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Abstract: The global crisis arising from the current COVID-19 pandemic has resulted in a surge in the
magnitude of global waste from used Personal Protective Equipment with special emphasis on waste
NO95 facemask. Creative approaches are therefore required to resolve the surging facemask waste
disposal issue in an economical and environmentally friendly manner. In an attempt to resolve the
evolving global waste challenge, the present study has assessed the economic and environmental
performances of converting N95 facemasks to steam and electricity via a combined heat and power
plant, to ethanol via a syngas fermentation process, and to an energy-dense gasoline-like oil product
via a hydrothermal liquefaction process. These processes were assessed using “conceptual” process
models developed using ASPEN plus as the process simulation tool. Economic and environment
assessments were undertaken using net present values (NPVs) and the rate of potential environmental
impacts (PEls) respectively, as sufficient performance measures. Therefore, the present study was
able to establish that the conversion of waste N95 facemask to syngas prior to a fermentation process
for ethanol production constituted the least economical and least environmental friendly process
with a negative NPV and the highest rate of PEI (1.59 PEl/h) value calculated. The NPV values
calculated for N95 facemask waste conversion to steam and electricity and energy-dense oil processes
were US$ 36.6 x 10° and US$ 53 x 10° respectively, suggesting the preference for the production of
a valuable energy-dense oil product. Furthermore, it was observed that when the environmental
performance of both processes was considered, rates of PEIs of 1.20 and 0.28 PEIl/h were estimated for
the energy-dense oil production process and the steam and electricity generation process, respectively.
Therefore, the study was able to establish that the utilisation of waste N95 facemask for steam and
electricity generation and for generating an energy-dense oil product are both promising approaches
that could aid in the resolution of the waste issue if both environmental and economic performances
constitute crucial considerations.

Keywords: waste N95 facemask; hydrothermal liquefaction;, COVID-19; waste management;
technoeconomic assessments; net present value

1. Introduction

In December 2019, cases of “pneumonia” of unknown origin appeared in the Wuhan city in the
Wubei province of China, which resulted in a number of hospital admissions [1,2]. From five persons
initially reported in mid-December, the number increased to 41 by 2 January 2020 [2]. After intensive
investigations by the Chinese Centre for Disease Control and Prevention (CDC), a new member of
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the Coronavirus (CoV) family was discovered as the causative agent for these clusters of the strange
outbreak [1,2]. On 11 February 2020, the World Health Organisation (WHO) subsequently designated
the name of this causative agent as “Coronavirus disease 2019” with the acronym “COVID-19” [1].

Corona viruses are positive-stranded microscopic ribonucleic acid (RNA) structures with
crown-like appearance owing to spikes of glycoproteins on its envelope [1]. According to scientific
nomenclature, the Orthocoronavirinae subfamily of the Coronavirus (Coronavidae) family has four
genera of namely Alphacoronavirus, Betacoronavirus, Deltacoronavirus, and Gammacoronavirus with the
COVID-19 virus established to belong to the Betacoronavirus genus [1]. The COVID-19 virus targets the
human respiratory system, and similar to other respiratory viruses, it is highly contagious through
infected aerosols from the mouth and nose released during coughing, sneezing, or even talking [1,2].
This is because the virus is transmitted through respiratory droplets that are at least 5 to 10 um in
diameter [2]. The COVID-19 virus itself is reported to be approximately 0.125 microns in size and is
capable of “travelling” up to 1.8 m from the source to eventually settle on surfaces [3]. Within this
radius, the virus could be inhaled by other persons, leading to serious health complications in some
cases [2]. COVID-19 virus infections may present common symptoms such as coughing, fever, and
tiredness [1,2] with less common symptoms being headaches, diarrhoea, difficulty breathing, and the
loss of ability to smell or taste [2]. Pneumonia, acute respiratory syndrome, and acute cardiac injury
are symptoms that have been reported at later stages of severe cases of the infection [2]. Although
the disease originated in Wuhan, it started to spread since December and currently as at 19 June 2020,
a total of 8,457,305 cases of COVID-19 have been reported worldwide with a devastating global death
toll of 453,882 [4]. To limit the spread of COVID-19, there is the need to use a structural barrier that
prevents infected respiratory droplets from travelling. Thus, facemasks became a crucial personal
protective equipment for this purpose. Of the different types of these masks, surgical respirator masks
were demonstrated to serve as effective protective barriers that reduced the wearer’s exposure to
airborne biological pathogens such as COVID-19 virus [5].

