeated 318 

recycling37) (Figure S22). See the Experimental Procedures for further details on the life cycle 319 

normalization process. Under this expanded system boundary, methanolysis retained lower 320 

environmental impacts than virgin polyester across all metrics except ozone depletion and water 321 

use. Glycolysis also became more competitive under the expanded system boundary, with 322 

impacts in many cases statistically equivalent to methanolysis or virgin manufacturing. This 323 
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performance improvement is primarily linked to the higher PET yield of glycolysis (70%) than 324 

methanolysis (65%), which means that less supplemental virgin PET is required to re-325 

manufacture 1 kg of mixed polyester. 326 

Each chemical recycling technology also has the potential to improve with future innovations and 327 

market changes. To explore this, we conducted multi-criteria decision analysis (MCDA) by 328 

normalizing each environmental impact metric by the highest value and summing the results into 329 

a single score (see the Methods Section in the SI for details). This systematic technique enables 330 

the evaluation and ranking of options across multiple, often conflicting, criteria.96 A lower MCDA 331 

score indicates a “better” outcome. Switching to a renewable electricity grid enabled reductions 332 

in MCDA score of 23% for methanolysis, 23% for glycolysis, 14% for hydrolysis, and 9% for virgin 333 

manufacturing (Figure 6B, Tables S15-S18). Adding renewable natural gas heating in addition 334 

to renewable electricity allowed all recycling options to exhibit lower MCDA scores than virgin 335 

polyesters, showcasing the compatibility of a circular polyester economy with decarbonization 336 

strategies. The effects of renewable electricity and heating on virgin polyester manufacturing were 337 

minimal as most life cycle impacts are associated with fossil fuel extraction and refining into 338 

monomers. Incorporating potential recycling yield improvements as mentioned above (optimistic 339 

case) resulted in MCDA scores of 2.59, 3.52, and 4.67 for methanolysis, glycolysis, and 340 

hydrolysis, respectively, in comparison to virgin manufacturing at 4.82. While these results 341 

suggest holistic benefits, it should be noted that the recycling technologies still exhibit tradeoffs, 342 

including higher ecotoxicity, non-carcinogenics, ozone depletion, and water use than virgin 343 

manufacturing with renewable electricity and heat. Additionally, virgin polyester manufacturing 344 

could be further decarbonized through biogenic carbon sequestration when using a fully bio-345 

based PBAT or PET in contrast to the fossil fuel-based PBAT and PET modeled here.1,97 Such an 346 

approach could make biodegradable polyesters more environmentally competitive with the 347 

polyethylene films that are standard today (1.93-2.18 kg CO2 eq/kg) but could also reduce the 348 

relative benefits of chemical recycling. 349 

If PET is gradually replaced with biodegradable polyesters such as PLA and PBAT, the GWP of 350 

recycling will alter due to changes in yields and monomer separation requirements (Figure 6C, 351 

Tables S15-S18). The GWPs of both hydrolysis and glycolysis increased with decreasing PET 352 

content.  At lower PET loadings, glycolysis is anticipated to experience higher EG losses during 353 

monomer separation, resulting in higher organic waste generation. Hydrolysis will require higher 354 

methanol make-up and disposal for LA processing, and correspondingly higher steam 355 
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consumption for methanol recovery. In contrast, the GWP of methanolysis decreased by 3% 356 

relative to the base case, resulting in an impact 2.5 times lower than a virgin polyester mixture 357 

containing 20% PET. At lower PET loadings, methanolysis will require less EG make-up and 358 

natural gas for PET polymerization, as well as lower distillation energy requirements to separate 359 

EG from BDO.  360 

Detailed analysis of mixed polyester methanolysis  361 

Based on the economic and environmental results for the recycling techniques under both base 362 

case assumptions and potential future scenarios, we down selected methanolysis for further 363 

characterization and optimization for mixed polyester recycling. In the base case scenario for 364 

methanolysis, the total direct installed cost was estimated to be $36.1 million (MM) (Figure 7A, 365 

Table S19). The largest contributions came from repolymerization of monomers and the assumed 366 

outside battery limits (OSBL) contribution for plant utility integration. The polymerization section 367 

accounted for the largest cost at $8.5 MM due to the separate polymerization lines required for 368 

each polymer. This highlights that the co-location of the methanolysis plant with existing 369 

polymerization facilities could substantially reduce capital costs. Product recovery and 370 

depolymerization were the next highest contributors at $6-7 MM each, primarily due to reactor 371 

and distillation column costs. Minor contributors included feedstock handling and clarification 372 

sections, which accounted for approximately $4 MM each. The total annual operating expense 373 

was estimated to be $28.5 MM with feedstock costs dominating (Figure 7B, Table S20). Fixed 374 

costs also exhibited a high contribution to operating expenses due to the number of operators 375 

required for the many unit operations in the process. The MSP for methanolysis was $1.85/kg 376 

