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A B S T R A C T   

Combating the COVID-19 pandemic has raised the demand for and disposal of personal protective equipment in 
the United States. This work proposes a novel waste personal protective equipment processing system that en
ables energy recovery through producing renewable fuels and other basic chemicals. Exergy analysis and 
environmental assessment through a detailed life cycle assessment approach are performed to evaluate the en
ergy and environmental sustainability of the processing system. Given the environmental advantages in reducing 
35.42% of total greenhouse gas emissions from the conventional incineration and 43.50% of total fossil fuel use 
from landfilling processes, the optimal number, sizes, and locations of establishing facilities within the proposed 
personal protective equipment processing system in New York State are then determined by an optimization- 
based site selection methodology, proposing to build two pre-processing facilities in New York County and 
Suffolk County and one integrated fast pyrolysis plant in Rockland County. Their optimal annual treatment 
capacities are 1,708 t/y, 8,000 t/y, and 9,028 t/y. The proposed optimal personal protective equipment pro
cessing system reduces 31.5% of total fossil fuel use and 35.04% of total greenhouse gas emissions compared to 
the personal protective equipment incineration process. It also avoids 41.52% and 47.64% of total natural land 
occupation from the personal protective equipment landfilling and incineration processes.   

1. Introduction 

1.1. Foreword 

A surge of COVID-19 pandemic in the US has put new strains on the 
supply of personal protective equipment (PPE) [1]. While coronavirus 
prompts medical centres to find ways to reuse PPE amid shortages [2], 
the demand continues to run ahead of the total supply. Various com
panies, including 3 M Corporation, ramp up their PPE production to 
handle this shortage [3]. Typical PPE, including face shields, surgical 
masks, surgical gowns, N95 respirators [4], and surgical gloves, are 

mainly made from plastics [5]. Notably, their monomeric ingredients, 
such as propylene, are produced from non-renewable fossil resources, 
including crude oil or shale gas [6]. During the production of these 
compounds, large amounts of electricity and heating energy generated 
from fossil fuels are consumed to maintain operating conditions. In this 
regard, large-scale production of PPE can lead to high consumption of 
fossil fuels and resources that contributes to fossil fuel depletion. 

Due to the low recyclability of plastic compounds [7], mismanaged 
PPE in landfill or disposal processes can lead to severe plastic pollution 
[8,9] and can damage the niche from soil [10] to marine ecosystems 
[11]. Viruses on waste PPE can also pose a threat to public health [12]. 

Abbreviations: CAPEX, Capital expenditure; GAO US, Government Accountability Office; GHG, Greenhouse gas; GWP, Global warming potential; HEPA, High- 
Efficiency Particulate Arrestance; HEX, Heat exchangers; HP, High-pressure steam; LCA, Life cycle assessment; LCI, Life cycle inventory; LP, Low-pressure steam; 
MEA, Monoethanolamine; MILP, Mixed-integer linear programming; MINLP, Mixed-integer nonlinear programming; MP, Mid-pressure steam; MSDS, Material Safety 
Data Sheet; NMVOC, Non-methane volatile organic compound; NPV, Net present value; NYS, New York State; O&M, Operation and maintenance cost; OPEX, 
Operating expenditure; PSA, Pressure-swing adsorption; PPE, Personal protective equipment; SD, Solid waste disposal fee MUSD; TEA, Techno-economic analysis; fec, 
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These concerns about plastic pollution and viral infection can be over
come by employing an incineration process to treat waste PPE and kill 
the virus at high-temperature conditions [13]. Given the high calorific 
value of plastic compounds, combusting waste PPE can produce 
high-temperature energy to generate electricity [14] and mitigates fossil 
fuel depletion [15]. This process can also emit large amounts of green
house gases (GHGs), contributing to climate change [16]. A viable 
strategy is to propose a waste PPE treatment method with low GHG 
emissions and fossil fuel depletion alleviation. 

1.2. Literature review 

Effective treatment and environmental sustainability are two vital 
issues to be addressed when designing the waste PPE processing system. 
An effective PPE conversion can tackle the technical challenge of high 
treatment capacity caused by the increasing PPE production [5]. Plastic 
recycling processes can effectively treat the waste PPE due to their 
similar compositions [8]. 

Current investigations on plastic recycling processes are categorized 
into mechanical and chemical pathways [17]. The mechanical recycling 
process that aims to produce virgin plastics can hardly handle plastic 
compound mixture within waste PPE [18] because their recycling effi
ciency is highly dependent on the purity of waste plastic [19]. On the 
other hand, chemical recycling processes are more versatile in treating 
complex plastic mixture [20] and relevant waste, such as electronic 
waste [21] and waste plastics from American Plastic Council [22]. 
Among chemical recycling technologies [23], thermal degradation 
technologies, including pyrolysis [24], are technically viable in treating 
waste plastics, including polyethylene [25] and their mixture [26] to 
produce clean fuels [27], such as pyrolysis oil [28]. Fast and thermal 
plasma pyrolysis were investigated in existing studies by showing high 
conversions of plastic waste and medical waste treatment [29]. The 
disadvantage of the thermal plasma pyrolysis is the high energy use and 
low yield of value-added pyrolysis oil [30] compared to the fast pyrol
ysis process when treating plastic compounds and their mixture. Fast 
pyrolysis, on the other hand, could produce a higher yield of hydro
carbon products involving pyrolysis oil than other chemical recycling 
processes [31]. If applied in treating waste PPE, pyrolysis may have high 
economic viability and technical feasibility, as proven by experimental 
studies of pyrolyzing respirators (hydrocarbon yield: 40%) [32] and 
gloves (pyrolysis oil yield: 35%) [33]. However, the environmental 
performance of pyrolyzing PPE should also be evaluated and quantified 
despite the proposed economic potentials in the waste PPE pyrolysis. 