These surgical respirator masks, classified as “FFP1” in compliance with EN149 EU standard,
are also called the N95 facemasks because of its ability to achieve a 95% filtration of particles with a
mass median diameter of 0.3 micrometers [3]. The N95 facemask may consist of multiple layers of
nonwoven fabric, which are often made from polypropylene plastic (C3Hg)n [6]. However, in most
cases, N 95 masks contain a layer each of cellulose (CgH19O5) sandwiched between layers made of
spun-bond polypropylene [5]. These N95 facemasks are typically single use, as they are considered to
be contaminated and thus are plastic medical waste that must be disposed with the current pandemic,
resulting in significantly increased upstream demand not “matched” with an effective downstream
waste disposal approach [3,7]. According to Klemes et al. [7], the morbidity and significant mortality
rate of the COVID pandemic often overshadows the seriousness of the long-term environmental
effect of the poor waste plastic management [7]. For instance, it has been suggested that there is a
risk of generating over 128,000 tonnes/y of unrecyclable plastic-related waste in the UK as a direct
consequence of utilising disposable surgical masks [8]. Therefore, scientists have opined that this waste
plastic surge due to COVID-19 presents an opportunity to accelerate immediate and even long-term
changes in plastic waste management globally [7]. In order to satisfy waste disposal requirements,
several approaches such as incineration of the waste have been employed, because it ensures the
obliteration of the virus due to the high temperatures involved in the incineration process and also
circumvents the low biodegradability concerns of the plastic-containing waste N95 facemask [9,10].
However, the incineration approach may result in the release of toxic and poisonous gases such as
dioxins, furans, and polychlorinated biphenyls, which lead to associated unfavourable environmental
outcomes [11,12]. Therefore, it is necessary that possible pathways for facemask waste management
are investigated to mitigate the harmful impact of plastics on the environment. The current study
proposes the investigation of waste N95 facemask management via its conversion to energy and
fuels via the thermochemical transformations of gasification [13], hydrothermal liquefaction [13] and
gasification—fermentation [14]. The aforementioned thermochemical transformation pathways are
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capable of facilitating the safe management of waste N95 facemask due to the high temperatures
typically imposed while simultaneously enabling the downstream generation of steam electricity from
syngas (via combined heat and power systems), energy-dense oils from hydrothermal liquefaction, and
liquid fuels from gasification—fermentation [13,14]. Therefore, the current study presents a comparative
assessment of the economic and environment impact performances of the technologies while using
net present value (NPV) economic measures and a waste reduction (WAR) algorithm, respectively.
Such a comparative assessment of possible waste N95 facemask management strategies are yet to be
undertaken in the literature. In the present study, the representative waste N95 facemask has been
modelled as consisting of three layers of polypropylene (PP) and one layer of cellulose (based on the
BioFriend™ BioMask™ N95 model) [15] with the mass fraction of cellulose specified to 0.25 of the
total mass of the waste N95 facemask. This assumption became crucial, since the mass composition of
the layers may vary widely as stated earlier above.

2. Materials and Methods

2.1. Modelling Approach

The present study assumes the availability of 1.77 tonnes per hour of waste N95 facemask, which
translates to 1/10% of the mass of waste estimated to be available per h (assuming 300 working days/y)
according to the UK scenario discussed briefly above. The composition of the representative waste
N95 facemask employed in the current study is presented in Table 1. All simulations of waste N95
facemask management pathways specified above were achieved using ASPEN (Advanced System for
Process Engineering) plus®® V10 process simulator (Aspen Technology Inc., Cambridge, MA, USA).
This is because of its capability to generate accurate albeit simplified models can be solved for energy
and mass balances in accordance with basic process engineering principles [16].

Table 1. Composition of representative waste N95 facemask (75 wt% of polypropylene) employed in
the present study [17,18].