(Figure 7C, Table S21), with the two largest contributions coming from the feedstock (37% of 377 

overall MSP) and the capital charge (28% of overall MSP). Fixed costs also contributed 18% to 378 

the overall MSP with smaller contributions coming from waste disposal, raw material 379 

consumption, and steam. 380 

Univariate sensitivity analysis was conducted to understand the impact of key process variables 381 

on the MSP of methanolysis (Figure 7D, Table S22). Feedstock cost showed the largest impact 382 

on overall MSP due to its high contribution to MSP and the wide range of the bounds explored. 383 

The lower bound of $0.22/kg represents a cost scenario in which only the expenses for washing, 384 

drying, and flaking are included whereas the upper bound of $1.10/kg represents a high feedstock 385 

cost scenario and is derived from historical PET bottle flake costs. Importantly, the pessimistic 386 

feedstock cost scenario of $1.10/kg is still expected to result in an MSP lower than the virgin 387 
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market price for methanolysis. Other process variables including reaction extent, feedstock purity, 388 

and downstream recovery showed a high impact on process economics as they are linked to the 389 

overall process yield. Additionally, due to the high contribution of capital recovery and fixed costs 390 

to the MSP, plant size was shown to be the second most impactful variable, emphasizing the 391 

importance of economies of scale. Lastly, the variables explored with minor impacts on economics 392 

included solids loading and feedstock PET content. As with other recycling technologies,35,98-103 393 

these insights emphasize the importance of securing feedstock in sufficient volumes and at low, 394 

reliable cost points to maximize process profitability. 395 

Since the methanolysis process is assumed to produce polymer products on par with virgin 396 

quality, an economic scenario was considered where the overall product selling price was set 397 

equal to the representative virgin market price of $2.70/kg. The results for the NPV of the plant 398 

across a range of discount rates are shown in Figure 7E (Table S23). The base case scenario 399 

was shown to have a break-even discount rate of 36% (i.e., where the NPV is equal to zero), 400 

which is more profitable than the typical discount rate range for industrial processes of 10-30% 401 

(the shaded region in Figure 7E). As unproven technologies typically carry greater financial risk, 402 

a higher discount rate is desirable and highlights the economic potential of the methanolysis 403 

process. The optimistic case shows that process improvements could greatly increase the break-404 

even discount rate for the process up to 59%. The corresponding capital and operating expenses, 405 

MSP breakdowns, univariate sensitivity analyses, and NPV calculations for glycolysis and 406 

hydrolysis are available in the SI (Figures S23-S24, Tables S24-S33). 407 

Most of the environmental impacts of methanolysis, except water use, could be linked to feedstock 408 

preparation (33-66% contribution to impacts), steam (2-35%), electricity (5-28%), and other 409 

consumables encompassing EG, heptane, and additional organic and inorganic chemicals (4-410 

16%) (Figure 8A, Table S34). The impacts of feedstock preparation are related to electricity use 411 

for sorting and shredding equipment (0.35 kWh/kg), landfilling of feedstock losses and 412 

contaminants (0.2 kg/kg), and transportation of the feedstock by diesel-powered truck between 413 

collection, sorting, and recycling facilities (total of 700 km).104 Steam in the ecoinvent database is 414 

assumed to be generated primarily from natural gas heat (>60%), as well as from coal and fuel 415 

oil, which drive the overall impacts of steam use.89 For example, natural gas venting during 416 

extraction and refining contributes strongly to climate change,105 while blasting during coal mining 417 

releases a variety of air emissions that lead to acidification.106 The life cycle impacts of electricity, 418 

which in the U.S. is still generated primarily from natural gas and coal,107 are similarly affected by 419 
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the extraction and combustion of these fossil fuels. Furthermore, ecotoxicity, eutrophication, and 420 

non-carcinogenics are linked to waste disposal (10-17%), particularly landfilling of the unreacted 421 

plastic feedstock mixture because non-plastic contaminants such as metals are assumed to seep 422 

into the landfill leachate.108 Methanol also contributes to acidification, fossil fuel depletion, and 423 

ozone depletion (4-8%) due to its use of a synthesis gas feedstock derived from natural gas,109 424 

while cooling water accounts for 96% of water use.  425 

If we consider the entire cradle-to-cradle life cycle of mixed polyester from virgin production and 426 

manufacturing into bottles and films through to methanolysis and re-manufacturing, the recycling 427 

step accounts for 34-66% of all impacts, followed by virgin polyester synthesis at 16-37% (Figure 428 

8B, Table S34). In contrast, for a conventional cradle-to-grave life cycle in which mixed polyester 429 

is sent to landfill and incineration, virgin synthesis would account for 34-84% of all impacts while 430 

end-of-life management would contribute 0.2-54%. Displacing virgin manufacturing with 431 

methanolysis could reduce virgin material demand and thereby lower the overall environmental 432 

impacts of the polyester sector, especially when combined with the decarbonization opportunities 433 

discussed in Figure 8B. Cycling polyesters through methanolysis multiple times could further 434 

reduce the environmental impacts. Increasing the recycling rate from the 54% assumed in the 435 

base case to 99% – including all sorting (90% increases to 100% yield), flaking (93% increases 436 

to 100% yield), and methanolysis (65% increases to 99% yield) steps – could enable 1 kilogram 437 

of virgin polyester to undergo 100 lifetimes and reduce the overall GWP of the system by 25% 438 

