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SUMMARY

Catalytic hydrogenolysis and hydrocracking are promising technologies for the conversion of polyolefin waste 

into hydrocarbons. To explore the economic and environmental viability of these approaches, we conducted 

techno-economic analysis and life cycle assessment of polyethylene hydrogenolysis and hydrocracking pro

cesses that produce fuel-range products or olefins, respectively. Relative to primary production, the minimum 

selling price (MSP) of alkanes for linear-chain naphtha was estimated to be 1.8-fold higher, whereas branched- 

chain naphtha and propylene were shown to be cost competitive. Environmental impacts showed similar 

trends across scenarios, with propylene production by hydrocracking exhibiting greenhouse gas emissions 

comparable with conventional propylene due to relatively low hydrogen demand and high yield. Together, 

these results suggest that innovations in catalysis and reaction engineering will be required to make viable 

products that are scale matched with today’s plastics, such as light olefins for closed-loop recycling.

INTRODUCTION

Polyethylene (PE) is the most abundantly produced polymer 

globally,1,2 with applications in myriad consumer goods, indus

trial products, and packaging. In the United States (US) alone, re

cycling rates for high-density PE (HDPE) and low-density PE/ 

linear low-density PE (LDPE/LLDPE) in 2019 were 10% and 

2%, respectively. The remainder was predominantly landfilled, 

contributing to economic losses of ∼$7.2 billion.3 Furthermore, 

the production of the ethylene monomer for PE manufacturing 

is estimated to consume ∼2,000 PJ of energy per year, which 

is over 25% of US annual energy demand for organic 

petrochemical production.4

In light of global plastic waste pollution,5,6 chemical recycling 

has gained traction as a means to increase polymer circu

larity.7–15 Unlike polyesters, which contain readily cleavable 

CONTEXT & SCALE Heterogeneous catalysts can be used in the presence of hydrogen gas to break down 

polyolefin waste into hydrocarbon products, and the research community has made major advancements in 

this field in the last several years with new catalysts and reactors that enable selectivity toward valuable prod

ucts. Despite considerable progress, the economic and environmental impacts of catalytic hydrogenolysis, a 

chemical recycling method, remain insufficiently explored. In this work, we use process modeling, techno- 

economic analysis, and life-cycle assessment to study three distinct catalytic hydrogenolysis processes 

to produce linear hydrocarbons, branched hydrocarbons, and light olefins. Our work shows that while these 

options are technically feasible, their economic and environmental impacts are either less favorable or equiv

alent to primary production. These results can help the research community prioritize research questions and 

target the most impactful challenges in catalyst design, reaction conditions, and process development. 
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C–O bonds, polyolefins such as PE and polypropylene are con

nected by strong C–C bonds that are challenging to depoly

merize selectively to monomer. Pyrolysis and gasification can 

deconstruct polyolefin feedstocks into hydrocarbon mixtures 

and syngas (H2, CO, and CO2), respectively, but their energy in

tensities can be 1.5–2.5 times higher than those of primary 

manufacturing.16,17

Given the challenges with pyrolysis and gasification, many ef

forts are underway to develop lower-temperature routes for 

polyolefin chemical recycling.14,18–21 Notably, catalytic hydroge

nolysis and hydrocracking cleave C–C bonds in polyolefins using 

H2 to produce alkanes, with product distributions dependent on 

the catalytic chemistry. Hydrogenolysis of polyolefins occurs 

over supported noble (Ru, Pt) and non-noble (Ni, Co) metallic 

catalysts at ∼200◦C–300◦C and ∼1–70 bar H2, typically yielding 

linear, lubricant-range waxes, and fuel-range hydrocarbon liq

uids with methane as the major side product.21–46 Methane is a 

low-value product that consumes a significant amount of H2, 

and as a result, many strategies have been pursued to reduce 

methane formation in hydrogenolysis, including altering particle 

size,32–35,47,48 catalyst architecture,24,34,39,49–51 reactor configu

ration,45,52 catalyst composition,43,53 temperature, hydrogen 

pressure, and more. As another strategy to minimize methane 

formation, various catalysts have been developed that combine 

metallic species with Brønsted-acidic supports or co-catalysts, 

enabling conversion of polyolefins through a bifunctional hydro

cracking mechanism.41,54–67 In this reaction, which occurs under 

slightly higher temperatures relative to hydrogenolysis (225◦C– 

375◦C, ∼1–100 bar H2), metal and acid sites work cooperatively 

to promote dehydrogenation/hydrogenation and carbocation- 

mediated isomerization and β-scission, respectively.68 Conse

quently, hydrocracking products have a greater degree of 

branching and often a reduced selectivity to methane. The 

average carbon number of the product distribution depends 

strongly on the catalyst metal-acid balance,55,57 with increasing 

acid activity leading to more cracking events and lighter prod

ucts, resulting in propane- and butane-rich product distributions 

in metal-free, high-activity cracking.57 Recent hydrocracking 

studies have shown that zeolite mesoporosity, acidity, and crys

tallinity can be manipulated to control the activity and product 

distribution.56,62,69,70 Taken together, studies to date broadly 

indicate that it is possible to produce a distribution of alkanes 

that could potentially be integrated into petrochemical refineries, 

or to produce a narrow range of C3–C6 compounds that could 

be dehydrogenated to olefins for new polymer production.