The life cycle assessment (LCA) approach [34], which was widely 
applied to medical waste management and processing [35], is a 
powerful tool to systematically evaluate and quantify the environmental 
performance of waste PPE processing. Various life cycle impact assess
ment (LCIA) methods, including the Eco – indicator 99 used for evalu
ating the environmental performances of cascade 
absorption-compression refrigeration [36] and fuel cells [37], are 
applied in the LCA for interpreting the detailed life cycle inventory data 
into quantified life cycle assessment results. There are some relevant 
studies [38] before the COVID-19 pandemic on quantifying the envi
ronmental performance of PPE disinfection pathways through various 
life cycle inventory analysis (LCIA) methods corresponding to GHG 
emissions and fossil fuel depletion [39]. However, they did not account 
for a complete assessment of life-cycle environmental COVID-19 
pandemic impacts from waste PPE due to the absence of PPE 
manufacturing in these LCA studies. 

Kumar et al. [39] recently incorporated pandemic-related PPE 
manufacturing within the system boundary to evaluate the environ
mental performances of waste PPE incineration and landfill processes. 
Their environmental sustainability is hampered by the high GHG 
emissions and human toxicity. Pyrolysis technology, on the other hand, 
could lead to lower GHG emissions [40] than the incineration process 
and enabled fossil fuel depletion alleviation by manufacturing 

hydrocarbon products to reduce fossil fuel use [41]. Yet, there are very 
few technology designs and corresponding LCA results of waste PPE 
processing systems based on the pyrolysis technology. 

1.3. Research challenges and proposed innovations 

The reviewed studies did not account for the environmentally sus
tainable waste PPE processing system and corresponding LCA, which is 
the knowledge gap to fill in this work. Several research challenges need 
to be addressed. The first one is to design a PPE processing system with 
safe operations and effective PPE conversion for energy recovery. The 
viral infection of waste PPE is reduced through sterilization in the pre- 
processing facility. The waste PPE are converted into various hydro
carbon products for energy recovery through fast pyrolysis and different 
downstream processing units. GHG emissions are minimized via cutting 
the flue gas emissions and avoiding fossil fuel use from generating en
ergy offsite. The second challenge is to build life cycle inventories (LCIs) 
used in the LCA on the proposed PPE processing systems. Mass and 
energy balance relationships are regarded as the primary sources of LCA 
on proposed PPE processing systems. Critical parameters of these LCIs, 
such as the utility usage, are absent in the literature and can be obtained 
by performing rigorous process simulations. The third challenge is to 
develop an optimization model to determine the number, sizes, and 
locations of establishing the facilities within the proposed optimal PPE 
processing system [42]. 

This work presents a novel waste PPE processing system to effec
tively treat PPE for energy recovery with low GHG emissions and fossil 
fuel depletion alleviation. The processing system integrates the pre- 
processing facility [43] and eleven downstream unit processes to pro
duce disinfected PPE particles and convert them into various 
value-added products. These products are then supplied as renewable 
fuels and basic chemicals for refineries, chemical plants, and metallurgy 
plants to reduce fossil fuel use. A detailed LCA is performed to evaluate 
the environmental sustainability of the proposed PPE processing system 
in terms of GHG emissions, fossil fuel depletion, and other environ
mental impacts. Detailed LCIs used in this LCA are built through 
compiling high-fidelity process simulation results and Ecoinvent V3.7 
[44] database. Economic performances of the proposed integrated PPE 
processing system, the PPE incineration process, and the PPE landfill 
process are calculated through the techno-economic analysis (TEA) 
[42]. Two case studies are considered for illustrating environmental 
advantages and determining the optimal number, sizes, and locations of 
establishing the facilities within the proposed PPE processing system. 
The proposed PPE processing system, PPE incineration process, and PPE 
landfill process aim to treat the waste PPE with an annual treatment 
capacity estimated based on the US Government Accountability Office 
(GAO) report of the 90-day PPE storage amount starting from July 30, 
2020 [45]. In the first case study, the environmental performances of the 
proposed integrated PPE processing system, PPE incineration process, 
and PPE landfill process are compared to illustrate the environmental 
advantages of establishing the proposed PPE processing system in terms 
of environmental sustainability. Given these environmental advantages, 
a mixed-integer nonlinear programming (MINLP) model that considers 
PPE processing pathways, as well as waste PPE and product distributions 
in counties, is developed for site selection to minimize the annualized 
cost of the proposed PPE processing system. The environmental per
formances of the proposed optimal PPE processing system, incineration 
process, and landfill process are compared to demonstrate the envi
ronmental advantages of the proposed optimal PPE processing system. 

The remaining sections are organized as follows: The design and 
analysis of the waste PPE processing system, the proposed design of the 
PPE processing system, the LCA and TEA methodologies, as well as the 
optimization model for site selection are presented in Section 2. The 
environmental advantages of establishing the proposed optimal PPE 
processing system in NYS are illustrated in Section 3. By presenting all 
the above sections and corresponding analyses, this work proposes an 
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efficient process design of the proposed PPE processing system and 
evaluates its energy use and environmental advantages over PPE landfill 
and incineration processes in terms of climate change alleviation fossil 
fuel use reduction, and natural land preservation. 

2. Methodology 

2.1. Process design and analysis of the waste PPE processing system 

This work develops an advanced waste PPE processing system and 
analyzes its potential in mitigating plastic pollution with low GHG 
emissions and fossil fuel depletion alleviation. Two processing pathways 
shown in Fig. 1, namely centralized and distributed-centralized path
ways, are employed to treat the waste PPE. In the centralized pathway, 
the waste PPE collected from counties are directly shipped to the pro
posed integrated PPE processing system for treatment. In the 
distributed-centralized pathway, the waste PPE are firstly collected and 
transported to pre-processing facilities distributed in various counties 
for sterilization. All processed PPE from these pre-processed facilities are 
shipped to a centralized, integrated fast pyrolysis plant for PPE con
version. Both processing pathways can manufacture ten downstream 
products that are shipped and sold to refineries, chemical plants, and 
metallurgy plants as renewable fuels and basic chemicals. 