(Figure S22B).  439 

The effects of univariate sensitivity cases on the environmental performance of methanolysis were 440 

explored for global warming, non-carcinogenic toxicity, and water use in the main text (Figure 8C-441 

E) and for all other impact categories in the SI (Figure S25, Table S15). Of the variables 442 

investigated in the methanolysis sensitivity analysis, depolymerization reaction extent was the 443 

most impactful parameter for ecotoxicity, eutrophication, carcinogenic toxicity, fossil fuel depletion, 444 

non-carcinogenic toxicity, ozone depletion, particulates formation, and smog formation. As yields 445 

increase, less mixed polyester flake input will be needed per unit of output polyester: 1.40 kgin/kgout 446 

in the optimistic case versus 1.54 kgin/kgout for the base case and 1.99 kgin/kgout for the pessimistic 447 

case. Electricity and some consumable requirements also vary slightly between scenarios, 448 

although these alterations are expected to have less of an impact than that of feedstock 449 

requirements given that most assessed life cycle impacts are dominated by feedstock collection, 450 

sorting, and pretreatment into flake. For GWP and water use, PET content was the most impactful 451 
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parameter. Natural gas, steam, electricity, and cooling water consumption are anticipated to 452 

decrease with lower PET content because downstream separation and polymerization of the PLA 453 

and PBAT monomers are less energy intensive than those of DMT as discussed above. 454 

Increasing the efficiency of upstream feedstock processing (sorting and flaking yields) or adjusting 455 

the plant size are expected to have the least impact on all LCA scores. The environmental impact 456 

breakdowns and sensitivity analysis for glycolysis and hydrolysis are available in the SI (Figures 457 

S26-S28, Tables S16-S17 and S35-S36).  458 

Opportunities for further process improvements and limitations of this analysis 459 

Based on this TEA and LCA, we propose a series of research targets to refine the feasibility of 460 

deconstruction technologies for mixed polyester waste (Figure 9). First, all technologies would 461 

benefit from the use of a high purity feedstock (i.e., high polyester content, low contaminant 462 

content). Such a feedstock could potentially be sourced from MRFs equipped with suitable near 463 

infrared spectroscopy separations or from packaging drop-off sites.110 However, a high purity 464 

feedstock often comes with a price premium, which contradicts the low feedstock cost identified 465 

as important in the MSP sensitivity analysis. It will therefore be crucial to identify a robust waste 466 

supply chain early in the technological scaling process. Furthermore, it would be beneficial to 467 

explore whether methanolysis can operate efficiently on bulk plastic rather than polyester flakes 468 

to minimize the energy requirements associated with feedstock pretreatment. 469 

For all screened technologies, the deconstruction processes themselves could benefit from 470 

overall yield optimization. For the methanolysis process, we estimate that a depolymerization 471 

reaction extent of at least 80% should be sufficient for the MSP and environmental impacts to be 472 

competitive with virgin polyester production. Increasing the solids loading from the base case 473 

values could also help minimize solvent recovery requirements, reducing costs and environmental 474 

impacts. Furthermore, downstream recovery in the proposed mixed polyester chemical recycling 475 

processes is currently underexplored. A key research area will likely be to maximize monomer 476 

recovery while using lower energy separation technologies. One example in the methanolysis 477 

process is the separation and purification of EG and BDO via distillation, which accounts for 41% 478 

of the overall steam consumption. Replacing this step with azeotropic distillation,111,112 reactive 479 

extraction and distillation,113 or melt crystallization,114,115 or changing the upstream liquid-liquid 480 

extraction solvent system could greatly reduce the overall steam consumption. All or some of the 481 

purified monomers could also be sold directly to existing polymerization plants to reduce the 482 

staffing and capital costs associated with polymerization. 483 
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While the analysis results indicate that methanolysis has potential as a flexible, polyester-agnostic 484 

recycling technology, experimental work will be necessary to validate and improve upon the 485 

process design presented here. Furthermore, this analysis is highly dependent on the proposed 486 

process designs and underlying assumptions. As a result, glycolysis, hydrolysis, and other 487 

technologies should not be discounted for application to mixed polyesters but instead modified 488 

when useful. For example, in-depth LCA characterization of glycolysis suggested that increasing 489 

depolymerization reaction extent, feedstock purity, and downstream recovery yield could reduce 490 

the consumption of impactful components such as steam and waste disposal (Figure S25). The 491 

adoption of copolymers such as PET-PBT,116 PET-PLA,117 or poly(butylene adipate-co-ethylene 492 

terephthalate)118 could also make glycolysis more competitive by reducing purification 493 

requirements and eliminating the need for energy-intensive monomer hydrolysis prior to 494 

polymerization. These co-polymers could be used in direct applications such as polyurethane 495 

foams.119,120 Hydrolysis environmental impacts, meanwhile, were dominated by sulfuric acid and 496 

steam consumption, which could be minimized by using a recoverable acid catalyst,51,121 or by 497 

increasing solids loading, depolymerization reaction extent, and downstream recovery yield 498 