For reductive strategies to become viable for waste conver

sion, it is important to understand which products are optimal 

targets and to identify the process variables that most signifi

cantly affect the process economics and environmental 

impacts.71,72 To that end, we modeled three reductive PE con

version pathways to examine very different product streams: 

linear straight-run naphtha, highly branched alkanes, and light 

olefins, then conducted techno-economic analysis (TEA) and 

life cycle assessment (LCA) for each process. These cases 

were selected as archetypes representing distinct mechanistic 

classes (hydrogenolysis, bifunctional hydrocracking, and acid 

cracking). Each system we selected yields a fundamentally 

different carbon-number distribution and degree of branching: 

(1) Ru/ZrO₂ produces mainly linear alkanes via C–C bond scis

sion on metal sites, (2) Pt-3Ce/HY yields a mixture of linear 

and highly branched alkanes through sequential hydrogena

tion-dehydrogenation and acid cracking steps, and (3) H-ZSM- 

5 generates light gases via protolytic β-scission. To ensure 

accurate representation of the literature, we surveyed reports 

for catalysts that achieve the highest experimental yields within 

each class under realistic conditions to compare the ‘‘best 

case’’ of hydrogenolysis, bifunctional hydrocracking, and acid 

cracking. For the case in which the process model targets 

branched alkane products, we also modeled how this product 

stream could be integrated into an existing refinery to assess 

its economic viability as a gasoline blendstock across a range 

of economic scenarios. Furthermore, a model was developed 

that incorporated alkane dehydrogenation to olefins to illustrate 

an approach for closed-loop chemical recycling. Overall, this 

study identifies the key cost, greenhouse gas (GHG) emissions, 

and energy use drivers in PE hydrogenolysis and hydrocracking.

Process model construction

Process models were developed in Aspen Plus V14. The stream 

mass flows for the two principal product scenarios modeled in 

this study—alkanes for fuels (cases A and B) and alkanes for 

chemicals (case C)—are presented in Figure 1. The plastic recy

cling facility was modeled at a scale of 240 metric tons per day 

(TPD) of post-consumer PE (∼79,200 metric tons per year), 

which is the average size of a materials recovery facility (MRF) 

in the US (Figure S1).3 The product yields for this 240 TPD con

ceptual facility were based on laboratory-scale experimental 

results.33,57,67

A process flow diagram (PFD) for the ‘‘alkanes for fuel’’ prod

uct is presented in Figure 2, representing both cases A and B, 

and noting that the feedstock pretreatment and hydrogenolysis 

areas (green and yellow, respectively, in Figure 2) are identical 

to the unit operations for ‘‘alkanes to chemicals’’ in case C 

(vide infra). Detailed PFDs along with stream composition data 

and unit operation information for all cases are provided in 

Figures S3–S8. We assumed the same PE feedstock in all three 

models (Figure 1), specifically, clean, post-consumer-grade A 

LDPE bales (totaling 95% clear or natural PE container and 

film), delivered from an MRF at $0.30/kg.73 The historical prices 

of major polyolefin waste streams, including LDPE films (grade A 

and B), polypropylene, and HDPE (rigid, natural, and colored), 

are provided in Figure S1 to illustrate the variation in feedstock 

prices over time. Prior to depolymerization, feedstock pretreat

ment was modeled as debaling and melting. Feedstock is first 

debaled and converted to flakes (60 mm) using custom-de

signed PE debalers (2 parallel lines, each with a 120 TPD capac

ity) powered by electric motors (211 kWh/line).74 Next, the pre

heater unit melts the PE flakes (melting temperature, 

Tm∼112◦C) using heat from the hydrocracker effluent, gener

ating a melt flow stream.75

After pretreatment, the melted plastic feedstock undergoes 

depolymerization in a catalytic fixed-bed reactor (modeled as a 

hydrocracker, Figure 1) with liquid downflow at a reaction tem

perature (Trxn) of 240◦C–375◦C and a hydrogen reaction pres

sure (Prxn) of 40–100 bar. Before entering the reactor, the 

makeup and recycled H2 gases are compressed to the 
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conditions of the depolymerization reactor. A stochiometric 

excess of cold H2 gas is supplied as a quench between the cata

lyst beds inside the reactor to maintain isothermal conditions by 

dissipating the heat generated from the depolymerization reac

tions,76 ensuring that the temperature rise remains within an 

operating range of Trxn ± 30◦C (rising over this range from the 

inlet to the outlet). For simplicity, it is assumed that no internal 

concentration gradients occur within the catalyst, so the effec

tiveness factor is taken as 1;77 potential mass transfer limitations 

in industrial systems are acknowledged and their effects 

explored through sensitivity analysis of product yields (vide 

infra).

In the hydrocracker, the catalysts in all cases are modeled to 

be used for 2 years, during which their activity gradually 

decreases with increasing time-on-stream. However, the model 

assumes that dehydrogenation activity is maintained at a con

stant level throughout the catalyst lifespan, assuming that prod

uct selectivity remains unchanged. We acknowledge that addi

tives and contaminants in post-consumer plastics may cause 

catalyst deactivation; as described below, this was addressed 

through sensitivity analysis of both catalyst replacement time 

(1–3 years) and product yields. Further details are provided in 

the supplemental methods section. The catalyst cost was esti

mated using CatCost (Tables S1–S3).78

The effluent from the reactor passes through heat ex

changers to a high-pressure separator operating at 28 bar. 