Proximate Analysis Ultimate Analysis
Waste N95 Ash? Volatiles ? FC? Carbon® Hydrogen®  Oxygen® Nitrogen?  Sulphur®
Facemask (wWt%) (wt%) (wWt%) (Wt%) (Wt%) (wWt%) (Wt%) (wt%)
(C3Hg)n 0.82 99.18 0 83.75 13.98 227 0 0
CeH1005 0 0 0 44.44 6.17 49.38 0 0

2 Dry mass basis, bash free basis, FC denotes fixed carbon; b ash-free basis

Employing the standard methodology in modelling the properties of components such as enthalpy
and density, based on literature reported proximate and ultimate results, the inbuilt HCOALGEN and
DCOALIGT models were employed in simulating the waste N95 facemask, ash, and char components.
The properties of other chemical inputs, such as ethanol, water, and air employed in the simulation
study were obtained from the databank of the chemical property library in ASPEN plus®® V10. The
UNIQUAC thermodynamic property method in ASPEN plus was selected as sufficient in modelling
and predicting the vapour-liquid equilibria of chemical species present in both complex non-ideal
polar and nonpolar systems at low and high pressure [19,20]. Prior to undertaking the modelling
processes, the stream class of MIXCISLD was employed in order to facilitate the modelling of solid
components. Finally, all models were developed to simulate continuous operations while being under
steady-state conditions. It must be acknowledged that in this process simulation study, conceptual
models were developed using publicly available reaction conditions, conversions, and product yields
with generic processes for producing the specified target products from waste N95 facemask modelled
and simulated. In other words, possible modifications employed in the industry to optimise yields
were not considered in the study. Such optimisation studies may be undertaken in future work. It must
also be emphasised that due to the novelty of the feedstock (waste N95 facemask), there are currently
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no experimental data specifying the experimental yields of the product fractions from the conversion of
waste N95 facemasks to valuable products via the thermochemical technologies. Therefore, simplified
modelling approaches are necessary to determine process outcomes. Management processes that
employ the waste N95 facemask in the generation of steam electricity from syngas via gasification
(scenario i), energy-dense oils from hydrothermal liquefaction (scenario ii), and liquid fuel of ethanol
from gasification—fermentation (scenario iii) as illustrated in Figure 1 are extensively discussed in the
subsequent section. Clearly the high temperature thermochemical technologies considered in the
present study will facilitate the sterilisation of the feedstock, thus, reducing the potential for unwanted
(human) health challenges.
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Figure 1. Pathways for value extraction from waste N95 facemask.

2.2. Process Description

In scenario i, the generation of useful products of superheated steam and electricity using waste
NO95 facemask as a feedstock is summarised using the process flow diagram in Figure 2. In Figure 2,
an initial grinding operation is undertaken to generate finely ground particles for enhanced mass
and heat transfer. Grinding is specified as being achieved using an industrial grade grinder rated
with the power requirement of 700 kWh/tonne of waste N95 facemask processed [21]. The grounded
feed is subsequently transferred to the gasification reactor specified as operating at a temperature of
1000 °C and pressure of 1 atm with steam employed as the gasification agent. A steam-to-feed ratio of
2 is specified in the present study [22]. Under the aforementioned conditions, the waste undergoes
partial oxidation to generate a gaseous mixture of mainly Hy, CO, CO,, and CHy and solids of ash and
chars [13]. To simplify the study, possible process limitations due to tar generation and deposition
have not been considered in the present study. Due to the lack of models to adequately predict the
composition of the syngas product of the gasification process as a result of its high level of complexity,
the present study has modelled the gasification of the waste N95 facemask using the equilibrium-based
model in Aspen Plus [23]. Solid products of char and ash are subsequently removed from the syngas
product using a cyclone with the resulting purified syngas assessed for its energy content in terms of
its LHVyngps in MJ/Nm? for completeness using Equation (1) [24];

LHVyngas = (Yeo X 12.62) + (yr1, X 10.79) + (ycr, X 35.81) + (yeym, X 56.08) + (yyt, X 59.04) (1)
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where yco, YH,, YcH,, Yc,H,, and yc,H, represent the mole fractions of CO, Hy, CHy, CoHy and CyHy,
respectively. In this equation, Nm? denotes the normal meter cubed such that “normal” denotes to
normal conditions of 0 °C and 1 atm (standard atmosphere = 101.325 kPa).
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Figure 2. Waste N95 facemask conversion to the heat energy and electrical power (scenario i).

