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Summary
This supporting information describes the main assumptions and data used in the life cycle assessment of plastic pyrolysis. It includes information on transportation distance, process energy requirements, and greenhouse gas (GHG) emission and characterization factors. 
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S1. Primary Assumptions for the Pyrolysis Process 
Table S1: Assumptions considered for the overall pyrolysis plant; including the curbside transportation to the recycling facility where NRP plastic is separated
	
	Value
	Units
	References

	Collected waste and NRP separation stage
	Transportation distance to separation facilities
	98.81
	miles
	(Benavides et al. 2017; Wang et al. 2021)

	
	Fraction of plastics in MSW
	0.177
	
	

	
	Separation energy (Electricity)
	0.0649
	MMBTU/wet-ton
	

	
	Fraction NRP
	0.49
	
	

	Pyrolysis and upgradation stage
	Plant capacity
	18120
	lb plastic/hr
	(Larrain et al. 2020)

	
	Baseline value for natural gas contribution to pyrolysis energy conversion
	12.5
	%
	(Wang et al. 2021)

	
	Baseline value for electricity contribution to pyrolysis energy conversion
	87.5
	%
	

	
	Baseline electricity generation efficiency
	33.8
	%
	

	
	Fuel upgradation downstream process
	0.44
	MJ/h/kg liquid processed
	(Gracida-Alvarez et al. 2019)


 
Plant capacity
A plant capacity of approximately 70 kt per year was selected, as this represents the minimum capacity at which plastic pyrolysis plants are typically considered economically feasible (Larrain et al. 2020). This is also roughly 45% of the total annual recyclable plastics disposed of in the state of PA. (Pennsylvania Department of Environmental Protection 2003)


 S2. Carbon Contents of Feedstocks and Products
Table S2.1. The carbon contents of the feedstock and the products
	Components
	Fraction  C
	References

	HDPE
	0.842
	Table S2.2

	LDPE
	0.840
	

	PP
	0.839
	

	Wax
	0.33
	(Wang et al. 2021, 2023)

	Fuel Gas
	0.76
	

	Gasoline
	0.83
	

	Diesel
	0.87
	



Table S2.2. Averaged carbon contents of the feedstocks 
	Feedstock
	(Smeaton 2021)
	Other sources
	Fraction C (Averaged)

	HDPE 
	0.833
	0.8503[*]
	0.842

	LDPE 
	0.820
	0.86[**]
	0.840

	PP 
	0.818
	0.86[***]
	0.839



[*] (Hosseini et al. 2014)
[**](Petrovic Aleksandra et al. 2022)
[***] (Yaqoob et al. 2022)


S3. Composition and Distribution of Pyrolysis Products
Table S3.1 Pyrolysis product distribution of the three plastic types at 550 °C (Marcilla et al. 2009; Onwudili et al. 2009; Jung et al. 2010; Wulan et al. 2018)
	Group
	Components
	Component 
% in HDPE 
	Component % in LDPE
	Component % in PP

	
	Methane
	5.06
	4.6
	41.18

	
	Ethane
	9.82
	7.47
	9.84

	
	Ethylene
	14.25
	12.56
	7.49

	Gas
	Propane
	8.63
	12.74
	4.22

	
	Propylene
	20.67
	19.41
	21.98

	
	Isobutane
	0
	0
	1.53

	
	N butane
	7.56
	9.2
	0

	
	Butene
	34.01
	34.02
	13.77

	
	Pentane
	4.21
	6.63
	-

	
	Pentene
	10.69
	11.44
	-

	
	Hexane
	3.51
	5.52
	-

	
	Hexene
	25.42
	29.43
	-

	
	Heptane
	6.79
	8.47
	-

	
	Heptene
	14.54
	15.90
	-

	
	Octane
	2.81
	6.26
	-

	
	Octene
	0.42
	4.48
	-

	
	Nonane
	2.34
	-
	-

	
	Nonene
	3.16
	0.08
	-

	
	Decane
	7.26
	5.50
	-

	Light Oil
	Decene
	11.45
	4.60
	-

	
	1-Hexene, 3,3-Dimethyl-
	-
	-
	7.82

	
	2,3-Dimethyl-3-Heptene
	-
	-
	33.03

	
	Cyclohexane, 1,2,4-Trimethyl-
	-
	-
	27.87

	
	Cyclohexane, 1,1,3,5 Tetramethyl
	-
	-
	30.09

	
	Cyclohexane, 1 Ethyl 1,4 Dimethyl
	-
	-
	1.19

	
	Nonadiene
	1.60
	0.03
	-

	
	Decadiene
	5.79
	1.67
	-











Table S3.1 (Continued) Pyrolysis product distribution of the three plastic types at 550 °C (Marcilla et al. 2009; Onwudili et al. 2009; Jung et al. 2010; Wulan et al. 2018)
	Group
	Components
	Component 
% in HDPE 
	Component % in LDPE
	Component % in PP