The process flowsheet of the integrated PPE processing system is 
shown in Fig. 2. Compared to the integrated PPE processing system, the 
integrated fast pyrolysis plant includes all processing sections except for 
the pre-processing facility. Heating utilities, including low-pressure 
steam (LP), mid-pressure steam (MP), high-pressure steam (HP), fired 
heat, and cooling water (CW), are heat integrated to reduce GHG 
emissions and fossil fuel use from offsite energy production. The cooling 
water can be treated through equalization, anaerobic digestion, and 
aerobic digestion processes and regenerated in the cooling tower with an 
efficiency of 97.89% [46]. 

The waste PPE starts being processed in a pre-processing facility to 
reduce the viral infection on the PPE and produce PPE particles used in 
the downstream fast pyrolysis process. The STI-Chem-Clav is applied to 

disinfect the waste PPE and shred, sterilize, and dehydrate it into par
ticles in insulated, high temperature, and automatic operating condi
tions [47]. The pre-processed PPE particles are then transported 
externally to the integrated fast pyrolysis plant or directly conveyed to 
the fast pyrolizer within the proposed integrated PPE processing system 
to be thermally cracked into gaseous products and char [48]. The pre
cooled gaseous products separated from a cyclone are treated by the PSA 
unit while the char is fed into the combustor to generate 
high-temperature heating energy. The remaining stream is split into a 
light stream to be fed into the light component separation section to 
produce propane and propylene and a heavy stream to produce C4+
hydrocarbons. Both manufacturing processes avoid the offsite produc
tion of these monomeric basic chemicals, and the fossil fuel use for en
ergy generation in this offsite production can be reduced. 

In the light component separation section, the light stream from PPE 
fast pyrolysis section produces methane in − 118 ◦C under 2 MPa in the 
demethanizer. Its overhead gas and the raffinate are sent to the C2 
separator and the C2 splitter. The raffinate stream of the C2 splitter is 
separated into propylene in 26 ◦C under 1.2 MPa from the depro
pylenizer, propane in 31 ◦C under 1.2 MPa, and heavy streams in 139 ◦C 
under 1.2 MPa from the depropanizer. The CO2 stream is split from the 
ethylene stream in the CO2 separation section, while the ethylene stream 
is precooled and pressurized into liquid before transportation. The 
hydrogen sulfide within the ethane stream, which can deactivate 
hydrotreating catalysts [49], requires to be separated and oxidized via 
the sulfur recovery section. The separated H2S is treated in the oxi
dization reactor in 1,000 ◦C under 100 kPa and reduction in 220 ◦C 
under 100 kPa reactors to produce sulfur [50]. The output ethane stream 
is then fed to the NH3 scrubbing processing section to split ammonia 
further, and the split NH3 in 117.5 ◦C under 200 kPa is fed into the 
combustor. 

The heavy hydrocarbon separation section can produce light 
naphtha from a mixture of heavy streams in the PPE fast pyrolysis sec
tion and depropanizer. At starters, the organic sulfur compounds within 
the heavy stream mixture are converted in the sulfur guard at 350 ◦C 
under 760 kPa into hydrocarbons by Raney Ni catalyst [51] to avoid its 

Fig. 1. The network structure of the waste PPE processing system includes two PPE processing pathways, namely the centralized pathway and the distributed- 
centralized pathway. 
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deactivation to the hydrogenation catalyst [52]. The output stream is fed 
into the light-heavy component separator in 80 ◦C under 760 kPa to 
separate the C4 stream in 61.3 ◦C under 760 kPa, while the raffinate in 
141.8 ◦C under 760 kPa is split into light naphtha in 111.7 ◦C under 760 
kPa in the light naphtha separator in 145.7 ◦C under 760 kPa. The HCN 
within the C4 stream is separated via the HCN scrubbing section to 
protect human health. Meanwhile, the raffinate from the light naphtha 
separator in 237.3 ◦C under 760 kPa is then sent to the gasoline diesel 
separator in 136.7 ◦C under 100 kPa to separate gasoline compounds in 
115.6 ◦C under 100 kPa and diesel compounds in 150 ◦C under 100 kPa. 
The gasoline compounds are then fed into the liquid-liquid extractive 
distillation-based aromatic extraction section to produce the aromatic 
blend [53]. The aromatic mix is supplied to the refinery as an aromatic 
ingredient, which can avoid the offsite production of the aromatic blend. 
The diesel compounds and treated C4 stream is mixed with preheated 
hydrogen and fed into the hydrogenator at 150 ◦C under 100 kPa to be 
converted by the NiMo catalyst [54]. The use of hydrogen in this section 
is produced from the hydrogen production section, where the methane is 
converted to avoid its direct GHG emissions [55]. 

All the waste flow is mixed with the char and other unconverted 
chemicals and then sent to the combustor. Direct emissions, such as 
unconverted methane as the GHG, HCN as the poisonous pollutant, and 
NH3 as the air pollutant, can be avoided in the onsite combustion sec
tion. This section can also produce heat to maintain the high- 
temperature operating conditions within the proposed integrated PPE 
processing system, which reduces the offsite heat production from fossil 
fuels, including natural gas. The solid phase is sold as a bauxite product 
to metallurgy sites. 

2.2. LCA approach 

To evaluate the environmental advantage of the proposed PPE pro
cessing system, we employ an LCA approach to evaluate, quantify, and 
compare the environmental impacts from the proposed PPE processing 
system, PPE incineration process, and PPE landfill process. The LCA of 
this work aims to evaluate the proposed PPE processing system’s envi
ronmental advantages by quantifying and comparing the GHG emissions 
and other impacts from three PPE treatment processes, as shown in 
Fig. 3. Six life cycle stages are included within the system boundaries: 
offsite inlet material production, waste PPE processing, offsite heat 
utility production, transportation of materials, offsite electricity pro
duction, and solid waste disposal. All transportation within the system 
boundary is external transportation from one facility to another by 
repurposed trucks, of which distances are employed for calculating the 
transportation fee in TEA and the site selection optimization model. If 
the site selections of these facilities within the proposed PPE processing 
system are determined, the emissions from material transportation can 
be evaluated. The system boundaries also involve various avoided pro
cesses [56], of which the emissions (avoided burden) are subtracted 
from the total emissions [57]. 