This energy content was compared to the energy content of syngas as obtained from the literature.
Then, the ash-free syngas is transferred to a cogeneration system that facilitates combined heat and
power production. Briefly, the cogeneration system employed in the present study involved the
combustion of the syngas at 1000 °C with the generated heat employed in heating pressurised water
(100 bar) to generate high-pressure steam. Electricity generation is achieved using a network of turbines
in series with the resulting low-pressure steam available to satisfy heating requirements. The generation
of syngas as a clean gaseous fuel prior to its combustion for heat and electricity generation was preferred
to the direct combustion of the feedstock. This is because gasification processes enable greater control of
emissions (i.e., GHGs, particulates) compared to combustion processes thus enhancing environmental
performance [13]. In scenario ii, the generation of the useful product of an energy-dense (gasoline-like)
oil via hydrothermal liquefaction and using waste masks as a feedstock is summarised using the
process flow diagram in Figure 3 and based on previously reported work regarding waste plastic
management [25]. For clarity, scenarios ii and iii (below) employ similar pathways and methods
discussed in our earlier work in [25] for the different feedstock of plastics and thus are briefly discussed
here and are also duly acknowledged. The readers are referred to [25] for more details. A flow diagram
for the hydrothermal liquefaction process from [25] has been employed.

Figure 3 shows scenario ii, in which the waste N95 facemask, composed of polypropylene
(also a plastic) and cellulose is converted to an energy-dense oil product. In Figure 3, the grinded
waste mask and water were mixed and pumped to a high-press hydrothermal liquefaction (HTL)
reactor. Due to the absence of experimental data regarding the preferred temperature and pressure
conditions for processing the waste N95 facemask, the reported conditions for the HTL of PP to
produce hydrocarbons of mainly gasoline have been employed [26]. Based on the experimental work
in [26], it is also hypothesised that the supercritical water treatment of waste N95 facemask may lead
to the generation of an energy dense gasoline product (C¢—Cy;), since it contains PP. For simplicity
the reported conditions of temperature of 425 °C and pressure of 23 MPa [26] have been applied.
Therefore, these conditions have been specified in simulating the HTL process to promote enhanced
gasoline production. Additionally, since a previous study has demonstrated that the hydrothermal
liquefaction of cellulose (only) will lead to the generation of glucose and (hydroxymethyl)furfural
(5-HMEF) products [27], these products in addition to the gasoline product have been identified as the
possible products of the HTL process. The HTL process has been simulated using an equilibrium-based
model in Aspen Plus due to inherent complexities of the HTL process and also since the presence of



ChemEngineering 2020, 4, 54 60of 17

equilibrium states during HTL processes have been reported in the literature [13,28]. Having completed
the HTL reaction, Figure 3 shows that the product stream is cooled to 25 °C and depressurised to
1 atm. The cooled product mixture is subsequently transferred to a decantation separator. It is
assumed that the separation of the oil product from water-soluble components is achievable due to
the hydrophobicity characteristics of the oil fraction of the product mixture [29]. Further separation
of the HTL-water and solid char fractions may be achieved using a filtration unit. As a further step,
the higher heating value of the HTL oil mixture was estimated and compared to the higher heating
value (HHV) of petroleum fuels using Equation (2) [30],

HHV,;= 0.338C + 1.428(H —%)+0.0955 @)

where C, H, S, and O represent the percentage mass basis content of carbon, hydrogen, sulphur, and
oxygen, respectively.
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Figure 3. Waste N95 facemask conversion to an energy-dense (gasoline-like) oil product (scenario ii).