Here, H2 gas is separated from the top of the column, while 

liquids are recovered from the bottom. A pressure swing 

adsorption unit operating at 20 bar recovers 85% of the 

hydrogen from the incoming gaseous stream to a purity of 

99%.79 The remaining gases are depressurized to 2 bar and 

either combusted and sold as electricity (cases A and B) or 

sent to the light gaseous alkanes recovery process section 

(case C, vide infra), depending on the product scenario. A 

steam cycle and turbine are used to produce electricity that 

is sold to the grid after meeting all the electricity needs of 

the plant. The liquid stream from the bottom of the high-pres

sure separator is sent to a low-pressure separator (∼1 bar) to 

remove additional gases. Finally, the liquid stream, containing 

n-alkanes, iso-alkanes, and other case-dependent, naphtha- 

range hydrocarbons, is sent for distillation. In the distillation 

column, the low-molar-mass liquid alkanes (C5–C15) are ex

tracted as the overhead fraction, while the heavy naphtha 

(>C15) boiling-range streams are removed as the bottom 

liquid product. All unreacted feedstock from the fractionator 

bottom is sent back to the reactor as a recycle stream for 

further depolymerization, and the solids are sent to the waste 

treatment section. In this way, an overall 100% conversion of 

feedstock to products is modeled.

Material and energy balances from the process models for 

each case were used to estimate the equipment size and the cor

responding capital investment for the hydrogenolysis facility. In

formation on raw materials, utilities, labor, maintenance costs, 

and other factors was used to estimate the annual operating 

expenses. A discounted cash flow analysis approach (financial 

parameters in Table S4) was applied to calculate the minimum 

selling price (MSP) of the primary products produced by this fa

cility on a 2024 US dollar cost basis, with co-products such as 

fuel gas, electricity, diesel, naphtha, and others sold at their 

respective 5-year average market prices.80

The life cycle impacts were determined using material and 

energy balances from the process models (Tables S5–S7), 

ecoinvent v3.9.1 background data (allocation, cut-off by classi

fication - unit, US-specific inventories when available, global 

inventories otherwise),81 Brightway v2.9.7 software, and the 

Intergovernmental Panel on Climate Change (IPCC) 2021 and 

Figure 1. Sankey diagrams for the 3 cases for polyolefin hydro

genolysis examined in this study 

Alkanes for fuel product: 

(A) Case A: r-linear straight-run naphtha (LSRN) product. The principal product 

consists of low-molar-mass, linear straight-run alkanes, along with co-prod

ucts of fuel gas, diesel, and heavies. The fuel gas stream, which contains C1- 

C3 hydrocarbons, is converted to electricity as a co-product in the base case. 

(B) Case B: r-branched alkanes (r-BAK) product. The liquid product consists of 

branched alkane products. Co-products of fuel gas, diesel, and heavies are 

recovered as shown. 

Alkanes for chemical products: 

(C) Case C: r-propylene product. Here, the main product is propylene, followed 

by co-products of naphtha, r-butene, fuel gas, and heavies.
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ReCiPe Hierarchist midpoint impact assessment methods.82,83

The environmental metrics of products produced via hydroge

nolysis were compared with conventional fossil-based routes 

for the same products. Hydrogenolysis was assessed 

‘‘cradle-to-gate,’’ from curbside collection of mixed recyclables 

(life cycle inventory sourced from the literature84) through to the 

final hydrogenolysis product(s). The manufacturing of the plas

tic feedstock and the use of the produced chemicals were not 

included in this scope. Co-products were assumed to displace 

conventional production of the materials or energy, and were 

given corresponding credits according to the system expansion 

approach. The sensitivity of co-product handling was also 

tested by comparing it with the mass allocation approach; for 

all metrics except fossil fuel depletion, the mass allocation re

sults fall within the uncertainty range of the system expansion 

results. Standard deviations were estimated using the built-in 

ecoinvent uncertainty data and Monte Carlo analysis.85

RESULTS

Alkanes for fuels

We modeled two alkanes for fuel product scenarios: hydrogenol

ysis to a linear alkane product (case A: r-LSRN [linear straight- 

run naphtha]) and to a branched alkane product (case B: 

r-BAK). The PFD is the same in both cases, as shown in Figure 2.

Case A: r-LSRN product

Here, we modeled linear alkanes as the primary product with 

a chain length of C5–C12, similar to a typical virgin linear 

straight-run naphtha (v-LSRN) stream obtained by distilling 

crude oil in a refinery. The catalyst, 5 wt % Ru/ZrO2,33 has 

been reported in laboratory-scale batch reactions to catalyze 

the hydrogenolysis of PE to linear alkane products at 240◦C 

and 60 bar H2, resulting in total liquid (C5–C22) yields up to 

85%, with C5–C12 fractions accounting for 44%. The remaining 

products consist of a wax co-product and a low-molar-mass 

gaseous hydrocarbon stream (C1–C4), referred to as fuel gas. 

The reaction conditions (Trxn = 240◦C and Prxn = 60 bar), yields, 

and residence time from the previous report are directly used as 

the input to our reactor, with the C5–C12 fraction as the r-LSRN 

product and other hydrocarbon liquids as co-products. Fuel gas 

is combusted on-site to generate electricity through a conven

tional steam cycle, for which credits are included in the TEA 

and LCA at the 5-year average market price and the environ

mental impact of the US average electricity grid.80

For case A, the total capital investment (TCI) for a plant pro

cessing 240 TPD of PE is $136 million (M), as shown in 

Figure 3A, with the highest contribution from the hydrogenolysis 

section, followed by the outside battery limits section (OSBL, 

which includes auxiliary equipment such as storage tanks, po

wer generation, and wastewater treatment). The total annual 

operating expense for this plant is $53 M (Figure S9). The MSP 

Figure 2. PFD for alkanes for fuel cases (cases A and B) 