Since various downstream products are produced from the proposed 
waste PPE processing system, the avoid processes are the production of 
these products. The applications of these products are given in Table 1. 
For the PPE incineration process, the high-temperature energy produced 
from the waste PPE combustion can be used for generating mid-voltage 
electricity (energy recovery), which avoids the emissions of mid-voltage 
electricity production [58]. Like the landfilled waste plastic, the land
filled waste PPE produces negligible landfill gas, and it is not econom
ically viable to use this gas to generate electricity [59]. No avoided 

Fig. 2. Process flowsheet of the proposed integrated PPE processing system.  
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process is included in the proposed PPE landfill processing system. The 
waste PPE can be converted into products, used for electricity genera
tion, or landfilled in these three PPE treatment processes. In these 
regards, the functional unit is defined as 1 t of PPE treated, which is not 
only proportional to the amounts of products or energy produced from 
these proposed PPE treatment processes but also avoids the problem that 
the composition of the waste PPE mixture varies by counties [60]. This 
functional unit is adopted to quantify the environmental performances. 

Mass and energy balance relationships within the given system 
boundary are extracted as the source of LCI data [61] from the 
high-fidelity process simulations and compile as LCI data via the 
Ecoinvent V3.7 Database [62]. We employ the Peng-Robinson thermo
dynamic package to perform process simulations because of its wide 
application in the literature on waste plastics treatment [63]. Aspen 

HYSYS is adopted to perform the process simulation for the sulfur re
covery, HCN scrubbing, NH3 scrubbing, CO2 separation, and aromatic 
extraction sections due to the accurate and complete thermodynamic 
parameters used in MEA absorption and sulfonate extraction [64]. To 
extract the unavailable product distribution of pyrolyzing waste PPE, 
relevant premises and corresponding assumptions are required for per
forming process simulations. The product distribution of pyrolyzing five 
types of PPE, namely face shields, surgical gowns, surgical masks, res
pirators, and surgical gloves, is assumed to be the average chemical 
composition for pyrolyzing each type of PPE. Due to the similar chemical 
compositions of the plastic mixture and the PPE, the product distribution 
obtained from the fast pyrolysis of a specific type of PPE is postulated to 
be the weighted average chemical composition from thermally-cracking 
each of the corresponding plastic compounds, as demonstrated in 

Table 1 
Detailed application for downstream products.  

Products Application Products Application 

Ethylene A basic chemical used in the polymer industry Light Naphtha An organic solvent used in the refinery 
Propylene A basic chemical used in the polymer industry Aromatic Mixture A basic chemical used in the refinery 
Propane LPG fuel in the county Gasoline Fuel in the gasoline terminal 
Butane LPG fuel in the county Diesel Fuel in the gasoline terminal 
Bauxite A basic chemical used in the metallurgy plant Sulfur A basic chemical in the chemical plant  

Fig. 3. System boundaries of three PPE treatment processes, namely the proposed integrated processing system and incineration and landfill processes with various 
life cycle stages. A series of lime blocks denote the processes from producing raw materials for PPE production to the external transportation of downstream products. 
The grey ticks represent the mass flows, while blocks in other colors denote the emissions and avoided burden. The orange, dark orange, violet, and pink blocks 
represent various life cycle stages corresponding to indirect emissions, while the red blocks denote the total direct emissions. The ticks in other colors indicate 
emission flow corresponding to blocks in the same colors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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Westcherout et al. [65]. The chemical composition of each type of PPE is 
extracted from their related Material Safety Data Sheets (MSDSs), pat
ents, or experimental measurement; see Ref. [66] for face shields [67], 
for facemasks [68], for respirators, and [33] for gloves. The atomic 
composition of char is determined by the difference in chemical com
positions between pyrolysis products and the waste PPE feedstock; see 
Ref. [69] for pyrolyzing PET [70], for pyrolyzing polyisoprene (PI) [71], 
for pyrolyzing polypropylene (PP) and pyrolyzing PE [72], for pyro
lyzing polyurethane (PU), and [33] for pyrolyzing gloves. For the pro
posed integrated PPE processing system, operating conditions, such as 
reflux ratios, are postulated to remain unchanged with the treatment 
capacities [73], while the total utility consumption is proportional to the 
PPE processing mass flow rate [74]. 

The global warming potential (GWP) indicator over 100 y (GWP100) 
is employed as a life cycle impact assessment (LCIA) method to interpret 
the aforementioned LCI data into quantified GHG emissions from these 
proposed PPE processing systems via specified characterization factors. 
Specifically, the GWP100 of methane (CH4) is 28 because the greenhouse 
impact caused by the methane emission is equivalent to 28 times that of 
CO2 in the time horizon of 100 y [75]. In addition to global warming, 
another two LCIA methods, namely ReCiPe and ILCD 2.0 approaches, 
are employed to evaluate environmental performances from these pro
posed PPE treatment processes in terms of air, water, land, and resource. 
The ILCD 2.0 approach, which has three major impact categories cor
responding to climate change, is adopted in evaluating the life cycle 
environmental impacts in terms of 19 impact categories [76]. The 
environmental performances for each of the three proposed PPE pro
cessing systems are also evaluated through the ReCiPe approach from 
the hierarchic perspective [77], which is widely used in LCAs of medical 
waste processing systems [38]. The specific characterization factors of 
these LCIA methods are extracted from the Ecoinvent V3.7 database. For 
offsite electricity production, the specified characterization factor pro
vided in the US e-GRID [78] is employed to evaluate environmental 
impact in a specific state because the energy source of electricity gen
eration varies by state. 

The interpretation phase aims to demonstrate the environmental 
advantages of the proposed waste PPE processing system by comparing 
its LCA results with those of PPE incineration and PPE landfill processes. 
Their GWP-based LCA results are firstly presented as impact breakdowns 
for comparing their GHG emissions. By summarizing and presenting the 
ILCD and ReCiPe results in heat maps, the environmental advantages of 
the proposed integrated and optimal PPE processing systems are eval
uated in terms of each impact category. Impact breakdowns on ILCD and 
ReCiPe bases are also presented to illustrate the environmental hotspot 
within the proposed PPE processing system. 