In scenario iii, syngas is generated using the steps described in scenario i above prior to biochemical
ethanol production via the process from [25] is shown in Figure 4.
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Figure 4. Waste N95 facemask conversion to ethanol via syngas fermentation (scenario iii).
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As discussed earlier in [25], Figure 4 shows that it is possible for syngas to be fermented under
the action of acetogenic microorganisms [31,32]. The fermentation reactions are assumed to occur at
process conversion efficiencies of 90% for CO and 70% Hj in accordance with the reported literature
results [33]. Conversion and stoichiometry-based ASPEN models have been employed in simulating
the fermentation process with the equations summarised in the supplementary file document. After
the fermentation process, the broth containing the ethanol is subjected to distillation processes to enable
the purification of the target ethanol product. Further enhancement of the concentration of the ethanol
product is achieved using molecular sieves to generate anhydrous ethanol (ethanol content >99.7%
mass basis) [34]. The anhydrous ethanol will have an HHV of 29.7 MJ/kg [35]. At the completion of the
modelling of the scenarios stated above, mass balance calculations were performed in ASPEN plus.
In addition, the energetic requirements of the processes were calculated for the scenarios using the
ASPEN plus energy analyser add-on. In undertaking the energetic assessment, heat integration via
pinch analysis was incorporated in the study. A comprehensive discussion of the pinch approach in
achieving heat integration is not discussed further in this study and may be found elsewhere [16,36]. It
must be emphasised that in the present comparative study, standard conditions obtained from the
literature have been employed in modelling generic operations. In other words, optimisation strategies
have not been undertaken in the present study. Such optimisation studies may constitute the basis of
future work.

2.3. Economic Performance Measure

In each of the scenarios described in the earlier sections above, economic performances of the
waste N95 facemask management strategies were assessed. In order to compare the different strategies,
capital investment analysis was employed in the calculation of the net present value (NPV), which was
used as a performance measure. To calculate the NPV of each strategy, a simple discounted cash
flow approach was employed such that the NPV was calculated as the difference between the present
value of cash inflows and cash outflows arising from the production and sale of the product streams.
Discounted cash flows were evaluated for a 30 y project lifecycle with annual cash flow from assets
(NRewvs) incorporating product sales i.e., products of electricity and heat, energy-dense oil product,
and ethanol (pre-COVID-19 selling prices utilised) in scenario i, scenario ii, and scenario iii, after
subtracting the operating cost and income tax. Therefore, the NPV for each scenario was calculated
using Equation (3) [37-39];

NRev n SV,
1+49)" (140"

t
NPV = —TCI + Z ( 3)
n=1

where TCI denotes the total capital investment cost, i denotes the discount rate specified as 10% in
the present study, and n has been specified as 30, which denotes the lifetime of the project. Of course,
the lifetime is an assumed number. SV, is the salvage value, which is also assumed to be zero in the
present study. NRev, which is the annual cash flow from assets, was calculated using Equation (4) [37];

NRev = (Rt—Ct—Dt)(l—T)+Dt (4)

where R; and C; denote the total revenue before tax and total cost before tax in year t respectively;
T and D; denote the corporate marginal tax rate and the depreciation over the life of the plant.

In all scenarios, the avoided disposal cost of plastic-related waste of an average of USD 135 per
ton [40] was incorporated in the development of the cash flow table. The total capital cost (TCI) for
each process was estimated using established chemical engineering costing relationships based on the
equipment purchase cost. These costing relationships have been summarised in the supplementary
file. Similarly, the selling prices of the product streams are also presented in the supplementary file.
Equipment purchase costs of common equipment such as pumps, compressors, and distillation columns
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were estimated using the ASPEN process economic analyser V11. For enhanced accuracy, the cost
of specialised equipment, such as the cogeneration plant [41], specialised, hydrothermal liquefaction
reactor [25], gasification reactor [42], cyclone [43], and plastic shredder [44] were obtained from costing
correlations, previously reported studies, and the commercial vendor sites. To estimate the purchase
costs for the appropriate capacities based on the sourced equipment purchase cost prices, the scaling
approach was employed with the scaling factor specified as 0.6 [45]. Similarly, inflationary effects
on money value were also considered and incorporated in the economic calculations more so as the
purchase cost of the equipment was obtained from different sources with different reference years. The
chemical engineering plant cost index (CEPCI) was employed in this regard using Equation (5) [45,46];

C

CEPClIgpg ) (5)

2020 = i'ref( CEPCl,

where C; ;s and C; 2029 are the purchase costs for the ith equipment in the reference year and the current
year of 2020. CEPClI,gy was specified as 607.5, which is the average CEPCI value for 2019, as the
average value for the year of 2020 is not available at this time. CEPCIs of other years prior to 2019
were obtained from the literature [47,48]. In addition to the TCI, the operating cost (OPEX) was also
estimated. The OPEX incorporates costs such as raw materials, utilities (as obtained from ASPEN
Plus), labor cost, maintenance, insurance, etc. All relationships employed in OPEX estimation are also
presented in the supplementary file.