Simplified PFD of the polyolefin hydrogenolysis or hydrocracking process, divided into three sections. Feedstock pretreatment: polyolefin bales are debaled, 

flaked, and melted. Hydrogenolysis/hydrocracking: polymer flakes are catalytically depolymerized with H2 gas to produce liquid alkanes in the presence of a 

catalyst. Liquid alkanes product recovery: the reactor effluent is cooled and separated from the gaseous stream in a pressure swing adsorption unit to recover a 

H2-rich gas stream, while liquids are recovered through fractionation. Detailed PFDs are provided in Figures S3–S7.
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for r-LSRN in the base case is estimated to be $0.82/kg, which is 

1.8 times that of v-LSRN (Figure 3B). Feedstock cost is the major 

economic driver, followed by the capital charge, fixed costs, and 

the cost of H2. A summary of the process and economic re

sults—including detailed information on the specific unit opera

tions, capital and operating cost requirements for each process 

section, a breakdown of the MSP, and the rationale and results of 

the TEA sensitivity analysis—is provided in Tables S8–S18.

Production of r-LSRN is estimated to have lower freshwater 

eutrophication, fossil fuel depletion, ionizing radiation, land 

use, metal depletion, ozone depletion, particulate matter forma

tion, photo-oxidant formation, terrestrial acidification, and water 

depletion than v-LSRN (Figures 3C–3F; Tables S19 and S20). 

This is primarily due to credits received for electricity co-genera

tion (1.8 kWh generated per kg of r-LSRN), which is assumed to 

displace the current US grid comprising 37% natural gas, 19% 

Figure 3. TEA, LCA, and sensitivity analysis results for case A (r-LSRN product) 

(A) Capital cost breakdown by area for each process section for case A, with TCI of $136 M. The total installed capital (TIC) is split into different steps of the 

recycling process, including OSBL, which is assumed to be 25% of the battery limit investment. 

(B) The MSP of the product. The net value is shown as a white bar with the contribution breakdown shown behind the net value as colored segments. The 5-year 

average market price for v-LSRN is shown for reference as a black ‘‘x’’. Error bars showing the standard deviation were estimated from a Monte Carlo analysis 

with 10,000 runs. 

(C–F) Results for (C) fossil fuel depletion, (D) GHG emissions, (E) human toxicity, and (F) water depletion for the process. The net value and contributions are shown 

in a similar manner to the MSP. 

(G–J) The effect of sensitivity cases on (G) MSP, (H) GHG emissions, (I) human toxicity, and (J) water depletion. Blue and orange bars indicate the optimistic 

and pessimistic sensitivity cases, respectively, corresponding to the values in the y-axis labels. LCA calculations were conducted with IPCC 2021 and ReCiPe 

methodologies, Brightway software, and ecoinvent 3.9.1 background data. Data for this figure are available in Tables S8–S18 for the TEA and Tables S17–S21 for 

the LCA.
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coal, 18% nuclear, 11% wind, 6% solar, and 9% other,86 and 

emitting 0.47 kg CO2e/kWh. However, GHG emissions, ecotox

icity, marine eutrophication, and human toxicity of r-LSRN are 

estimated to be 3 times, 43%, 87%, and 8 times higher, respec

tively, than v-LSRN. Across all life cycle metrics, plastic collec

tion and sortation contribute 12%–96%, H2 accounts for 1%– 

67%, and steam contributes 2%–37%. The impacts of the plas

tic feedstock are related to electricity use for sorting equipment 

(0.07 kWh/kg feedstock), landfilling of contaminants during the 

sorting process (0.1 kg/kg feedstock), and transporting the feed

stock by diesel-powered trucks between collection, sorting, and 

hydrogenolysis facilities (a total of 700 km).87 Hydrogen (0.13 kg/ 

kg r-LSRN) was assumed to be generated by steam methane re

forming, which accounts for most of current US production88 and 

emits 8–11 kg CO2e/kg H2 as well as criteria air pollutants such 

as nitrogen oxides, particulate matter, and volatile organic com

pounds.89,90 The impacts of steam (1.1 kg/kg r-LSRN) are linked 

to its generation from natural gas and other fossil fuels. Other 

consumables—which include the hydrogenolysis catalyst— 

only contribute significantly to metal depletion (24%) and land 

use (11%) due to zircon mining and processing into ZrO2. The 

release of 1.1 kg CO2 from combustion of the fuel co-product 

to generate electricity also accounts for 34% of GHG emissions.

Univariate sensitivity analysis was performed to identify the 

key parameters that influence the economic and environmental 

viability of PE hydrogenolysis to r-LSRN (Figures 3G–3J; 

Tables S18 and S21). In the r-LSRN base case, feedstock cost 

exhibited the highest contribution to MSP. Most of the feedstock 

cost arises from the collection and sortation of PE into bales at 

MRFs. Market reports indicate that the average price of mixed 

LDPE Grade A bales ranged from $0.14 to $0.48/kg in the US 

from 2016 to 2024 (Figure S1).73 As shown in the MSP tornado 

plot (Figure 3G), a feedstock cost of $0.15/kg allows for cost par

ity with v-LSRN. Next, the impact of plant size variation on MSP 

was assessed, assuming an abundant feedstock supply could 

be obtained at the same price. Doubling plant capacity to 500 

TPD reduces the MSP by 25% and environmental impacts by 

22%–28%, due to economies of scale that maximize the 

efficiency of heat integration and utility usage.