2.3. TEA methodology 

In the TEA, the capital (CAPEX) and operating expenditure (OPEX) 
are calculated to estimate and compare the annualized cost for estab
lishing each of these proposed PPE processing systems. The CAPEX in
cludes the total equipment installation cost and indirect capital cost, and 
the working capital cost and the land cost [79]. For the OPEX calculation 
of the proposed waste PPE processing system and the PPE incineration 
process, costs for transportation, feedstock, utility, operation and 
maintenance (O&M), and solid waste disposal fee are all considered. For 
the PPE landfill processing system, the OPEX is estimated, excluding the 
solid waste disposal fee. The revenues of the proposed integrated PPE 
processing system and the incineration process are calculated using 
market prices for downstream products and the mid-voltage electricity 
price in the US. The discount rate is 10%, and the annualized cost equals 
the summation of expenses (annualized CAPEX and total OPEX) sub
tracted by the total revenue [42]. 

Since the proposed PPE processing system can fast pyrolyzing waste 
PPE like plastic mixture, the project lifetime of the proposed PPE pro
cessing system is assumed to be 20 y according to relevant literature that 

studied for waste plastic fast pyrolysis [52,54]. The unit transportation 
costs of the waste PPE and pre-processed PPE are assumed to be the same 
as those for transporting regular medical waste [80] and municipal solid 
waste [81]. 

2.4. Optimization model for the site selection 

Considering the environmental advantages of the proposed PPE 
processing system, the annualized cost (obj in MUSD) of the proposed 
waste PPE processing system should be minimized. According to the 
TEA approach, the annualized cost depends on the transportation cost 
(tran in MUSD) calculated by the external transportation distance and 
total capital investment (tci in MUSD) evaluated by treatment capacity. 
The annualized cost is the summation of transportation cost, utility cost 
(uc in MUSD), feedstock cost (fec in MUSD), O&M cost (omc in MUSD), 
storage cost (stor in MUSD), solid waste disposal fee (SD in MUSD), 
minus the income (inc in MUSD). In these regards, a site selection 
optimization model is developed that aims to minimize the annualized 
cost through determining the optimal number, sizes, locations of 
establishing the facilities within the proposed waste PPE processing 
system and sites of consuming downstream products in NYS. The opti
mization model is subject to constraints corresponding to feedstock 
distribution, pre-processing facility, integrated fast pyrolysis plant, 
proposed integrated PPE processing system, product distribution, and 
TEA. The general optimization model is shown as follows. 

min obj = tran+ uc+ fec+ omc+ stor+ tci+ SD − inc 
s.t. Feedstock distribution constraints. 
Pre-processing facility constraints. 
Integrated fast pyrolysis plant constraints. 
Integrated PPE processing system constraints. 
Product distribution constraints. 
TEA constraints 
The capital cost is modeled via separable concave terms to account 

for the economy of scale, while other constraints are in linear form for all 
variables’ input-output relationships. Therefore, this optimization 
model is formulated as a nonconvex MINLP problem [82]. This problem 
can be reformulated into a relaxed mixed-integer linear programming 
(MILP) problem by successive piecewise linearization. The reformulated 
optimization problem is solved iteratively following the 
branch-and-refine algorithm [83]. The global optimal solution is guar
anteed to be found within finite iterations. 

3. Results and discussion 

3.1. Case study 1: environmental performances of the proposed integrated 
PPE processing system 

This section presents a case study employing the proposed LCA 
methodologies to evaluate the environmental advantages of developing 
the proposed integrated PPE processing system to reduce GHG emissions 
and alleviate other environmental impacts. Since NYS residents are 
mandated to wear PPE, such as facemask, in public to reduce viral 
infection [84], the consumption and disposal of PPE statewide are 
consequently increased [85]. The waste PPE are treated in medical 
waste disposal sites. The transportation distance of waste PPE is 
assumed to be the distance between the county center and the medical 
waste disposal site [60]. The proposed PPE processing system is also 
postulated near the medical waste disposal site due to its similar 
functions. 

Exergy analysis is performed to evaluate the energy recovery effi
ciency of the proposed PPE processing system. Table 2 shows the exergy 
input and output flows corresponding to PPE, makeup water, gaseous 
basic chemicals, and downstream products. The total exergy efficiency is 
80%, and the heating utility is the major contributor to the total exergy 
flow. A high heating energy input and complexity in heat integration can 
cause heat loss and lead to exergy loss. Reducing this exergy loss 
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requires implementing the process design optimization and novel heat 
integration methodology that future studies aim to investigate. 

In the proposed integrated PPE processing system, the waste PPE is 
converted into various products sent to counties or processing plants in 
NYS. The counties and plant locations are given in Table 3. Locations of 
all existing processing plants for consuming downstream products, 
medical waste disposal sites, incineration sites, and landfill sites in NYS 
are extracted from the data on NYS’s Department of Environmental 

Conservation [86] and existing chemical processing plants in Google 
Map. The annual amounts of the waste PPE over counties are assumed to 
be proportional to their population. The yearly total waste PPE amount 
is estimated by the GAO report of the 90 day PPE storage amount 
starting from July 30, 2020 [45]. 

3.1.1. GHG emissions reduction 
Comparison of unit GWPs and climate change-related environmental 

impacts from the proposed integrated PPE processing system, the PPE 
incineration process, and the PPE landfill process illustrates the envi
ronmental advantages of the proposed PPE processing system in terms of 
the GHG footprints [34]. Fig. 4 and Fig. 5 show that the proposed in
tegrated PPE processing system alleviates climate change through a 
35.42%, 35.06%, and 34.64% decrement in total GHG emissions (3.72 t 
CO2-eq/t PPE), those in terms of human health and ecosystem, and 
climate change from fossil than the PPE incineration process (total GHG 
emissions: 5.76 t CO2-eq/t PPE), respectively. These GHG emissions are 
major contributors to the overall environmental impacts from both the 
proposed PPE processing system and PPE incineration. When treating 
waste PPE in the proposed integrated PPE processing system, the carbon 
within PPE is allocated to hydrocarbon products and reduces carbon 
combustion and its direct carbon emissions, including various GHGs 
(including CO2) that cause climate change. Consequently, the proposed 
integrated PPE processing system has an environmental advantage over 
the PPE incineration process in terms of alleviating GHG emissions. 