(Figure S26).  499 

Due to the scope and exploratory nature of this work, not all innovations, scenarios, behaviors, or 500 

impacts were assessed. Further work could focus on understanding the effect of real-world post-501 

consumer feedstocks on chemical recycling strategies, such as characterizing problematic 502 

contaminants or the performance of compatibilized blends. Process modifications may also be 503 

necessary to ensure compatibility with other polyesters including PBS and PHAs. Many of these 504 

contamination, compatibility, and availability issues for post-consumer plastic feedstocks are 505 

linked to access to curbside collection programs, which are already minimal for polymer 506 

composting and expected to be a major barrier to sourcing a mixed polyester feedstock for 507 

chemical recycling.122 Current MRF infrastructure could be adapted to include additional near 508 

infrared sortation for bio-based polyesters but may also present challenges when trying to achieve 509 

single streams of polyesters, like bottle grade PET,123 which can be efficiently processed by 510 

mechanical recycling.35 However, if a recycling process could accommodate mixed polyesters, 511 

the common ester bonds would allow for an easier “one-shot” sortation of all polyesters, including 512 

PET, into a single stream at a MRF.  513 

Conclusions 514 
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In this work, we compared the process economics and environmental performance of selective 515 

depolymerization via methanolysis, glycolysis, and hydrolysis for the recycling of a mixed 516 

polyester stream containing PET, PLA, and PBAT. The results of the analysis highlight the 517 

potential benefits of a system that harmonizes recycling with mixed and variable polyesters, 518 

including bio-based materials, to keep valuable carbon molecules in circulation rather than permit 519 

them to degrade. Another advantage of chemically recycling mixed polyesters is the ability to 520 

process a wider range of form factors beyond packaging. This includes other emission-intensive 521 

waste streams such as textiles, electronics, and building and construction waste. Expanding the 522 

scope of acceptable materials enhances the potential for waste reduction and promotes a more 523 

comprehensive approach to sustainability.124,125 524 

Methanolysis was found to have the most advantageous overall performance for polyester 525 

recycling with an MSP of $1.85/kg in the base case scenario, which represents a 31% decrease 526 

relative to the estimated market value of an equivalent mixture of PET, PLA, and PBAT. 527 

Methanolysis also showed life cycle environmental benefits including a 46% reduction in GWP 528 

and a 29% reduction in carcinogenic toxicity relative to virgin production, with all other life cycle 529 

impact metrics lower than or statistically equivalent to virgin production. Recycling via glycolysis 530 

or acid hydrolysis was found to have higher costs and environmental impacts in the base case 531 

scenario but has the potential to be competitive with virgin production under process optimization 532 

and decarbonization conditions.  533 

This work demonstrates that, with a surplus of potential technologies to choose from, process 534 

modeling alongside TEA and LCA can help guide the direction of early-stage research and down 535 

select optimum recycling pathways for select waste streams. As the market and demand for bio-536 

based polyesters grows, a flexible chemical recycling process will be crucial for enabling an 537 

effective and sustainable circular economy. 538 

Experimental procedures 539 

Techno-economic Analysis 540 

Goal and Scope 541 

The goal of this work was to determine the economic and environmental feasibility of a chemical 542 

deconstruction approach to mixed polyester recycling. To that end, three process models were 543 

developed to represent key industry technologies of interest: methanolysis, glycolysis, and 544 

hydrolysis. Process models for representative processes were developed in Aspen Plus V14 545 
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guided by available literature including publications, patents, and technology reports. The 546 

POLYNRTL model package was used for methanolysis and glycolysis and the EP-NRTL package 547 

was used for hydrolysis.  548 

Some property method data for compounds were not available and the Aspen property estimation 549 

tool was employed where necessary. Complete property estimation was required for the glycolysis 550 

products HEL and BHEA which may result in particularly high uncertainty for distillation operations 551 

involving these components. Where important, compound behavior was determined 552 

experimentally, this included validating the proposed deconstruction technologies on mixed 553 

polyester substrates, confirming compound miscibility and solubilities, and testing the proposed 554 

adipic acid and terephthalic acid crystallization separation under highly acidic conditions in 555 

hydrolysis. Data for these experiments are not included in this work. 556 

At this level of modeling and with the underlying assumptions there are aspects of the modeled 557 

processes that may not be fully accounted for including unpredictable equilibrium or 558 

thermodynamic behavior (i.e., azeotropes, phase separation, etc.) and application of unique 559 

separation approaches (surfactants, membrane separations, etc.). Therefore, it will be necessary 560 

to re-evaluate the designs and underlying assumptions if these technologies are further 561 

developed. 562 

Full process descriptions are provided below with detailed PFDs provided in Figure S1-Figure 563 

S21. Some equipment that was accounted for in the economic analysis is not shown in these 564 

diagrams due to how the items were costed or for simplicity. This includes items such as spare 565 

pumps or storage and surge tanks. 566 

For all modeled processes, mixed polyester flakes are blended with the respective solvent and 567 

fed continuously into the depolymerization reactor via a slurry. While many PET depolymerization 568 

technologies use melt extrusion coupled with backflush filtration to continuously remove solid 569 

contaminants and feed the plastic into a reactor,126 this method becomes more challenging at 570 

lower reaction temperatures and with mixed feedstocks having different melt temperatures. 571 