Among technical parameters, principal product yield is most 

impactful on the MSP (Figure 3G). Several other variables, 

including catalyst loading and replacement time, residence 

time, and hydrogenolysis reactor pressure, exhibit marginal 

effects on the MSP. The hydrogenolysis process and product 

separation occur mostly under higher pressure conditions, which 

helps reduce compression requirements when recycling H2 gas 

to the reactor. As a result of this design, a change in reactor pres

sure has a negligible impact on the economics across the range 

explored. Nevertheless, reducing H2 pressure does slightly in

crease the amount of electricity that can be treated as a co- 

product rather than used to pressurize the hydrogenolysis 

reactor, facilitating minor improvements (>10%) across environ

mental impacts. Lastly, increased H2 recovery (90%) can reduce 

MSP by 4% compared with the base case, whereas a lower re

covery (60%) can increase MSP by up to 8%. Given the higher 

contribution of H2 to r-LSRN impacts in comparison with MSP, 

adjusting H2 use or source represents a significant opportunity 

for environmental optimization. Increasing H2 recovery relative 

to the base-case assumptions reduces GHG emissions by 6%, 

but, interestingly, lowers the performance of other metrics (e.g., 

toxicity or water use) because the quantity of H2 lost is counter

balanced by the quantity of electricity that can be generated 

from that loss. For example, 60% H2 recovery uses 0.24 kg H2/ 

kg r-LSRN but generates 3.3 kWh, whereas 90% H2 recovery 

uses 0.11 kg H2/kg r-LSRN but generates 1.5 kWh. Additional 

sensitivity cases were explored, including those for discount 

rate, income tax rate, catalyst cost, variable operating expenses, 

and the results are provided in Table S18.

Lastly, economy-wide scenarios were considered in which H2 

from steam methane reforming is displaced by clean H2 produced 

from water electrolysis coupled with renewable electricity, alter

native sources of steam are used (produced from biomass), and 

the current US grid mix is replaced by a mostly renewable elec

tricity grid comprising 43% wind, 32% photovoltaics, 21% nu

clear, 5% hydropower, 5% natural gas, 1% geothermal, and 

2% other.91 The use of clean H₂ (production cost of $4.50/kg)92

and decarbonized steam ($5.39/kg)93 resulted in increases in 

the MSP of 53% and 4%, respectively. In contrast, the shift to a 

renewable electricity ($0.03/kWh)94 grid reduced the MSP by 

5%. Given that H2 and steam are key contributors to r-LSRN im

pacts, switching to alternative production methods could reduce 

the GHG emissions of hydrogenolysis by 62% and 18%, respec

tively. A trade-off is that the clean H2 would increase human 

toxicity and water use due to the high electricity requirements of 

water electrolysis (55 kWh/kg H2). Interestingly, renewable elec

tricity would not benefit hydrogenolysis, as the credits received 

for electricity co-generation would decrease.

Case B: r-BAK product

In this case, a bifunctional hydrocracking process is utilized to 

produce branched alkanes with characteristics similar to 

v-BAK from a petroleum refinery. The modeled hydrocracking 

process, from Zhao et al.,67 was reported to operate in batch re

actors at Trxn = 280◦C and Prxn = 40 bar H2 (20 bar H2 filling pres

sure, scaled by reaction temperature), resulting in a total liquid 

alkane yield of 85 wt % in the C5–C14 range (including both linear 

and branched isomers), with a narrow selectivity toward 

branched alkanes. This is accomplished using a platinum-zeolite 

HY catalyst with a cerium promoter (0.5 wt % Pt, Si/Al = 2.25, 3 

wt % Ce) denoted Pt-3Ce/HY, in which the authors reported that 

Pt facilitated de/hydrogenation, Ce improved dispersion and 

stability, and HY zeolite performed hydrocracking and hydroiso

merization.67 As in case A, these conditions and results are 

directly incorporated into the process model, with the branched 

C5–C12 fraction (71 wt %) as the r-BAK product.

The TCI of the plant is $108 M, with contributions similar to 

those discussed in the r-LSRN case (Figure 4A). The facility 

would require $51 M in annual operating expenses. A detailed 

breakdown of annual operating expenses is shown in 

Figure S10, which is dominated by feedstock costs, with H2 con

sumption being the other major driver in the depolymerization 

section, and recovery of co-products largely offsets these costs. 

Overall, the r-BAK MSP is more economically favorable than 

case A, with the MSP of r-BAK being 7% lower than v-BAK 

(Figure 4B). More details on the economic summary and MSP 

with TEA and LCA sensitivities are provided in Tables S22–S29.
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The r-BAK scenario is also estimated to have lower freshwater 

eutrophication, fossil fuel depletion, ionizing radiation, land use, 

metal depletion, ozone depletion, particulate matter formation, 

photo-oxidant formation, terrestrial acidification, and water 

depletion than v-BAK (Figures 4C–4F; Tables S19, S28, and 

S29). However, GHG emissions, ecotoxicity, marine eutrophica

tion, and human toxicity of r-BAK are estimated to be 88%, 10%, 

76%, and 5 times higher, respectively, than v-BAK. The overall 

impacts of r-BAK tend to be slightly lower than r-LSRN. The 

higher yields of r-BAK (71%) in comparison with r-LSRN (44%) 

and lower H2 demand (0.08 kg/kg r-BAK vs. 0.13 kg/kg 

r-LSRN) counteract the fact that less electricity is co-generated 

due to higher energy demands for the 40-bar reactor and down

stream separations (0.59 kWh/kg r-BAK vs. 1.40 kWh/kg 

r-LSRN). Across all r-BAK life cycle metrics, plastic collection 

and sortation contribute 13%–95%, H2 accounts for 1%–64%, 

Figure 4. TEA, LCA, and sensitivity analysis results for case B (r-BAK product) 

(A) Capital cost breakdown by area for each process section for case B, with TCI of $108 M. The TIC is split into different steps of the recycling process, including 

OSBL, which is assumed to be 25% of the battery limit investment. 