	
	N Undecane
	2.22
	2.56
	-

	
	Undecene
	4.30
	3.55
	-

	
	Dodecane
	2.07
	3.04
	-

	
	Dodecene
	4.15
	4.45
	-

	
	N Tridecane
	2.30
	3.17
	-

	
	Tridecene
	4.26
	4.37
	-

	
	N Tetradecane
	2.53
	3.29
	-

	
	Tetradecene
	4.70
	4.50
	-

	
	N Pentadecane
	2.66
	3.77
	-

	
	Pentadecene
	5.22
	5.20
	-

	
	Hexadecane
	2.83
	4.38
	-

	
	Hexadecene
	5.10
	4.70
	-

	
	Heptadecane
	3.14
	4.50
	-

	
	Heptadecene
	5.10
	4.94
	-

	
	Octadecane
	3.29
	4.87
	-

	
	Octadecene
	5.90
	5.33
	-

	Heavy Oil
	Nonadecane
	3.37
	5.36
	-

	
	Nonadecene
	6.57
	5.31
	-

	
	1,11-Dodecadiene
	2.10
	1.62
	-

	
	1,12-Tridecadiene
	2.15
	1.59
	-

	
	1,13-Tetradecadiene
	2.38
	1.63
	-

	
	Un decadiene
	2.17
	1.29
	-

	
	Penta decadiene
	2.64
	1.89
	-

	
	Hexa decadiene
	2.58
	1.71
	-

	
	Hepta decadiene
	2.58
	1.79
	-

	
	Octa decadiene
	2.98
	-
	-

	
	Icosene
	6.98
	5.71
	-

	
	Eicosane
	3.75
	5.48
	-

	
	2,6 Dimethyl Nonane
	-
	-
	4.94

	
	4,6 Dimethyl Dodecane
	-
	-
	0.65

	
	4 Methyl 2 Un decene
	-
	-
	6.70

	
	Cyclooctane, Butyl-
	-
	-
	2.59

	
	Cyclohexane, 1-Ethyl-2-Propyl-
	-
	-
	42.09

	
	Cyclohexane, 2,4-Diethyl-1-Methyl-
	-
	-
	41.56

	
	Cyclooctane, 1-Methyl-3-Propyl-
	-
	-
	1.47

	Aromatics
	Benzene
	100
	100
	50

	
	Toluene
	
	
	50


Table S3.2 Pyrolysis product distribution of the three plastic types at 600 °C ((Elordi et al. 2011; Lee et al. 2021; Park and Lee 2021; Zhou et al. 2021; Liu et al. 2023)
	Group
	Components
	Component 
% in HDPE 
	Component % in LDPE
	Component % in PP

	
	Methane
	2.89
	8.08
	4.79

	
	Ethane
	1.44
	19.00
	13.88

	
	Ethylene
	22.56
	17.10
	1.91

	
	Propane
	4.69
	28.19
	4.79

	Gas
	Propylene
	37.36
	27.63
	74.64

	
	Isobutane
	0.54
	-
	-

	
	N butane
	5.96
	-
	-

	
	Butene
	19.13
	-
	-

	
	Butadiene
	5.43
	-
	-

	
	Pentane
	3.51
	-
	-

	
	Pentene
	9.35
	-
	-

	
	Hexane
	6.71
	-
	1.67

	
	Hexene
	13.42
	-
	3.92

	
	Heptane
	4.37
	-
	2.81

	
	Heptene
	13.72
	-
	6.57

	
	Octane
	5.26
	8.13
	5.91

	
	Octene
	8.18
	12.73
	13.73

	
	Nonane
	5.69
	14.11
	4.64

	
	Nonene
	7.88
	10.43
	10.76

	Light Oil
	Decane
	9.94
	29.29
	2.87

	
	Decene
	11.97
	25.31
	6.69

	
	Cyclohexane
	-
	-
	1.36

	
	Methylcyclohexane
	-
	-
	2.27

	
	Dimethyl cyclohexane
	-
	-
	4.75

	
	Cyclohexane, 1,2,4-Trimethyl-
	-
	-
	3.70

	
	Cyclohexene, 1-Methyl-
	-
	-
	4.12

	
	Cyclohexane, 1,1,3,5 Tetramethyl
	-
	-
	2.32

	
	Cyclohexene
	-
	-
	2.45

	
	Dimethyl Cyclohexene
	-
	-
	8.56

	
	Trimethyl Cyclohexene
	-
	-
	6.73

	
	Trimethyl Cycloheptene
	-
	-
	4.17









Table S3.2 (Continued) Pyrolysis product distribution of the three plastic types at 600 °C ((Elordi et al. 2011; Lee et al. 2021; Park and Lee 2021; Zhou et al. 2021; Liu et al. 2023)
	Group
	Components
	Component 
% in HDPE 
	Component % in LDPE
	Component % in PP