Instead, we adopted the slurry method for continuous feeding and placed solids removal filtration 572 

after the depolymerization reaction step in the modeled process. 573 

nth-plant Assumptions 574 

The analysis performed in this work assumes nth-plant assumptions meaning that many of the 575 

economic and technological assumptions used (e.g., depolymerization extents, on-stream time, 576 
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financing amounts, etc.) represent a mature technology and not a pioneer plant. While the process 577 

models developed here are theoretical and unproven at a high technology readiness level, n th-578 

plant assumptions are employed to better understand the potential for the technologies and avoid 579 

overshadowing of performance especially when comparing to incumbent technologies. More 580 

details on these assumptions can be found in NREL’s design reports.127 581 

Discounted Cash Flow Analysis and the Minimum Selling Price 582 

The following section summarizes the approach behind the discounted cash flow economic 583 

analysis conducted. The description is adapted from a 2011 design report by Davis et al.128  584 

After estimating the total capital investment, variable operating costs, and fixed operating costs a 585 

discounted cash flow analysis was used to determine the minimum selling price per kilogram of 586 

overall polymer product produced. This is performed by iterating the selling cost of the product 587 

until the net present value of the plant is zero. This discounted cash flow analysis requires that 588 

the discount rate, depreciation method, income tax rates, plant life, and construction start-up 589 

duration be specified. Because this plant is assumed to be equity-financed, this also requires 590 

assumptions around the loan terms. See Table S4 for a list of the parameters used in the base 591 

case scenarios for the deconstruction technologies. 592 

Total Capital Investment 593 

The capital costs for equipment were calculated using a combination of quotes from previous 594 

NREL design reports and Aspen Process Economic Analyzer V14. When necessary, these costs 595 

were scaled by a factored approach with corresponding installation factors as described in Peters 596 

and Timmerhaus.129 Indirect costs such as piping and facilities and the assumed contributions for 597 

utility and waste integration from the outside battery limits OSBL were based on the direct installed 598 

costs. The employed factors are summarized in Table S4. 599 

Discount Rate  600 

In the base case scenarios, the discount rate was set to 12% and the plant lifetime was set to 30 601 

years. A discount rate of 10% was previously used in design reports and was based on the 602 

recommendation in Short et al.128, but we use the higher IRR of 12% based on feedback from 603 

industry partners.  604 

Equity Financing 605 
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It was assumed that the chemical recycling plants modeled here would be 40% equity finance 606 

with 8% interest paid back across a 10 year period. The principal is taken out in stages over the 607 

3-year construction period (see Table S4). Interest on the loan is paid during this period, but 608 

principal is not paid back in alignment with the nth-plant assumptions used in this work. 609 

Depreciation  610 

The IRS Modified Accelerated Cost Recovery System (MACRS) was used to determine the 611 

amount of capital depreciation to calculate the amount of federal taxes to be paid. This is in 612 

alignment with previous design reports from NREL.130 As described in IRS publication 946,131 a 613 

recycling plant falls under Asset Class 49.5, “Waste Reduction and Resource Recovery Plants.” 614 

This class uses a 7-year recovery period.  615 

Taxes  616 

The federal corporate tax rate used in our analysis is 21% as stated by IRS publication 542 for 617 

corporations.132 Income tax is averaged over the plant life and that average is calculated on a per-618 

kilogram basis. This amount of tax to be paid varies annually due to changes in the volume of 619 

polymer product produced and plant depreciation. In some cases, no income is paid in the first 620 

few years of operation if the depreciation and loan interest deductions are greater than the net 621 

income. State taxes are not considered in this economic analysis, primarily because the location 622 

of the plant has not been determined and rates can vary from 0%-19%.  623 

Construction Time  624 

The construction time for this analysis is assumed to occur over two years with an added 12 625 

months for planning and engineering design as summarized in Table S4. This assumption is 626 

important to the cash flow analysis because large amounts of capital are being spent but no 627 

income is generated. As noted in previous design reports from NREL,128 this construction period 628 

falls within the ranges for smaller refineries outlined by Perry and Green133 and those for large 629 

refineries.134 630 

Start-Up Time  631 

Perry and Green133 indicate that for a moderately complex plant, start-up should be about 25% of 632 

the construction time, or 6 months in this case. Considering that this design is for the n th operating 633 

plant, we assumed a startup time of 3 months. The start-up period is not completely wasted, 634 
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however. We assume that an average of 50% production could be achieved during that period 635 

while incurring 75% of variable expenses and 100% of fixed expenses (see Table S4).  636 

Working Capital  637 

Peters and Timmerhaus129 define working capital as money available to cover (1) raw materials 638 

and supplies in inventory, (2) finished product in storage, (3) accounts receivable, (4) cash on 639 

hand for monthly payments such as wages and maintenance supplies, (5) accounts payable, and 640 