(B) The MSP of the product. The net value is shown as a white bar, with the contribution breakdown shown behind the net value as colored segments. The 5-year 

average market price for v-BAK is shown for reference as a black ‘‘x’’. Error bars showing the standard deviation were estimated from a Monte Carlo analysis with 

10,000 runs. 

(C–F) Results for (C) fossil fuel depletion, (D) GHG emissions, (E) human toxicity, and (F) water depletion for the process. The net value and contributions are shown 

in a similar manner to the MSP. 

(G–J) The effect of sensitivity cases on (G), MSP (H) GHG emissions, (I) human toxicity, and (J) water depletion. Blue and orange bars indicate the optimistic and 

pessimistic sensitivity cases, respectively, corresponding to the values in the y-axis labels. 

LCA calculations were conducted with IPCC 2021 and ReCiPe methodologies, Brightway software, and ecoinvent 3.9.1 background data. Data for this figure are 

available in Tables S22–S28.
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and steam contributes 2%–42% for the same reasons outlined 

above for the r-LSRN scenario. The release of 0.48 kg CO2 

from combustion of the fuel co-product to generate electricity 

also accounts for 25% of GHG emissions.

The TEA and LCA sensitivity analyses (Figures 4G–4J; 

Tables S27 and S29) show the same trends as in the case of r- 

LSRN. One exception is that the low-yield case moderately im

proves the life cycle performance of r-BAK for select metrics. A 

50% yield increases the co-generated electricity to 3.3 kWh/kg 

r-BAK, compared with 0.59 kWh in the base case, counteracting 

the environmental burdens of increased feedstock and consum

able demand. This scenario, as well as the H2 recovery sensitivity 

discussed above for r-LSRN, highlights that a single technical 

change can, in some cases, affect multiple parameters and 

complicate linear prediction of trends.

In general, BAK products are more economically valuable than 

LSRN products due to their higher octane ratings, making them a 

more suitable blendstock for conventional gasoline. Based on 

this result, we investigated the possibility of directly blending 

the r-BAK product into an existing refinery stream to generate 

economic benefits for petroleum refiners (see supplemental 

information for details). Using AspenTech’s process industry 

modeling system (PIMS) software, the evaluation aimed to maxi

mize refinery gross margin under constraints on crude availabil

ity, process unit capacities, and fuel specifications. The r-BAK 

blending properties were sourced from literature and Aspen 

Plus simulations.95 Offered at fixed volumes of 5,000–30,000 

barrels/day, the PIMS optimizer determined the best gasoline 

blending pool based on price and properties. The break-even 

value (BEV), the maximum cost refiners would pay to maintain 

gross margin without the blendstock, was used as a valuation 

metric. Input variables reflected varying economic conditions, 

including West Texas Intermediate (WTI) crude prices and de

mand projections from Energy Information Adminstration’s 

annual energy outlook. BEVs increased with higher crude prices 

but decreased with higher purchase volumes due to necessary 

operational shifts in refinery units, reducing profitability 

(Figures S11 and S12). BEV also declined over time, significantly 

dropping by 2050 under a net-zero GHG emissions scenario, re

flecting reduced gasoline demand. The results suggest r-BAK 

could be competitively priced with fossil-derived alkylate if pro

duced in sufficient quantities, but low crude prices and declining 

gasoline demand pose long-term economic risks.

Alkanes for chemicals

In this case, we modeled the commercial CATOFIN process for 

the conversion of propane and butane obtained from the hydro

cracking of the PE feedstock, along with a recycling stream from 

other process sections to recover high-purity propylene and bu

tenes/iso-butenes.96,97 This process was modeled to reflect 

closed-loop recycling.

Case C: r-propylene product

Whereas the previous cases targeted liquid-range alkane prod

ucts, here, light gas production is desired. The reaction was re

ported by Lee et al.57 in a batch reactor study to convert PE at 

Trxn = 375◦C and Prxn = 100 bar H2 (45 bar H2 filling pressure, 

scaled by reaction temperature) into a propane- (∼50 wt %) 

and butane-rich (∼23 wt %) gaseous stream along with other 

products, primarily <C12. This is accomplished with an H-ZSM- 

5 acid catalyst (Si/Al = 23).57 These conditions are used in the pro

cess model, assuming the process reactor can achieve the re

ported alkane yields. The C3 and C4 alkanes are separated by 

a depropanizer column to yield C3 and C4 streams, which serve 

as feeds to the propane dehydrogenation (PDH) reactor and 

butane dehydrogenation reactor (BDH), respectively. The PDH 

reactor achieves a high single-pass conversion of 45% and the 

BDH reactor achieves 53% single-pass conversion for butane/ 

iso-butane, with selectivity exceeding 88 wt % for propane and 

over 89 wt % for butane and iso-butane, effectively minimizing 

byproduct formation.98 To boost conversion and product forma

tion, the outlet streams from both reactors were recycled back af

ter separation from their olefinic counterpart, as illustrated in 

Figure 5. The methodology is provided in the SI to recover poly

mer-grade (>99.5% purity) propylene and butenes.

The TCI of a PE hydrocracking plant that produces propylene 

as the principal product is projected to be $194 M (Figure 6A). 