	
	N Undecane
	5.48
	3.22
	12.72

	
	Undecene
	6.23
	2.53
	8.42

	
	Dodecane
	4.69
	3.74
	11.26

	
	Dodecene
	7.98
	2.92
	7.48

	
	N Tridecane
	1.78
	3.70
	9.84

	
	Tridecene
	5.47
	4.04
	6.53

	
	N Tetradecane
	0.78
	3.86
	7.52

	
	Tetradecene
	2.62
	4.95
	4.98

	
	N Pentadecane
	1.34
	4.43
	8.38

	
	Pentadecene
	4.01
	4.78
	5.54

	
	Hexadecane
	2.02
	4.49
	5.50

	Heavy Oil
	Hexadecene
	4.86
	4.62
	3.65

	
	Heptadecane
	2.45
	4.29
	4.90

	
	Heptadecene
	5.75
	4.84
	3.27

	
	Octadecane
	2.84
	4.25
	-

	
	Octadecene
	7.59
	4.67
	-

	
	Nonadecane
	2.69
	4.35
	-

	
	Nonadecene
	7.87
	5.45
	-

	
	1,11-Dodecadiene
	0.45
	0.55
	-

	
	1,12-Tridecadiene
	1.62
	0.63
	-

	
	1,13-Tetradecadiene
	0.56
	0.76
	-

	
	Penta decadiene
	0.95
	0.81
	-

	
	Hexa decadiene
	1.62
	0.99
	-

	
	Hepta decadiene
	2.23
	0.81
	-

	
	Octa decadiene
	2.84
	0.90
	-

	
	1,19-Eicosadiene
	3.12
	0.78
	-

	
	Henicosene
	-
	4.82
	-

	
	Henicosane
	-
	4.68
	-

	
	Icosene
	7.26
	4.68
	-

	
	Eicosane
	2.84
	4.49
	-

	
	Benzene
	10.98
	-
	10.99

	
	Ethylbenzene
	21.97
	3.56
	38.58

	Aromatics
	Toluene
	35.55
	3.35
	18.49

	
	Propyl benzene
	13.58
	-
	30.29

	
	Naphthalene, Decahydro-1-Undecyl-
	-
	-
	1.66

	
	Azulene
	17.92
	93.09
	-




Product distribution for the plastic-to-fuel pathway
Two types of products are considered in this study: liquid and non-condensable gas. The liquid (main product), also stated as blend stock, includes light oil, heavy oil, and aromatics (Fig. S3). Gas fraction is considered to be fuel gas.  
	[image: ]

	Fig. S1 Pyrolysis yield (%) at two different temperatures obtained using the kinematic model from Kulas et al. (2021)



The product distribution using the lump kinetic model (Kulas et al. 2021) shows that in general, high LDPE fractions produce more liquid products (diesel and gasoline) while high HDPE fractions produce more fuel gas as seen in Figure S3. This finding is in line with studies based on plastic pyrolysis. Sharuddin et al. stated that among the polyolefins, LDPE produces the highest oil when pyrolyzed (Anuar Sharuddin et al. 2016). A neural network model developed using the data from non-recycled plastic data available in the literature also points out LDPE produces the highest oil yield when compared with HDPE and PP (Abnisa et al. 2019). When HDPE and PP are compared for gas yields, HDPE shows high gas production. (Hwang et al. 2001). 
S4. Thermochemical Properties of Feedstocks and Products
Table S4.1 Averaged values of heat of formation, specific heat, and molecular weight for each product type (gas, light oil, heavy oils, and aromatics respectively) at 550 °C 
	
	Components
	Average Specific Heat
(J/(mol.K))
	Average Heat of Formation (KJ/mol)
	Average Molecular Weight (g/mol)

	Gas
	PP
	41.33
	-53.16
	24.689

	
	LDPE
	73.05
	-23.81
	40.038

	
	HDPE
	70.28
	-19.84
	38.864

	Light Oil
	PP
	357.96
	-172.7
	128.89

	
	LDPE
	226.67
	-90.4
	91.388

	
	HDPE
	240.34
	-86.06
	97.223

	Heavy Oil
	PP
	451.138
	-243.355
	156.127

	
	LDPE
	651.98
	-271.5
	214.7

	
	HDPE
	638.76
	-247.3
	213.84

	Aromatics
	PP
	212.22
	77.181
	90.0

	
	LDPE
	210.9
	82.98
	78.11

	
	HDPE
	210.9
	82.98
	78.11





Table S4.2 Averaged values of heat of formation, specific heat, and molecular weight for each product type (gas, light oil, heavy oils, and aromatics respectively) at 600 °C 
	
	Components
	Average Specific Heat
(J/(mol.K))
	Average Heat of Formation (KJ/mol)
	Average Molecular Weight (g/mol)

	Gas
	PP
	58.745
	-3.912
	38.996

	
	LDPE
	57.097
	-36.664
	32.885

	
	HDPE
	68.438
	13.099
	38.764

	Light Oil
	PP
	292.742
	-125.093
	112.816

	
	LDPE
	353.301
	-172.529
	130.996

	
	HDPE
	259.001
	-110.776
	101.670

	Heavy Oil
	PP
	551.365
	-263.554
	185.353

	
	LDPE
	671.194
	-290.377
	219.282

	
	HDPE
	639.821
	-252.659
	212.897

	Aromatics
	PP
	280.771
	48.582
	103.909

	
	LDPE
	281.932
	286.033
	125.579

	
	HDPE
	313.864
	90.246
	101.399



Table S4.3 Higher heating values (HHV) of the plastic feedstocks considered in this study
	Components
	HHV (MJ/kg) of repeating units
	References