(6) taxes payable. They note that working capital can fall between 10%–20% of the fixed capital 641 

investment. This money is spent during the start-up phase and is carried through the life of the 642 

plant to purchase materials and supplies. Garrett135 suggests that using a fraction of the yearly 643 

operating cost, typically 10%–35%, is more relevant. As noted by Seider,136 the working capital 644 

should ultimately be recalculated based on the annual operating and installed capital costs once 645 

they are known. When performing the calculations suggested by Seider,136 the working capital 646 

amounts to 10-12% across the technology base cases. This percentage aligns well with the initial 647 

estimate strategies outlined above from both Peters and Timmerhaus and Garrett. As a result, we 648 

chose a working capital of 12% of the FCI across all base cases in this work. Table S4 649 

summarizes the parameters used in the discounted cash flow analysis. 650 

Uncertainty Analysis 651 

Uncertainty analysis was applied for the minimum selling price of the processes. Historical market 652 

prices within a 5-year time period (2016-2020) were used to bound the prices. Where market data 653 

was unavailable or unreliable, lower bounds and upper bounds were assumed to be 80% and 654 

120% of the averages, respectively. Monte Carlo analysis was performed using a triangular 655 

distribution with 10,000 iterations, giving mean and σ values.  656 

Sensitivity Analysis 657 

Sensitivity analysis was conducted in a univariate manner meaning that only one variable was 658 

changed relative to the base case to understand its impact. Bounds for these variables were 659 

guided by similar technologies for PET or polyester deconstruction or by engineering intuition 660 

where not available. Although the sensitivities explored were univariate, each sensitivity case can 661 

likely benefit from optimization of the model under those specific conditions. 662 

Life Cycle Assessment 663 

Goal and Scope 664 
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The goal of this work was to compare the environmental impacts of three chemical recycling 665 

strategies for mixed polyesters relative to virgin manufacturing of those same polyesters. This 666 

LCA also aimed to identify key areas for innovation and potential challenges and opportunities 667 

that may arise with future market changes. All results reported in the main text use a cradle-to-668 

gate system boundary and a cut-off approach in which post-consumer plastic waste is assumed 669 

to be free of environmental burdens. For the recycling strategies, cradle-to-grave includes post-670 

consumer mixed polyester collection, sorting at a MRF with a 10% mass loss, processing into 671 

flake with a 7% mass loss (final purity = 95% target polyesters), recycling to monomers, and 672 

separation and repolymerization of the monomers into plastics. For virgin manufacturing, cradle-673 

to-grave includes resource extraction, fossil fuel refining into chemicals, and polymerization of the 674 

chemicals into plastics. Manufacturing into final products (e.g., bottles or films) and the product 675 

use phase are not included. Results are reported per kilogram of output mixed polyester.   676 

To consider the effect of chemically recycling polyesters multiple times through the reported 677 

strategies, normalized life cycle impacts were also calculated and reported in the SI according to 678 

a system expansion approach.37 The number of product lifetimes (L) that could be obtained from 679 

recycled polyesters were calculated with Eq. 1: 680 

𝐿 = ∑ (
𝑎𝑏

𝑐
)

𝑛
=∞

𝑛=0
𝑐

𝑐−𝑎𝑏
 𝑤ℎ𝑒𝑛 

𝑎𝑏

𝑐
< 1        (Eq. 1) 681 

Where: a = mass yield of the recycling process, b = mass yield of pre-recycling steps including 682 

collection, sorting, and flaking, c = mass ratio of recycled monomers contained in 1 kg of 683 

secondary polyester, and n = number of recycling cycles. For all base cases, a = 0.65 for 684 

methanolysis, 0.65 for glycolysis, and 0.64 for hydrolysis; b = 0.84 (90% sorting yield and 93% 685 

bale-to-flake yield); and c = 0.87 for methanolysis, 0.98 for glycolysis, and 0.76 for hydrolysis. 686 

Note that b does not include losses from the collection phase; incorporating this factor would 687 

substantially change L and thus the normalized environmental impacts. 688 

The normalized impact of the entire system (𝑥𝑖̅) for impact category i was then calculated with Eq. 689 

2: 690 

𝑥𝑖̅ =
𝑥𝑣,𝑖+(𝐿−1)𝑥𝑐,𝑖

𝐿
          (Eq. 2) 691 

Where: xv,i = impacts of one unit of virgin polyester production and xc,i = impacts of one unit of 692 

recycled polyester from the selected chemical recycling process. The resulting value was then 693 

compared to the impact from one unit of virgin polyester (50% PET, 30% PLA, and 20% PBAT) 694 
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production and disposal. Disposal was assumed to be 76% sanitary landfill, 9% incineration with 695 

energy recovery, and 15% mechanical recycling for PET, and 90% sanitary landfill and 10% 696 

incineration with energy recovery for PLA and PBAT, according to 2019 U.S. data.5 Both virgin 697 

and recycled polyester are manufactured into 50% bottles by stretch blow molding and 50% film 698 

by extrusion. It is assumed that the recycled polyester has the same material quality as virgin 699 

polyester and therefore can be directly substituted into the manufacturing stream. 700 