The highest contribution (∼30%) to the TCI for this plant is 

from the hydrocracking section, owing to the hydrocracker and 

H2 compressors, with its high operating pressure (∼100 bar) 

requiring more robust equipment design and thicker-walled ves

sels, thereby increasing the installation factor. As with other 

cases, a 25% contribution is assumed from the OSBL invest

ment. The total annual operating expense of such a plant is 

$62 M (Figure S13). The co-products, including butenes, 

naphtha, and fuel gas, reduce the MSP of r-propylene to 

$0.84/kg (Figure 6B), which is lower than the price of v-propylene 

at $0.95/kg. A summary of the results from this economic anal

ysis is provided in Tables S30–S36.

The only primary product examined in this work estimated to 

have statistically equivalent GHG emissions to the fossil-based 

equivalent is r-propylene. It also exhibits lower fossil fuel 

depletion, photo-oxidant formation, water use, and terrestrial 

acidification than v-propylene, although the remaining impact 

categories are 40 to 3,000 times higher (Figures 6C–6F; 

Tables S19, S37, and S38; system boundary in Figure S14). 

Several factors contribute to these results: first, unlike the r- 

LSRN and r-BAK scenarios, no electricity is co-generated in 

the r-propylene case. Instead, credits are received for the C2 

and C4 products (0.44 kg/kg r-propylene), naphtha (0.59 kg/kg 

r-propylene), and fuel gas (0.04 kg/kg r-propylene) co-products, 

but these co-products only majorly affect a handful of impact 

categories, such as GHG emissions and fossil fuel depletion. 

As an additional check, we compared co-product handling using 

mass allocation (Figure S15), which was consistent with the sys

tem expansion results for most metrics. Second, the pressure of 

the hydrogenation reactor (100 bar), additional dehydrogenation 

reactor, and downstream separations require substantial refrig

eration and other electricity use (1.3 kWh/kg r-propylene), steam 

(2.0 kg/kg r-propylene), and H2 (0.07 kg/kg r-propylene). Taken 

together, plastic collection and sortation contribute 11%–81% 

across all r-propylene life cycle metrics, electricity accounts for 

12%–83%, steam contributes 2%–47%, and H2 contributes 

1%–34%. In contrast, producing 1 kg of propylene from fossil 

fuels uses 0.04 to 1 kWh of electricity, ∼1.5 kg of steam, and 

no H2, depending on the manufacturing route.4
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Univariate sensitivity analysis shows that the feedstock cost 

is the biggest driver for r-MSP, ranging from − 46% to +45% 

(Figure 6G). Product yield is another major sensitivity parameter 

for both MSP and environmental impacts (Figures 6G–6J; 

Tables S36 and S38). In the base case, the total olefin yield 

was 74% (51% propylene and 23% butene). A 94% olefin yield 

reduces the MSP and environmental impacts of r-propylene by 

5%–72%, whereas a 54% yield (41% propylene and 13% 

butene) leads to a 23%–192% increase. Economies of scale, 

including more efficient utility usage across a larger production 

volume, improve the product value and impact by 4%–39%. 

Enhancing H2 recovery from 85% to 90% also decreases 

MSP and environmental impacts by 2%–18%. Note that water 

depletion in the base case is near zero due to co-product 

credits (− 0.002 m3/kg r-propylene) and is highly sensitive to 

any variations in electricity demand or co-product yield, hence 

the high percentage variations shown in Figure 6J. Additionally, 

less impactful sensitivity cases explored in this case study 

include varying the TCI, hydrogenolysis reactor pressure, resi

dence time, and catalyst loading and replacement time. 

Furthermore, switching to clean H2, decarbonized steam, and 

renewable electricity could decrease GHG emissions of r-pro

pylene by 43%, 43%, and 48%, respectively. In contrast, 

switching to clean H₂ and decarbonized steam increases the 

MSP by 27% and 8%, respectively, and shifting to renewable 

electricity only enables a 4% reduction in MSP. Combining all 

these decarbonization pathways could allow r-propylene to 

exhibit net-negative emissions, well below the v-propylene 

benchmark of 1.5 kg CO2e/kg.

DISCUSSION

Reductive catalytic depolymerization of polyolefins through hy

drogenolysis and hydrocracking has re-emerged as a major 

area of interest in the recent wave of plastics chemical recycling 

research.21–67 Given the magnitude of polyolefin production and 

the concomitant waste accumulation in landfills—over 31 M tons 

in 2019 in the US alone for PE and polypropylene3—these mate

rials represent massive carbon resources to target for enabling 

circular supply chains. This work investigated three common 

outcomes of reductive depolymerization of the most abundantly 

produced polyolefin, PE, namely production of linear or 

branched alkanes and light olefins. Perhaps unsurprisingly, the 

product value, product yield, and feedstock cost are major 

drivers of estimated process feasibility. Relative to primary pro

duction, PE-derived linear alkanes slated for fuels do not exhibit 

beneficial economics or GHG emissions, branched alkanes 

exhibit similar economics but higher GHG emissions, and light 

olefins are close to parity for both metrics (Figure 7). While these 

results clearly demonstrate that further innovation is needed to 

reduce the process cost and environmental impacts of hydroge

nolytic polyolefin depolymerization, a comparison with a similar 

process modeling effort for plastics pyrolysis17 reveals that all 

cases studied here exhibit considerably lower GHG emissions, 

Figure 5. PFD for alkanes for chemical case 

Simplified PFD of the polyolefin hydrocracking depolymerization process, divided into three sections. Feedstock pretreatment: In this section, polyolefin bales 

are debaled, flaked, and melted, and subsequently catalytically depolymerized in the next section. Hydrocracking: Following pretreatment, polymer flakes are 

catalytically cracked in the presence of hydrogen to generate a propane- and butane-rich stream. Product recovery: The hydrocracker effluent is cooled and 

separated to recover a H2-rich gaseous stream, liquid alkanes, and an alkane-rich gas in a series of unit operations. The C3 and C4 alkanes are separated after 

passing through a series of refrigeration boxes. The PDH and BDH units are employed in parallel to convert propane and butane to their respective alkenes, and 

commercial refinery unit operations are used to recover polymer-grade products. Co-product credits are considered. The detailed PFD covering each process 

section of this base-case design is presented in Figures S3–S8 in supplemental information.
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and in the branched alkanes and olefins cases, improved relative 

economics.