	HDPE
	45.67
	(Montejo et al. 2011)

	LDPE
	46
	(Zevenhoven et al. 1997)

	PP
	46.5
	



From the HHV values, we can find the heat of formation per unit chain by (Walters et al. 2000) using the heat of combustion equation. The values of the heat of formation for plastics vary depending on the type of plastic. 
Table S4.4 Heat of formation of plastics investigated in this study
	Components
	Heat of Formation  (MJ/kg)

	LDPE
	-2.524

	HDPE
	-2.854

	PP
	-2.024









S5. Global Warming Potential (GWP) and GHG Emission Factors
Characterization factors (Table S5) were taken from the sixth assessment report (AR6) from the  Intergovernmental Panel on Climate Change (IPCC). GHG emissions per kg of hydrogen are taken following the ‘ReCiPe Midpoint (H) V1.13’ methodology; GHG Emission for hydrogen (per kg) as the market for hydrogen, gaseous, location: GLO, is 1.560519 kg CO2 eq. (Huijbregts et al. 2016). 

Table S5. Table for carbon footprint equivalency factors (IPCC AR6)

	Species
	GWP-100

	CO2
	1

	CH4
	29.8

	N2O
	273




S6. Char Handling 
In the base-case study, emissions from end-of-life and transportation for char were excluded. Emissions from char transportation were 0.006 gCO2 eq./MJ of fuel. Table S6 presents the GHG emissions for scenarios when char is considered a co-product. 
Table S6. Table representing GHG emissions for char handled as a co-product
	Char handling
	Averaged GHG emissions (or credit) in gCO2 eq./MJ of fuel

	Char when credited for sequestration with displacement
	-0.99 

	Char when credited for sequestration with energy allocation
	-0.93




S7. Sample GHG Emission Calculation and Sensitivity Analysis for Heat Loss
S7.1 Sample GHG Emission Calculation
Sample calculation for 600 °C , VRT 2, and a composition of HDPE:LDPE:PP 24%:49%:27%, with a baseline fuel-gas-to electricity conversion efficiency of 33.8% 
Product yield determination
The product distribution was obtained via kinetic model (Kulas et al. 2021)
Table S7.1 Pyrolysis product distribution (fraction) at 600 °C, VRT 2
	Plastic type 
	Aromatics
	Gas
	Heavy
	Light
	Wax

	HDPE
	0.007
	0.247
	0.311
	0.399
	0.036

	LDPE
	0.019
	0.203
	0.351
	0.389
	0.038

	PP
	0.025
	0.289
	0.195
	0.490
	0.002



The overall yield of each product species was determined using a weighted-average approach that accounted for the fraction of each plastic type in the feedstock and its respective product yield.For example,

Following similar equations, total fractions for other species were calculated.
Total gas fraction = 0.237
Total heavy fraction = 0.299
Total light fraction = 0.419
The remaining fraction, wax, was considered to have an insignificant impact on GHG emission calculation. The only time wax was considered was when calculating carbon balance for non-combustion emissions 
Of the total oil after hydro processing, it was assumed that around  81.43 % was gasoline range and the remaining were diesel range; averaged from literature data (Dutta et al. 2015; Gracida-Alvarez et al. 2019). Because the literature reported aromatics in the C11 carbon-number range, a gasoline-to-diesel distribution ratio was applied to partition these compounds into light and heavy aromatic fractions. The resulting fractions were then assigned to the light- and heavy-oil product streams, respectively.
The assumed plant capacity was 18120 lb/hr. 
 
Similarly, total gasoline produced (without considering H2 amount) = 10851.3 lb/hr

Hydrogen required was assumed to be proportional to liquid processed in the upgrading section. The ratio  was obtained from (Gracida-Alvarez et al. 2019). 
 As it was considered that the upgraded liquid incorporates the hydrogen mass.
Based on GREET ™ heating value ,
Averaged blend stock heating value was calculated to be 18167.28 BTU/lb of blend stock, based on diesel and gasoline fraction in the blend stock.
Although hydro processing with hydrogen in most cases increases heating values, for simpler calculation, typical diesel and gasoline heating values were considered. Throughout the calculation, heating values refer to lower heating value of the components. 
Component properties determination
As a sample calculation for heat of formation, specific heat and average molecular weight for HDPE light oil fraction is provided. The assumed component fractions were obtained from (Elordi et al. 2011). Component properties were obtained from online repositories (Joback and Reid 1987; Linstrom 1997; Chemeo 2022). 
Table S7.2 Average thermochemical properties and molecular weight determination for light oil from HDPE fraction
	