Inventory Analysis 701 

Background data was sourced from ecoinvent version 3.3 (allocation, cut-off by classification – 702 

unit).89 U.S.-specific inventories were used when available; if unavailable, global average data 703 

was used instead. Additional inventories were obtained from the literature: polyester collection 704 

(based on PET collection data, Table S5), polyester sorting (based on PET sorting data, Table 705 

S6), polyester flaking (based on PET bottle flaking data, Table S7), and virgin PBAT production 706 

(Table S8). The renewable electricity inventory was prepared using the grid mix reported in the 707 

ReEDS Mid-case scenario with 95% decarbonization by 2035 (43% wind, 32% photovoltaics, 708 

12% nuclear, 5% hydropower, 5% natural gas, 1% geothermal, and 2% other).137 The renewable 709 

heat inventory was supplied by ecoinvent (market for heat, future138) and assumes biogas 710 

production and upgrading from a combination of landfill gas, sewage sludge anaerobic digestion, 711 

and grass digestion.   712 

Impact Assessment 713 

The LCA was conducted using SimaPro software and the TRACI 2.1 U.S. 200887 and AWARE88 714 

methods. TRACI is a U.S.-oriented method developed by the U.S. Environmental Protection 715 

Agency that uses a midpoint approach to quantify acidification (kg SO2 eq.), carcinogenics 716 

(comparative toxic unit for human, CTUh), ecotoxicity (comparative toxic unit for aquatic 717 

ecotoxicity, CTUe), eutrophication (kg N eq.), fossil fuel depletion (MJ surplus energy), global 718 

warming (kg CO2 eq.), non-carcinogenics (CTUh), ozone depletion (kg trichloro-fluoromethane 719 

eq., kg CFC-11 eq.), particulates exposure (kg fine particulate matter eq., kg PM2.5 eq.), and 720 

smog formation (kg ozone eq., kg O3 eq.). AWARE is a midpoint method for determining water 721 

use (m3) and considers the potential for water depletion averaged over one year.  722 

Uncertainty Analysis 723 

The uncertainty of the methanolysis, glycolysis, and hydrolysis inventories were estimated using 724 

a semi-quantitative pedigree approach. This method enables verification of the reliability (or 725 
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unreliability) of point estimates. Each item in the life cycle inventory was given reliability, 726 

completeness, temporal correlation, geographical correlation, and further technological 727 

correlation scores (scale of 1-5), according to the rubric previously published in the Electronic 728 

Supplementary Information (Table S8) of Uekert et al.39 The sum of these scores were assigned 729 

a certain standard deviation (σ): scores of 5-9 were varied by ±5%, 10 to 14 by ±10%, 15 to 19 730 

by ±15%, 20 to 24 by ±20%, and 25 by ±25%. Most material, energy, and emission flows in this 731 

work fell within the ±20% category. The uncertainties of background processes were provided by 732 

log-normal distributions in the ecoinvent database. Using these distributions, Monte Carlo 733 

analysis was performed with 1,000 iterations, giving mean and σ values. Error propagation was 734 

applied when needed. 735 

Multi-Criteria Decision Analysis 736 

MCDA was conducted by dividing the results for a given metric (xn) for all selected scenarios (e.g., 737 

decarbonization scenarios or PET content scenarios) by the maximum value for that metric (xmax) 738 

according to Eq. 3.  739 

𝑥̅ =
𝑥𝑛

𝑥𝑚𝑎𝑥
           (Eq. 3) 740 

The normalized values (𝑥̅) were then summed (no weighting applied) into a single MCDA score. 741 

Here, a lower score indicates a “better” outcome.   742 

Resource availability 743 

Lead contact  744 

Further information and requests for resources and materials should be directed to and will be 745 

fulfilled by the lead contact, Katrina M. Knauer (katrina.knauer@nrel.gov).  746 

Material availability  747 

This study did not generate new unique materials. 748 

Data and code availability  749 

The methods and resulting data  used in this article are provided in full in the SI. Processes were 750 

modeled in Aspen Plus V14, economic calculations were performed in Microsoft Excel, and LCA 751 

was conducted in SimaPro. Please contact authors for questions or requests related to the models 752 

used for this analysis. 753 
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Figure 1. Overview of the mixed polyester chemical recycling technologies explored in this study, including 1195 

corresponding feedstocks, chemical intermediates generated by each process, high impact monomer 1196 
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recovery.52-54 1200 

Figure 2. Simplified process flow diagram for the amine-catalyzed methanolysis of PET, PLA, and PBAT 1201 

shown by process area. Process inputs, intermediates, and outputs are italicized. Detailed process flow 1202 

diagrams for all sections of the methanolysis process are available in Figures S1-S7. 1203 

Figure 3. Simplified process flow diagram for the amine-catalyzed glycolysis of PET, PLA, and PBAT shown 1204 

by process area. Process inputs, intermediates, and outputs are italicized. Detailed process flow diagrams 1205 

for all sub-sections of the glycolysis process are available in Figures S8-S14. 1206 

Figure 4. Simplified process flow diagram for the acid-catalyzed hydrolysis of PET, PLA, and PBAT shown 1207 

by process area. Process inputs, intermediates, and outputs are italicized. Detailed process flow diagrams 1208 

for all sub-sections of the hydrolysis process are available in Figures S15-S21. 1209 