2.4. Environmental Performance Assessment

In the present study, the waste reduction (WAR) algorithm (WAR version 1.0.17, United States
Environmental Protection Agency, Washington, DC, USA) is a freely available open source software that
has been employed extensively in undertaking a comparative assessment environmental performances
in the literature [49,50]. This approach has been used in the current study since the potential
environmental impacts of the alternative standalone pathways constitute the research focus. The
WAR algorithm facilitates the utilisation of ASPEN plus obtained mass balance data for stream flow
rates and compositional distribution as inputs in estimating potential environmental impacts (PEIs).
The WAR algorithm also facilitates the estimation of the environmental impact indicators while also
assessing the impact categories [51] as summarised in Table 2.

Table 2. Impact categories in the waste reduction (WAR) algorithm [16,52].

General Impact Category Impact Category Measure of Impact Category

Human toxicit Ingestion (HTPI) LD50
y Inhalation/dermal (HTPE) OSHA PEL
. - Aquatic toxicity (ATP) Fathead Minnow LC50
Ecological toxicity Terrestrial toxicity (TTP) LD50
- Global warming potential (GWP) GWP
lobal h
Global atmospheric impacts Ozone depletion potential (ODP) ODP
Regional atmospheric impacts Acidification potential (AP) AP

Photochemical oxidation potential (PCOP) PCOP

Based on the impact categories stated above, the WAR algorithm is able to facilitate the calculation
of PEIs based on the impact or effect of the input and output flow rates (energy and mass) from a
process if they were discharged arbitrarily [49]. In the present study, the rates of PEI of the three
scenarios investigated have been comparatively assessed. To simplify the comparative assessment,
the heating energy duty estimated using the ASPEN plus energy analyser was assumed to be satisfied
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using natural gas as the primary fossil-based energy source. Briefly, the conceptual rate of PEI out of a
process is calculated using Equations (6) and (7) [51],

. P b
I = ) 1™ =Y M™Y. xidh (6)
i i k

‘ rs
Lout? = Z Mioutz XkiPk @)
i k
such that the summation of these equations facilitates the calculation of the rate of PEI out of a system.

-C
In these Eqns., I Oit is the rate of PEI out of a system due to chemical interactions within the system;

I?;t is the rate of PEI out of a system due to energy generation processes within the system; M?ut is the
mass flow rate of output stream i, xy; is the mass fraction of component k in output stream 7, and gy is
the potential environmental impact due to component k. The parameter, g, is the summation of the
specific PEI of component k of the impact categories ! as follows [51],

P =) g, ®
)

where a; represents the relative weighting factor of impact categories, I (Table 2), with all impact
categories considered equally significant in the present study.

Further descriptions of the WAR algorithm are presented elsewhere and outside the scope of the
present study [16,51,52].

3. Results and Discussion

The Aspen model process conditions are presented in the Supplementary Information document.
Table 3 shows that the gasification of waste N95 facemask will lead to the yield of 3 kg of syngas for
every kg of waste N95 facemask. This result is slightly larger than the yield of syngas of 2.4 kg per kg
of wood biomass [53] with the difference explained by the difference in feedstock as highlighted by the
comparatively higher carbon and hydrogen content of the waste N95 facemask. The syngas generated
from the steam gasification of N95 facemask waste was also established to be composed of Hy, CO,
and CO; in mass basis percentages of 12%, 27%, and 61% respectively.

Table 3. Mass balance results for major streams in the process for waste N95 facemask gasification for
steam and power generation (scenario i).