	Wt% from (Elordi et al. 2011)
	Molecular weight (MW) g/mol
	Heat of formation (HF) KJ/mol
	Specific heat (SP) J/(mol.K)
	Moles (M) 
	Mole fraction
(MF)

	Equation
	
	
	
	
	
	

	Pentane
	0.48
	72.151
	-146.6
	232.9
	0.006653
	0.049371

	Pentene
	1.28
	70.13
	-29.31
	151.8
	0.018252
	0.13545

	Hexane
	0.92
	86.18
	-167.7
	206.94
	0.010675
	0.079224

	Hexene
	1.84
	84.1608
	-41.4
	199.69
	0.021863
	0.162249

	Heptane
	0.6
	100.21
	-187.7
	238.49
	0.005987
	0.044434

	Heptene
	1.88
	98.18
	-70.59
	243.33
	0.019149
	0.142105

	Octane
	0.72
	114.23
	-208.4
	297
	0.006303
	0.046776

	Octene
	1.12
	112.24
	-82.93
	285.74
	0.009979
	0.074053

	Nonane
	0.78
	128.2
	-228.3
	349.98
	0.006084
	0.045152

	Nonene
	1.08
	126.25
	-103.6
	331.38
	0.008554
	0.063484

	Decane
	1.36
	142.29
	-249.7
	397.93
	0.009558
	0.070931

	Decene
	1.64
	140.266
	-123.4
	378.63
	0.011692
	0.086769



For average values, 




Converting HF from unit mol to kg ,  
Converting SP from unit mol to kg = 
The average values of HF, SP and MW are listed in Table S 4.2 for all types of products at 600 °C 
Plastic heat of formation calculation
Heat of formation was calculated following a combustion reaction for repeating units. As an example, LDPE heat of formation is provided. Other heat of formation values are given in S 4.4



The heating values of all plastics are provided in Table S4.3

Pyrolysis conversion and upgradation energy requirements determination
Conversion energy required (kJ kg⁻¹) was calculated as the difference between the weighted (multiplied with weight fractions) heat of formation of the hydrocarbon products at vapor/gas phase and the weighted heat of formation of the feed plastics, plus the sensible heat required to raise the products from 25 °C (reference point) to 600 °C, including heat losses (1% of plastic heating value).
Conversion energy required (kJ / kg plastic),










Fuel upgrading energy intensity is provided in Table S1. A constant hydrogen specific heat capacity of 14.29 kJ·kg⁻¹·K⁻¹ was assumed for calculating the sensible heat required to increase the hydrogen temperature from 25°C to 150°C. The variation in hydrogen heat capacity over this temperature range was assumed negligible. 
Pretreatment energy calculation
For pretreatment energy, scaled value from the GREET model ™ was assumed. 
In GREET 2021, 161 BTU /lb liquid or approximately 0.33 MMBTU/ton liquid was assumed to be the pre-treatment energy requirement. An additional ~86% efficiency  was assumed for the motors for pre-treatment equipment like crushers/grinders (OSTI 2014). 



Since pre-treatment energy was considered fully sourced from electricity, 


It was assumed that the liquid upgradation energy or hydro processing was fully sourced from NG. Assumed types of energy (NG or electricity) contribution fractions are listed in Table S1. 

 Normalized inventory values (in per lb. of blend stock unit)


% C / lb. blend stock







Section 2 (Table S2.1 and S2.2) lists the carbon content assumed in this study for products and feedstocks.
GHG calculation 
The estimation of GHG emissions followed the calculation framework employed in the GREET™ model, using the corresponding GREET™ emission factors (Wang et al. 2021, 2023). The GREET ™ 2021 version was used as the basis for process modelling as the waste plastic-to-fuel pathway and associated inventory structure and emission calculation employed in this work were followed the model. The GREET ™ 2023 model was used as a source of updated emission factors for energy and material inputs (such as emission factors for natural gas as processing fuel, emission factors for electricity generation, emission factors for waste plastic separation energy, emission factors for char handling, etc.).  The use of updated emission factors may influence the absolute carbon footprint values relative to those obtained using GREET™ 2021 emission factors. However, because all scenarios were evaluated using the same modified modeling framework and the same set of GREET™ 2023 emission factors, the comparative analysis, relative differences, and overall trends reported in this study remain internally consistent. A Sample boiler emission is listed in Table S7.3 below.
Table S7.3 Component emissions from utility/industrial boiler (>100 MMBTU/hr input)
	Component
	Emissions in grams/MMBTU

	VOC
	2.54

	CO
	22.21

	NOx
	36.4

	PM10
	3.507

	PM25
	3.507

	SOx
	0.269

	BC
	0.579

	OC
	1.501

	CH4
	1.06

	N2O
	0.75

	CO2
	59367

	CO2_equivalence
	59409.82

	GHG (g CO2 eq.)
	59646.16





Table S7.4 List of GHG emissions from different processes (Wang et al. 2021, 2023)
	List of emissions from different processes