Moreover, the GHG emissions avoided from onsite product 
manufacturing (0.54 t CO2-eq/t PPE) can offset those from direct 
emissions (0.46 t CO2-eq/t PPE). This GHG emissions reduction (0.07 t 
CO2-eq/t PPE) results from the onsite production of various hydrocar
bon products, which substitutes their offsite production and avoids the 
fossil fuel use in their offsite production, such as heating energy pro
duction in naphtha cracking to produce ethylene. Nevertheless, this 
reduction in GHG emissions can not offset those from the heat produc
tion (0.13 t CO2-eq/t PPE) to maintain high-temperature conditions in 
the combustor and various reboilers, which is not included in the landfill 
process. The unit GWP of the proposed integrated PPE processing system 
is slightly higher than that of the landfill process (3.70 t CO2-eq/t PPE). 

Table 2 
The exergy flow of the proposed integrated and optimal PPE processing system 
and the exergy efficiency is 80%.  

Exergy Input Exergy Output 

Input Exergy Flows (J/s) Output Exergy Flows (J/s) 

N2 1,548 C2H4 57,319 
O2 1,925 C3H6 39,891 
PPE 503,390 C3H8 10,065 
H2O 1,423 C4H10 13,383 
LP Steam 842,702 Light Naphtha 12,401 
MP Steam 732,229 Aromatic Mix 34,466 
HP Steam 641,043 Gasoline 4,044 
Cooling Water 740,546 Diesel 37,195 
Electricity 66,086 Sulfur 18   

Bauxite 89,757   
Offgas 2,542,131  

Table 3 
Chemical products manufactured from the proposed integrated PPE processing 
system.  

Products Location of Processing 
Plant/County 

Products Location of Processing 
Plant/County 

Ethylene Orange County Light 
Naphtha 

Ulster County 

Propylene Putnam County Aromatic 
Mixture 

Nassau County 

Propane Rockland County Gasoline Albany County 
Butane Orange County Diesel Dutchess County 
Bauxite Washington County Sulfur Nassau County  

Fig. 4. Breakdowns of the GHG emissions of the proposed integrated PPE processing system and the avoided burden calculated by the LCA approach in this work 
[44], calculated from GWP100 based on Intergovernmental Panel on Climate Change (IPCC) 2013 [75]. 
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3.1.2. Environmental advantages of alleviating other environmental 
impacts 

Environmental advantages of the proposed integrated PPE process
ing system are also pronounced in terms of human toxicity, ozone 
depletion, particulate matter formation, and ecotoxicity problems. 
Compared to the PPE incineration process that emits non-methane 
volatile organic compounds (NMVOCs), as shown in Fig. 6 and Fig. 7, 
the total human toxicity, ozone depletion, freshwater ecotoxicity, and 
marine ecotoxicity problems posed by the proposed integrated PPE 
processing system are reduced by 22.48%, 34.21%, 67.43%, and 
69.97%, respectively. The landfill process, on the other hand, emitted 
metal components, including iron within the waste PPE, that poses 
toxicity to freshwater and marine ecosystems [87] and human health 
[88]. This leads to 132%, 143%, and 46% higher environmental impacts 
on freshwater ecotoxicity, marine ecotoxicity, and human toxicity 

compared to the proposed PPE processing system. Conversely, the onsite 
manufacturing of downstream products in the proposed integrated PPE 
processing system, which offsets exterior production, can alleviate the 
total marine eutrophication, terrestrial eutrophication, ozone depletion, 
natural land transformation, particulate matter formation, terrestrial 
acidification, photochemical ozone creation, and respiratory by 17.7%, 
18.3%, 15.9%, 29.0%, 15.9%, 18.3%, 18.3%, and 12.3%. Although the 
environmental drawbacks of these proposed PPE processing systems are 
pronounced in terms of fossil fuel use, natural land transformation, and 
dissipated water, they can be offset by the onsite manufacturing within 
the proposed integrated PPE processing system given in Fig. 5. Overall, 
onsite manufacturing products and reduction of toxic and NMVOC 
emissions lead to the environmental advantages of the proposed PPE 
processing system over the other two PPE treatment processes in terms 
of various impact categories. 

Fig. 5. Annual ReCiPe scores of the proposed integrated PPE processing system and PPE incineration and PPE landfill processes are based on the LCA results 
calculated in this work [44]. 

Fig. 6. The heat map reflects the ReCiPe-based relative environmental impacts from PPE processing systems based on the LCA results calculated in this work. The 
number denotes the ratio of quantified environmental impacts from the proposed integrated PPE processing system and PPE incineration and PPE landfill processes 
relative to the proposed integrated PPE processing system in terms of each impact category [44]. 
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3.1.3. Sensitivity analysis 
Environmental sensitivity analysis results, which is the unit GWPs, 

evaluate the most influential operating parameters on the environ
mental performance of the proposed integrated PPE processing system. 
Transportation loads used in this sensitivity analysis are proportional to 
the corresponding transportation distances, of which incremental value 
is evaluated from the ratio of road distance with a straight-line distance 
between two US sites [89]. Fig. 8 shows the most influential operating 
parameter as the conversion rate of waste PPE, and an 0.85 conversion 
rate can increase the unit GWP of the proposed integrated PPE pro
cessing system to 4.72 t CO2-eq/t PPE treated. Therefore, maintaining 
environmental sustainability requires a high conversion rate on fast 
pyrolyzing PPE. Waste PPE transportation load, on the other hand, is the 
least effective because when the transportation load increases to 550, 
050 tkm, the unit GWP only decreases to 3.73 CO2-eq/t PPE treated. 
Other transportation loads and electricity requirements are also rela
tively ineffective operating parameters on environmental sustainability. 