Waste N95  Cellulose Polypropylene

Stream Property. Syngas Ash  Steam

Facemask Fraction Fraction
Temperature (°C) 25 25 25 1000 25 349.5
Pressure (atm) 1 1 1 1 1 1
Mass Fractions (x)
Water 0.00 0.00 0.00 0.00 0.00 1.00
Polypropylene 0.75 0.00 1.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.12 0.00 0.00
Carbon monoxide 0.00 0.00 0.00 0.27 0.00 0.00
Carbon dioxide 0.00 0.00 0.00 0.61 0.00 0.00
Ash 0.00 0.00 0.00 0.00 1.00 0.00
Cellulose 0.25 1.00 0.00 0.00 0.00 0.00
Mass Flows (kg/h) 1770 4425 1327.5 5310.0 13.1 10000

The composition of the syngas on a mass basis is 12%, 27%, and 61% for H, CO, and COs,,
which translates to a mole basis composition of 71%, 12%, and 17%. Therefore, the LHV of syngas can
be estimated to be ~9.8 MJ/Nm?. The LHV estimated is consistent with expectations from the literature
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for the LHV of syngas produced from plastic mixtures of 9.0 to ~12 MJ/Nm? [54,55]. Interestingly,
when the mole percentage composition of the syngas generated in the present study is compared
with the composition of the syngas generated from the gasification of PP alone, several variations are
observed as illustrated in Table 4.

Table 4. Mole composition of syngas from the gasification of waste N95 facemask and pure PP feedstock.

Molar Composition of Syngas This Study Pure PP 2 Feed [56]
Hydrogen 71 67.25
Carbon monoxide 17 25.24
Carbon dioxide 12 7.33
Methane 0 0.18

2 PP denotes polypropylene.

This difference in syngas compositions may be explained by recognising the compositional
difference in the feedstocks, i.e., 75 wt% of PP in the present study compared to 100 wt% of PP in
the study of Saebea et al. [56]. It is hypothesised that the reduced PP hydrocarbon content may be
responsible for the absence of CH, in the syngas product of the present study. Furthermore, the higher
H, concentrations in the present study are simply a reflection of the higher steam to feed ratio of
2 compared to 1 in the study of Saebea et al. [56]. The syngas generated is subsequently transferred to
a combined heat and power (CHP) system steam and electricity generation. Employing a CHP system,
it was also demonstrated that it is possible to generate 6141.28 kW of electricity and 10,000 kg/h of
superheated steam at a temperature of 349.5 °C and pressure of 1 atm. Table 5 shows that the yield
of the oil product is #78.2 wt%, which is slightly outside the range anticipated for thermochemical
conversion of pure PP plastics to energy dense oil of 70-80 wt% [57]. The HHV of this oil product can
be estimated to be 36 MJ/kg (Equation (2)), which is higher than the HHV of butanol (34.4 MJ/kg) and
slightly less than the HHV of heavy fuel oil (39 MJ/kg) [35]. The results also show that for the waste
NO95 facemask composed of cellulose and propylene, in mass ratios of 1:3, the resulting energy-dense
oil product was characterised by negligible 5-(hydroxymethyl)furfural formation-based compositional
estimates using the Gibbs free energy minimisation reaction approach.

Further assessment of the results presented in Table 5 shows that the gasoline fraction of the
oil product, designated as C4—C1,, was estimated to constitute the major component, with a value
of ~95 wt%. This observation is not entirely unexpected, since previous experimental work had
established that the HTL of only PP feed would produce a mainly gasoline-like product of >80 wt%
gasoline content that is capable of being utilised directly in gasoline blends [26]. Conveniently, this
result also suggests that further upgrading of the energy-dense oil product may not be necessary
due to the high gasoline content of the oil product. However, crucially, since the oil product is not
completely gasoline, the selling price of the oil product (Pp) cannot be equivalent to the selling price of
gasoline (Pg) and was estimated as dependent on the mass fraction of the solely gasoline fraction (x),
(i.e., Po = x Pg) and employed in NPV calculations.

Based on the results presented in Table 6, 0.63 kg of ethanol may be generated from 1 kg of waste
NO95 facemask. Discussions related to the yields of syngas have been presented earlier above. On a
carbon monoxide (CO) basis, the ethanol yield is shown to be 48% on a mole basis. This ethanol yield
on a CO mole basis is higher than the ethanol yield reported for the syngas fermentation of 39.6%
in the study of Rajagopalan et al. [58] and less than the yield reported in the work of Shen et al. of
51% [59]. Utilising a molecular sieve, the ethanol with a purity of 99.8 wt% was generated.
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Table 5. Mass balance results for major streams in the process for N95 facemask waste liquefaction for
energy-dense oil production (scenario ii).