	Total electricity generation emissions (US Mix)
	128806 g CO2 eq. /MMBTU of electricity available at user sites

	Emissions from Natural Gas as processing fuel (as stationary fuel)
	13382  g CO2 eq. /MMBTU of fuel

	Emissions for industrial boiler (10-100 MMBTU/hr boiler)
	59534 g CO2 eq. /MMBTU of fuel

	Emission for industrial boiler (> 100 MMBTU/hr )
	59646 g CO2 eq. /MMBTU of fuel

	GHG for transportation of MSW
	387.815 g CO2 eq. /mile/ ton of plastics transported

	Separation of PUP energy emissions
	17240.79642 g CO2 eq. /dry ton


 
Table S7.5 List of carbon ratio of pollutants (Wang et al. 2021, 2023)
	Component
	Carbon ratio

	VOC
	0.85

	CO
	0.43

	CH4
	0.75

	CO2
	0.27



Transportation
With an assumed distance of 98.81 miles, 

Separation emission 




Scenario 1
Internal generation of heating requirements 
Since there are enough fuel gas produced, internal generation of heating completely offsets natural gas requirements. 
Emissions due to internal generation
= 25.513 


GWP values are given in Table S5, carbon ratios are given in Table S7.5 

Non-combustion emissions
Table S7.6 Assumed VOC and CO non-combustion emissions (Wang et al. 2021)
	Component
	Grams/lb product

	VOC
	0.13

	CO
	0.74








= 
Emission factor for hydrogen is provided in Section S5


Energy allocation 
For scenario 1, after meeting internal NG demand, excess fuel gas (if any) was exported. 




A conversion factor of 1055 (MMBTU to MJ) was assumed. Hydrogen burden was not allocated since it was assumed that hydrogen was solely used for liquid oil upgradation. 

Scenario 2
For scenario 2, first it was checked if remaining fuel gas could meet the electricity demand. For the assumed case, it met the demand ; 

The efficiency was assumed to be 33.8% as baseline. 


Emissions due to internal generation


 


Non-combustion emission





Energy allocation 
For scenario 2, after meeting internal heating and electricity demand, excess fuel gas (if any) was exported. 



A conversion factor of 1055 (MMBTU to MJ) was assumed.
For displacement, 








S 7.2 Sensitivity Analysis for Varying Heat Loss
A sensitivity analysis was performed to evaluate the influence of reactor heat loss assumptions on the GHG emissions of the pyrolysis system. The base model assumed a heat loss of 1% of the heating value of typical plastic resins (0.46 MJ/kg); which accounted for approximately 14.5% of the reactor energy demand for the pyrolysis of an average plastic composition. In this study, reactor energy demand was defined as the sum of the pyrolysis conversion energy demand and reactor heat loss (equation 5 of the main manuscript). Additional scenarios corresponded to heat loss of 5% , 10% , 25%, and 46% of the reactor energy demand were evaluated to reflect potential variations in industrial scale to lab-scale operations (Zhang et al. 2020; Torres Tovar et al. 2025; Callen 2026). The selected heat-loss ranges represent conditions spanning from a highly insulated reactor to a poorly insulated lab-scale reactor. Increased heat loss resulted in higher heating demand, which subsequently increased GHG emissions linearly.
	[image: ]

	Fig. S2 Sensitivity analysis of GHG emissions to reactor thermal heat loss (HL) assumptions for pyrolysis of the average plastic mix at 550 °C with a VRT 2 with US-average plastic waste composition. The baseline case corresponds to the originally modeled heat-loss condition (~14.5% of total supplied thermal energy), while additional scenarios represent industrial to lab-scale reactor heat losses. (a) represents Scenario 1, where fuel gas was used for generating process heat only with the remaining fuel gas sold as energy product, and (b) represents Scenario 2, where fuel gas was used for cogenerating process heat and electricity with remaining electricity sold to the grid; the average plastic mix was assumed to be consisted of 49% LDPE, 27% PP, and 24% HDPE, based on the average composition of landfilled plastics in 2019 (Milbrandt et al. 2022)



In Scenario 1, GHG emissions increased gradually from 14.6 gCO2 eq/MJ at minimal heat loss (5%) to 20.4 gCO2 eq./MJ at high heat loss (46%). In Scenario 2, the absolute emissions are significantly higher across all cases, starting at 25.0 gCO2 eq./MJ and rising to 31.0 gCO2 eq./MJ at maximum heat loss. Across both scenarios, the results show that heat loss can be a key driver of environmental performance in pyrolysis-based systems and a well-insulated and optimized reactor can reduce GHG emissions to approximately 29%.  