3.2. Case study 2: the proposed optimal PPE processing system 

Reducing GHG emissions and fossil fuel depletion as environmental 
hotspots is the primary environmental advantage of the centralized 
pathway within the proposed integrated PPE processing system. The 
distributed-centralized approach in the proposed waste PPE processing 
system, as described in Section 2, can also be employed to treat waste 
PPE through 11 processing sections with the aforementioned environ
mental advantage. The main differences between these two pathways lie 
in the total external transportation distance and sites to build facilities 
and facilities’ treatment capacities. To increase their economic feasi
bility, an optimization-based site selection methodology is then pro
posed, and the MINLP problem described in Section 3.3 is solved to 
minimize the annualized cost and determine the optimal number, sizes, 
and locations of establishing the facilities within the proposed waste PPE 
processing system in New York State. The sites and locations for 
receiving downstream products are also predicted. Notably, the site 
selection of the proposed PPE processing system changes the total 

Fig. 7. The heat map illustrates the ILCD-based relative environmental impacts from PPE processing systems based on the LCA results calculated in this work. The 
number denotes the ratio of quantified environmental impacts from the proposed integrated PPE processing system and PPE incineration and PPE landfill processes 
relative to the proposed integrated PPE processing system in terms of each impact category [44]. 

Fig. 8. Environmental sensitivity analysis 
results of the proposed integrated PPE pro
cessing system evaluated by the LCA 
approach in this work [44]. High and low 
values of the operating parameters are pre
sented in the heads and tails of corre
sponding bar charts. The blue chart denotes 
the effect of lowering values of operating 
parameters, while the dark red bar chart 
represents the effect of higher values. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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environmental impacts through only total transportation loads. Since 
the total GHG emissions will increase by 1.5% when the total trans
portation load enhances by 41.70%, the change in total transportation 
loads causes low variation in total GHG emissions. Moreover, the 
transportation of materials only poses 1.44% of total fossil depletion. 
Therefore, the total environmental performances will not be much 
varied when optimizing the site selection, so the environmental ad
vantages of the proposed optimal PPE processing system in reducing 
fossil depletion and climate are not changed. Overall, we could enhance 
the economic feasibility of the proposed PPE processing system by the 
optimization-based site selection methodology to minimize the annu
alized cost while maintaining environmental sustainability. 

The computational experiment was performed on a DELL OPTIPLEX 
7040 desktop with Intel(R) Core (TM) i7-6700 CPU @ 3.40 GHz and 32 
GB RAM. The mathematical formulation of the optimization problem 
and related solution process is coded in GAMS 24.8.3 [90], using CPLEX 
12.7 as the MILP optimizer [91]. The tolerance of the branch-and-refine 
algorithm is set as 10− 4. The reformulated optimization problem is 
comprised of 66,960 variables and 70,360 constraints. The problem is 
converged within finite iterations. 

3.2.1. Site selection within the proposed optimal PPE processing system 
The optimal site selection of the proposed PPE processing system is 

presented in Fig. 9. Two PPE pre-processing facilities with an annual 
treatment capacity of 1,708 t/y and 8,000 t/y are proposed to be 
established near Stericycle in New York County and Stericycle in Suffolk 
County, respectively, to effectively treat the waste PPE collected from 
counties within NYS. The waste PPE are shredded, sterilized, and 
dehydrated in two proposed pre-processing facilities. The pre-processed 
PPE particles are transported by repurposed trucks to the integrated fast 
pyrolysis plant in Rockland County with an annual treatment capacity of 
9,027.7 t. The downstream products manufactured from this plant are 
then transported to processing plants or counties for use, as given in 
Table 4. 

3.2.2. Economic and environmental performances of the proposed optimal 
PPE processing system 

We display and compare the economic breakdowns of the proposed 
optimal PPE processing system and the integrated PPE processing sys
tem proposed in the first case study. Because the unit transportation cost 
of waste PPE (1.01 USD/tkm) is much higher than transporting pre- 
processed PPE, Fig. 10 shows a lower total transportation cost of the 
proposed optimal PPE processing system (0.93 MUSD) than that of the 
proposed integrated PPE processing system (1.08 MUSD) with more 
waste PPE transportation load and less total transportation load. The 
total capital investment, which is the summation of the discounted 
annualized capital cost, is calculated by the total equipment installation 
cost and indirect capital cost, and the working capital cost and the land 
cost. These capital costs are proportional to the equipment procurement 
(pect (MUSD)) or installation cost (capt (MUSD)), both of which are 
scaled by their corresponding processing capacities (cap (t/y)), base- 
case cost (ECCB (MUSD) and ECCPE (MUSD)), and scaling factors 
(SCF) smaller than one, as given by Eqs. (1) and (2). Consequently, the 
equipment procurement and installation costs for the pre-processing 
facilities within both the proposed integrated and optimal PPE pro
cessing systems are calculated accordingly and presented in Table 5. It 

Fig. 9. The spatial information of the proposed optimal PPE processing system is shown in the density map. The site selections are extracted from the optimization 
results evaluated in this work. The dots in red, blue, and green denote the counties that send waste PPE to pre-processing site one, pre-processing site two, and both 
pre-processing sites, respectively. The stars in colors represent the locations of pre-processing facilities, integrated fast pyrolysis plants, and demand zones for various 
downstream products. In contrast, the ticks in corresponding colors show the external transportation of the pre-processed PPE particles and downstream products by 
repurposed trucks [86]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Chemical products manufactured from the proposed optimal PPE processing 
system and locations of the processing plant based on the optimization results.  