Figure 5. Economic results on a 2020 USD basis for mixed polyester chemical recycling strategies. Where 1210 

applicable, the virgin market price range ($2.38-2.78/kg) for an equivalent product mix is shaded in gray 1211 

with the average value of $2.70/kg shown as a dashed gray line. (A) Minimum selling prices for mixed 1212 

polyester methanolysis, hydrolysis, and glycolysis base cases. Error bars showing the standard deviation 1213 

were estimated from Monte Carlo analysis with 10,000 runs. (B) Annual operating expenses in millions of 1214 

dollars per year ($MM/yr) and fixed capital investment in millions of dollars ($MM) for a 100 MTPD plant for 1215 

the mixed polyester methanolysis, glycolysis, and hydrolysis base cases. (C) Comparison of the minimum 1216 
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selling price of mixed polyester methanolysis, glycolysis, and hydrolysis for decarbonization scenarios 1217 

including the use of renewable electricity purchased at $0.03/kWh, renewable natural gas purchased at 1218 

$12.40/GJ, and an optimistic case incorporating improvements to process conditions and yields (99% 1219 

reaction extent, 85% downstream recovery, 99% feedstock purity, 150 MTPD, 30/40% solids loading). (D) 1220 

Comparison of the MSP for methanolysis, glycolysis, and hydrolysis with different ratios of PET content in 1221 

the feedstock. The data shown here are provided in Tables S2 and S12-S14. FCI: fixed capital investment, 1222 

OPEX: operating expenses. 1223 

Figure 6. Life cycle assessment screening of mixed polyester chemical recycling strategies. (A) Life cycle 1224 

assessment results comparing mixed polyester methanolysis, glycolysis, hydrolysis, and virgin 1225 

manufacturing. The colored asterisks highlight the process with the lowest environmental impact in each 1226 

category. Error bars represent standard deviations and were estimated using Monte Carlo analysis with 1227 

1,000 iterations. (B) Comparison of the multi-criteria decision analysis (MCDA) scores (which combine all 1228 

environmental impact metrics into a single value) of mixed polyester methanolysis, glycolysis, hydrolysis, 1229 

and virgin manufacturing for decarbonization scenarios including the use of renewable electricity (ReEDS 1230 

Mid-case scenario with 95% decarbonization by 2035), renewable heat (from renewable natural gas), and 1231 

an optimistic case incorporating additional improvements to process conditions and yields (99% reaction 1232 

extent, 85% downstream recovery, 99% feedstock purity, 150 MTPD, 30/40% solids loading). (C) 1233 

Comparison of the MCDA scores of mixed polyester methanolysis, glycolysis, hydrolysis, and virgin 1234 

manufacturing with different ratios of PET content in the feedstock. Raw data are available in Tables S15-1235 

S18. 1236 

Figure 7. In-depth techno-economic analysis of mixed polyester methanolysis. (A) Direct installed capital 1237 

costs in millions of dollars ($MM) by process area for the base case. (B) Annual plant operating expenses 1238 

in millions of dollars ($MM) for each process area divided into key cost categories. (C) Minimum selling 1239 

price of the mixed polyester product for the base case divided into key cost categories. (D) Univariate 1240 

sensitivity analysis results for the minimum selling price of the polyester products. The numbers listed in 1241 

parentheses on the y-axes correspond to the left (blue, optimistic), middle (black, base case), and right 1242 

(orange, pessimistic) points of the graph. The virgin market price range ($2.38-2.78/kg) for an equivalent 1243 

product mix is shaded in gray with the average value of $2.70/kg shown as a dashed gray line. (E) Net 1244 

present value (NPV) curves for the base case and optimistic case scenarios for a product selling price equal 1245 

to the virgin market value of $2.70/kg. Drop lines are shown at break-even discount rates where the NPV 1246 

is equal to 0. The typical range for a feasible discount rate is shaded in gray. See the SI for corresponding 1247 

data (Tables S2 and S19-S23). Depolym.: Depolymerization, Polym.: Polymerization, OSBL: outside 1248 

battery limits, MTPD: metric tons per day.  1249 

Figure 8. In-depth life cycle assessment of mixed polyester methanolysis. (A) Contribution of various 1250 

process components to the life cycle impacts of mixed polyester methanolysis. (B) Contribution of life cycle 1251 
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stages to the life cycle impacts of mixed polyester methanolysis when the system boundary is expanded to 1252 

cradle-to-cradle (virgin polyester production through to recycling and processing back into packaging 1253 

products). Effect of sensitivity cases on (C) global warming potential (GWP), (D) non-carcinogenic toxicity, 1254 

and (E) water use. The numbers listed in parentheses on the y-axes correspond to the left (blue, optimistic), 1255 

middle (black, base case), and right (orange, pessimistic) points of the graph. See the SI for corresponding 1256 

data (Tables S15 and S34). 1257 

Figure 9. Suggested process improvements by process section for the mixed polyester deconstruction 1258 

technologies explored in this work. 1259 
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