S8. References
Abnisa F, Anuar Sharuddin SD, bin Zanil MF, et al (2019) The Yield Prediction of Synthetic Fuel Production from Pyrolysis of Plastic Waste by Levenberg–Marquardt Approach in Feedforward Neural Networks Model. Polymers 11:1853. https://doi.org/10.3390/polym11111853
Anuar Sharuddin SD, Abnisa F, Wan Daud WMA, Aroua MK (2016) A review on pyrolysis of plastic wastes. Energy Conversion and Management 115:308–326. https://doi.org/10.1016/j.enconman.2016.02.037
Benavides PT, Sun P, Han J, et al (2017) Life-cycle analysis of fuels from post-use non-recycled plastics. Fuel 203:11–22. https://doi.org/10.1016/j.fuel.2017.04.070
Callen P (2026) Industrial Furnace Insulation Thickness Calculation Guide, Industrial Monitor Direct, https://industrialmonitordirect.com/blogs/knowledgebase/industrial-furnace-insulation-thickness-calculation-guide, Accessed May 2026. https://industrialmonitordirect.com/blogs/knowledgebase/industrial-furnace-insulation-thickness-calculation-guide
Chemeo (2022) Chemeo, Chemical Properties of Varying Components, https://www.chemeo.com/, Accessed June 2022
Dutta A, Sahir A, Tan E, et al (2015) Process design and economics for the conversion of lignocellulosic biomass to hydrocarbon fuels: Thermochemical research pathways with in situ and ex situ upgrading of fast pyrolysis vapors. Pacific Northwest National Laboratory (PNNL), Richland, WA (United States)
Elordi G, Olazar M, Lopez G, et al (2011) Product Yields and Compositions in the Continuous Pyrolysis of High-Density Polyethylene in a Conical Spouted Bed Reactor. Ind Eng Chem Res 50:6650–6659. https://doi.org/10.1021/ie200186m
Gracida-Alvarez UR, Winjobi O, Sacramento-Rivero JC, Shonnard DR (2019) System Analyses of High-Value Chemicals and Fuels from a Waste High-Density Polyethylene Refinery. Part 2: Carbon Footprint Analysis and Regional Electricity Effects. ACS Sustainable Chem Eng 7:18267–18278. https://doi.org/10.1021/acssuschemeng.9b04764
Hosseini S, Shrivastava M, Qi L, et al (2014) Effect of low-density polyethylene on smoke emissions from burning of simulated debris piles. Journal of the Air & Waste Management Association 64:690–703. https://doi.org/10.1080/10962247.2014.882282
Huijbregts MA, Steinmann ZJ, Elshout PM, et al (2016) ReCiPe 2016: a harmonized life cycle impact assessment method at midpoint and endpoint level report I: characterization
Hwang GC, Kim KH, Bae SY, et al (2001) Degradation of high density polyethylene, polypropylene and their mixtures in supercritical acetone. Korean Journal of Chemical Engineering 18:396–401
Joback KG, Reid RC (1987) ESTIMATION OF PURE-COMPONENT PROPERTIES FROM GROUP-CONTRIBUTIONS. Chemical Engineering Communications 57:233–243. https://doi.org/10.1080/00986448708960487
Jung S-H, Cho M-H, Kang B-S, Kim J-S (2010) Pyrolysis of a fraction of waste polypropylene and polyethylene for the recovery of BTX aromatics using a fluidized bed reactor. Fuel Processing Technology 91:277–284. https://doi.org/10.1016/j.fuproc.2009.10.009
Kulas DG, Zolghadr A, Shonnard D (2021) Micropyrolysis of Polyethylene and Polypropylene Prior to Bioconversion: The Effect of Reactor Temperature and Vapor Residence Time on Product Distribution. ACS Sustainable Chem Eng 9:14443–14450. https://doi.org/10.1021/acssuschemeng.1c04705
Larrain M, Van Passel S, Thomassen G, et al (2020) Economic performance of pyrolysis of mixed plastic waste: Open-loop versus closed-loop recycling. Journal of Cleaner Production 270:122442. https://doi.org/10.1016/j.jclepro.2020.122442
Lee N, Joo J, Lin K-YA, Lee J (2021) Waste-to-Fuels: Pyrolysis of Low-Density Polyethylene Waste in the Presence of H-ZSM-11. Polymers 13:1198. https://doi.org/10.3390/polym13081198
Linstrom P (1997) NIST Chemistry WebBook, NIST Standard Reference Database 69
Liu T, Li Y, Zhou Y, et al (2023) Efficient Pyrolysis of Low-Density Polyethylene for Regulatable Oil and Gas Products by ZSM-5, HY and MCM-41 Catalysts. Catalysts 13:382. https://doi.org/10.3390/catal13020382
Marcilla A, Beltrán MI, Navarro R (2009) Thermal and catalytic pyrolysis of polyethylene over HZSM5 and HUSY zeolites in a batch reactor under dynamic conditions. Applied Catalysis B: Environmental 86:78–86. https://doi.org/10.1016/j.apcatb.2008.07.026
Milbrandt A, Coney K, Badgett A, Beckham GT (2022) Quantification and evaluation of plastic waste in the United States. Resources, Conservation and Recycling 183:106363. https://doi.org/10.1016/j.resconrec.2022.106363
Montejo C, Costa C, Ramos P, Márquez MDC (2011) Analysis and comparison of municipal solid waste and reject fraction as fuels for incineration plants. Applied Thermal Engineering 31:2135–2140. https://doi.org/10.1016/j.applthermaleng.2011.03.041
Onwudili JA, Insura N, Williams PT (2009) Composition of products from the pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of temperature and residence time. Journal of Analytical and Applied Pyrolysis 86:293–303. https://doi.org/10.1016/j.jaap.2009.07.008
OSTI (2014) Premium Efficiency Motor Selection and Application Guide – A Handbook for Industry, U.S. Department of Energy Office of Scientific and Technical Information. United States
Park C, Lee J (2021) Pyrolysis of polypropylene for production of FUEL‐RANGE products: Effect of molecular weight of polypropylene. Int J Energy Res 45:13088–13097. https://doi.org/10.1002/er.6635
Pennsylvania Department of Environmental Protection (2003) Statewide Waste Composition Study
Petrovic Aleksandra, Colnik Maja, Prsa Amadeja, et al (2022) Comparative Analysis of Virgin and Recycled Thermoplastic Polymer based on Thermochemical Characteristics. Chemical Engineering Transactions 94:1321–1326. https://doi.org/10.3303/CET2294220
Smeaton C (2021) Augmentation of global marine sedimentary carbon storage in the age of plastic. Limnology and Oceanography Letters 6:113–118. https://doi.org/10.1002/lol2.10187
Torres Tovar JA, Servín-Campuzano H, González-Avilés M, et al (2025) Design of an Energy-Efficient Pilot-Scale Pyrolysis Reactor Using Low-Cost Insulating Materials. Recycling 10:199. https://doi.org/10.3390/recycling10060199
Walters RN, Hackett SM, Lyon RE (2000) Heats of combustion of high temperature polymers. Fire and materials 24:245–252
Wang M, Elgowainy A, Lee U, et al (2021) Greenhouse gases, Regulated Emissions, and Energy use in Technologies Model ® (2021 Excel)
Wang M, Elgowainy A, Lee U, et al (2023) Greenhouse gases, Regulated Emissions, and Energy use in Technologies Model ® (2023 Excel)
Wulan PPDK, Sidauruk JOD, Ningtyas JA (2018) The Effect of Pyrolysis Temperature and Time of Polypropylene on Quality of Carbon Nanotube with Flame Synthesis Method. E3S Web Conf 67:03030. https://doi.org/10.1051/e3sconf/20186703030
Yaqoob L, Noor T, Iqbal N (2022) Conversion of Plastic Waste to Carbon-Based Compounds and Application in Energy Storage Devices. ACS Omega 7:13403–13435. https://doi.org/10.1021/acsomega.1c07291
Zevenhoven R, Karlsson M, Hupa M, Frankenhaeuser M (1997) Combustion and Gasification Properties of Plastics Particles. Journal of the Air & Waste Management Association 47:861–870. https://doi.org/10.1080/10473289.1997.10464461
Zhang Y, Ji G, Ma D, et al (2020) Exergy and energy analysis of pyrolysis of plastic wastes in rotary kiln with heat carrier. Process Safety and Environmental Protection 142:203–211. https://doi.org/10.1016/j.psep.2020.06.021
Zhou N, Dai L, Lv Y, et al (2021) Catalytic pyrolysis of plastic wastes in a continuous microwave assisted pyrolysis system for fuel production. Chemical Engineering Journal 418:129412. https://doi.org/10.1016/j.cej.2021.129412