Products Location of Processing 
Plant/County 

Products Location of Processing 
Plant/County 

Ethylene Onondaga County Light 
Naphtha 

Orange County 

Propylene Suffolk County Aromatic 
Mixture 

Nassau County 

Propane Suffolk County Gasoline Dutchess County 
Butane Otsego County Diesel Queens County 
Bauxite Richmond County Sulfur Washington County  
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shows a lower capital cost for the pre-processing facility within the in
tegrated PPE processing system. Therefore, the capital cost can be saved 
when establishing a single pre-processing facility rather than two fa
cilities with the same total capacity. 

The proposed integrated and optimal PPE processing systems 
incorporate the integrated fast pyrolysis plants that have the same 
processing capacities, so they have the same equipment procurement 
and installation costs and the annualized capital cost of the proposed 
optimal PPE processing system (4.18 MUSD) is slightly higher than that 
of the proposed integrated PPE processing system (4.15 MUSD). How
ever, the higher transportation cost can offset the capital cost saving of 
the proposed integrated PPE processing system, which leads to a higher 
annualized cost. These high annualized capital investments for both 
proposed PPE processing systems can be reduced by optimizing process 
designs and heat integration, while the economic feasibility can also be 
maintained by enhancing income from manufacturing downstream 
products with the higher market price. This can be realized by imple
menting advanced plastic waste upcycling technology into existing 
waste PPE treatment processes. 

capt=ECCB⋅(
cap
MB

)
SCF⋅(

CEPCIR
CEPCIBS

), ​ 0 ≤ SCF ≤ 1 (1)  

pect=ECCPE⋅(
cap
MB

)
SCF⋅(

CEPCIR
CEPCIBS

), ​ 0 ≤ SCF ≤ 1 (2) 

Both proposed PPE processing systems are close in utility use and 
have the same offsite material production process, but the proposed 
optimal PPE processing system has the higher total transportation load 
(2.59 M tkm) and results in a slightly higher unit GWP (3.74 t CO2-eq/t 
PPE), which is 35.04% lower than the PPE incineration process and 
closed to the PPE landfill processing system (3.70 t CO2-eq/t PPE). 
Fig. 11 shows the same environmental advantages of both proposed PPE 
processing systems in terms of fossil fuel depletion alleviation, climate 
change mitigation, and natural land perseverance. On the other hand, 
the proposed optimal PPE processing system requires various distillation 
columns that occupy more land and consume more water than the PPE 
incineration and PPE landfill processes, resulting in higher land use and 
dissipated water (see Fig. 12). Meanwhile, fossil depletion is another 
environmental drawback, which is caused by a high fossil fuel con
sumption in external truck transportation, inlet material, as well as 
hydrocarbon, heat, and electricity production. This environmental 
problem can be alleviated through the onsite manufacturing of products 
(shown as the total avoided burden in Fig. 13) within the proposed 
optimal PPE processing system. 

Fig. 10. CAPEX and OPEX breakdowns of the proposed optimal PPE processing system and proposed integrated PPE processing system extracted from the TEA 
results calculated in this work. 

Table 5 
Equipment procurement and installation costs for pre-processing facilities within the proposed integrated and optimal 
PPE processing system.  

Proposed PPE Processing 
System 

Pre-processing Facilities 
Sites 

Equipment Procurement Cost 
(MUSD) 

Equipment Installation Cost 
(MUSD) 

Optimal New York County 0.46 0.48 
Suffolk County 1.59 1.66 

Integrated Rockland County 2.05 2.14  
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Fig. 11. The heat map reflects the ReCiPe-based relative environmental impacts from PPE processing systems based on the LCA results calculated in this work. The 
number denotes the ratio of quantified environmental impacts from the proposed optimal PPE processing system, PPE incineration, and PPE landfill processes relative 
to the proposed optimal PPE processing system in terms of each impact category [44]. 

Fig. 12. The heat map reflects the ILCD-based relative environmental impacts from PPE processing systems based on the LCA results calculated in this work. The 
number denotes the ratio of quantified environmental impacts from the proposed optimal PPE processing system, PPE incineration, and PPE landfill processes relative 
to the proposed optimal PPE processing system in terms of each impact category [44]. 
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4. Conclusion 

The first and efficient waste PPE processing system that includes 
twelve processing sections was proposed to treat PPE for energy re
covery with low GHG emissions and fossil fuel depletion alleviation. 
This environmental advantage was then analyzed by a detailed LCA 
approach. An optimization-based site selection methodology deter
mined the optimal number, sizes, and locations of establishing facilities 
within the PPE processing system. Two pre-processing facilities in New 
York County and Suffolk County and one integrated fast pyrolysis plant 
located in Rockland County were proposed to be built with their optimal 
annual treatment capacities of 1,708 t/y, 8,000 t/y, and 9,028 t/y. The 
key findings corresponding to the environmental advantages were then 
drawn as follows:  

• Onsite hydrocarbon production from and heat integration of the 
proposed optimal PPE processing system reduced GHG emissions and 
fossil fuel use compared to the PPE incineration process.  

• The use of the proposed optimal PPE processing system avoided PPE 
from being landfilled, thus cutting toxic chemical emissions and 
preserving the natural land and ecosystem.  

• Implementing the proposed optimal PPE processing system impaired 
the use of the PPE incineration process and reduced the NMVOC 
emissions that cause ozone depletion and particulate matter 
formation.  

• The onsite manufacturing of basic chemicals and renewable fuels 
could alleviate the fossil depletion, land use, and dissipated water as 
three environmental burdens posed by the proposed optimal PPE 
processing system. 

Future research should investigate fossil fuel use and GHG emissions 
reduction through developing advanced PPE processing technologies 
with low energy consumption and flue gas output by referring to studies 
proposed by Taniguchi et al. for degrading PET [92] and Zafar et al. for 
degrading PU [93]. Moreover, a lower annualized cost by reducing total 
capital investment or enhancing income from downstream products 
paved the wide application of PPE processing in the real world. Existing 
plastic waste upcycling studies provided insights on gaining higher 
revenue from low-value plastic waste [94], while the capital cost could 
be reduced through optimization on process designs. Nevertheless, ful
filling these research gaps requires preliminary environmental and 

economic assessment results on the proposed PPE processing system that 
this study aimed to present. 
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