Early-stage process modeling, TEA, and LCA can typically serve 

as a quantitative guide to impactful research opportunities.71,72 For 

catalysis researchers, the work here shows that catalyst cost and 

loading over the range of material formulations studied do not play 

a major role in economics or most environmental impacts, 

assuming long-term stability is achievable (2 years). Catalyst 

composition and architecture clearly dictate product selectivity 

and product yield, both of which are major drivers of economics 

and environmental impacts. Notably, while catalyst formulation 

dictates yield and selectivity, which indirectly affect process 

viability, sensitivity analysis also reveals that reducing the cost of 

incoming plastic waste has the most pronounced effect on MSP 

across all three scenarios. Thus, sourcing of low-cost, low-quality, 

or contaminated plastics (e.g., through improved preprocessing or 

catalyst tolerance) together with catalyst innovations will be more 

impactful than further process improvements alone.

Figure 6. TEA, LCA, and sensitivity analysis results for case C (r-Propylene product) 

(A) Capital cost breakdown by area for each process section for case C, with TCI of $194 M. The TIC is split into different steps of the recycling process, including 

OSBL, which is assumed to be 25% of the battery limit investment. 

(B) The MSP of the product. The net value is shown as a white bar with the contribution breakdown shown behind the net value as colored segments. The 5-year 

average market price for v-propylene is shown for reference as a black ‘‘x’’. Error bars showing the standard deviation were estimated from a Monte Carlo analysis 

with 10,000 runs. The historical prices of products and co-products relative to WTI crude oil are shown in Figure S16. 

(C–F) Results for (C) fossil fuel depletion, (D) GHG emissions, (E) human toxicity, and (F) water depletion for the process. The net value and contributions are shown 

in a similar manner to the MSP. 

(G–J) The effect of sensitivity cases on (G) MSP, (H) GHG emissions, (I) human toxicity, and (J) water depletion. Blue and orange bars indicate the optimistic and 

pessimistic sensitivity cases, respectively, corresponding to the values in the y-axis labels. 

LCA calculations were conducted with IPCC 2021 and ReCiPe methodologies, Brightway software, and ecoinvent 3.9.1 background data. Data for this figure are 

available in Tables S19 and S35–S38.
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Additionally, there are two previous process modeling 

studies of hydrogenolysis-based polyolefin that warrant com

parison with this work. Cappello et al. modeled a process 

based on the Pt/SrTiO3 catalyst from Celik et al.,23 targeting 

production of polyalphaolefin lubricants.99 Given the consider

ably higher value of lubricants relative to fuels, their study 

demonstrated advantageous economics, energy use, and 

GHG emissions relative to primary production. In a separate 

study, Hernández et al. compared multiple strategies for 

LDPE deconstruction, including hydrogenolysis and hydro

cracking.37 Similarly, they also noted that hydrogenolysis to 

produce mixed alkanes was economically viable when pro

ducing high-value lubricants, whereas hydrocracking to pro

duce gasoline was not. While the results from both previous 

studies are promising for lubricant production, for open-loop 

processes such as reductive polyolefin depolymerization, it 

is important to consider the scale of feedstock and target 

product—globally, high-value lubricants are produced at two 

orders of magnitude less volume than the polyolefin waste vol

ume in the US alone.

Overall, the results from this work highlight the challenge in 

producing fuel products that are both economically advan

taged and exhibit lower environmental impacts than primary 

production. Notably, here we did not consider expanded sys

tem boundaries to address the life cycle impacts of fuel pro

duction from plastics, which we will consider in future work. 

From a research perspective, for closed-loop recycling appli

cations back to polyolefins via monomer production, this 

work makes it clear that product yield, selectivity, and H2 de

mand merit further attention to enable hydrogenolysis and hy

drocracking processes to operate at scale. The identification 

of specific barriers toward scalability elucidates critical areas 

of technological innovation that have the potential to make 

this technology feasible, including catalyst development to 

improve product selectivity, reduction of hydrogen pressure 

demands, and operation with low-cost/low-quality plastic 

feedstocks.

METHODS

Methods are described throughout the main text, and further de

tails can be found in the supplemental methods.
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Figure 7. GHG emissions as a function of the minimum selling price 

(MSP) of all plastic hydrogenolysis case studies 

Values are depicted as hydrogenolysis case GHG emissions (GHGr) divided by 

the corresponding fossil fuel-based product GHG emissions (GHGv) versus 

hydrogenolysis case MSP (MSPr) divided by the corresponding fossil fuel- 

based MSP (MSPv). Open circle points correspond to the clean H2 scenario for 

each hydrogenolysis case. The points closest to the origin offer the most 

optimal combination of low GHGs and low MSP. Values for pyrolysis were 

obtained from the life cycle inventories in Yadav et al.,17 updated to use 

consistent background data and LCA methods with those of this study.
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