2

image1.png
§50°C, VRT2

600 °C, VRT2

Heavy Oil: 40

LDPE: 100
Oil Fraction: 80

Light Oil: 38

Aromatics: 2

Wax: 3

HDPE: 100

Oil Fraction: 74
Light Oil: 37

Heavy Oil: 36

PP: 100

Oil Fraction: 77

t Oil: 39

Aromatics: 2

Wax: 1

Mixed: 100.0
Light Oil: 38.0
Aromatics: 1.6

Wax: 2.8

Heavy Oil: 35

LDPE: 100
Oil Fraction: 76
Light Oil: 39
" Aromatics: 2
Wax: 4
Heavy Oil: 31
HOPE: 100
Light
Aromatics: 1
Wax: 3
Heavy Oil: 19.5
PP:100.0
Oil Fraction: 71.0
Light Oil: 49..
Aromatics: 2.5
Gas: 23.7
Heavy Oil: 29.9
Mixed: 100.0

Oil Fraction: 73.6
Light Oil: 41.9

Aromatics: 1.8

Wax: 2.7




image2.png
N = Y
=) o o

GHG Emissions (gCO-eq./MJ)
(3]

Minimal
HL(5%)

Scenario 1

Low Base Moderate
HL(10%) Case(14.5%) HL(25%)

High
HL(46%)

(b)

GHG Emissions (gCO2-eq./MJ)

w
S

N
33

3

@

=)

o

Scenario 2

31.0
25.0 25.2 253 263
Minimal Low Base Moderate High
HL(5%) HL(10%) Case(14.5%) HL(25%) HL(46%)