Stream Property Waste N95  Cellulose  Polypropylene HTL 0il Gas
Facemask Fraction Fraction Product Mix  Product Product
Temperature (°C) 25 25 25 425 25 25
Pressure (atm) 1 1 1 227 1 1
Mass Fractions (x)

Water 0 Trace 0 0
Polypropylene 0.75 0 1 0 0 0

CcO 0 0 0 0.204 0 0.773

CO, 0 0 0 0.007 0 0.025
Ash 0 0 0 0.007 0 0
C11Hpp 0 0 0 Trace Trace 0
CioHyy 0 0 0 0.004 0.006 0
CgHyg 0 0 0 0.000 Trace 0
CoHyg 0 0 0 0.014 0.019 0
CioH2 0 0 0 0.036 0.050 0
C11Hoy 0 0 0 0.233 0.320 0
C1oHyg 0 0 0 0.288 0.40 0
CsHpp 0 0 0 0.037 0.051 0
CeHig 0 0 0 0.050 0.068 0
CyHqg 0 0 0 0.066 0.091 0

CH,4 0 0 0 0.013 0 0.048

CyHg 0 0 0 0.005 0 0.021

C3Hg 0 0 0 0.012 0 0.046

C4Hyp 0 0 0 0.023 0 0.088
Cellulose 0.25 1 0 0 0 0
HMF 0 0 0 Trace 0 0

Mass Flows 1770.0 442.5 1327.5 2002.9 1460.7 529.1

Table 6. Mass balance results for major streams in the process for waste N95 facemask syngas
fermentation for ethanol production (scenario iii).

Waste N95  Cellulose Polypropylene Waste
Stream Property Facemask Fraction gll?act[i,g’n Syngas Ethanol Water
Temperature (°C) 25 25 25 1000 25 25
Pressure (atm) 1 1 1 1 1 1
Mass Fractions (x)
Water 0.00 0.00 0.00 0.00 0.00 0.48
Polypropylene 0.75 0.00 1.00 0.00 0.00 0.00
Ethanol 0 0 0 0 1 0.03
Hydrogen 0.00 0.00 0.00 0.12 0.00 0.00
Carbon monoxide 0.00 0.00 0.00 0.27 0.00 0.00
Carbon dioxide 0.00 0.00 0.00 0.61 0.00 0.00
Acetic acid 0.00 0.00 0.00 0.00 1.00 0.49
Cellulose 0.25 1.00 0.00 0.00 0.00 0.00
Mass Flows (kg/h) 1770 442.5 1327.5 5310.0 1113.9 3187.5

Employing the ASPEN energy analyser, the gross heating duty shown in Figure 5a represents the
total amount of energy to be supplied for heating process streams, externally, in the absence of heat
integration. Meanwhile, the gross cooling duty in Figure 5a also represents the cooling duty necessary
in order to satisfy set process temperatures. Figure 5b, on the other hand, assesses the effect of total
heat integration on utility requirements in all scenarios considered.
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Figure 5. Utility requirements for the processes considered in the present study without heat integration
(a) and with heat integration (b).

Figure 5a shows that no external heating requirements are required in both the waste N95
facemask conversion to steam and energy via CHP and oil energy-dense production via HTL processes.
These observations are not unexpected, since both processes are highly exothermic at steady-state
conditions [60-62], more so at high temperatures, and cooling utilities will be required to maintain set
temperatures. Figure 5a shows that the cooling requirements in the waste N95 facemask conversion to
steam and energy via CHP and oil energy-dense product via the HTL processes before (after) heat
integration are 17,340 kW (19,450 kW) and 3336 kW (3324 kW), respectively. It is interesting to note
that heat integration in the CHP process results in the requirement for a higher external cooling utility
requirement. This is because heat integration limits the loss of heat via waste ash steam, making the
heat available for the overall process, thus implying a higher need for external cooling. In the waste
NO95 facemask-syngas—fermentation process, the externally required heating and cooling utilities before
(after) heat integration were calculated to be 7197 kW (5404 kW) and 9892 kW (8100 kW), respectively.

The energy and mass balance results generated thus far were employed in cost estimates with
the total capital cost (i.e., CAPEX) and the operating cost (OPEX) results presented in Table 7. Table 7
also shows that scenario ii and scenario i, representing the process for waste N95 facemask conversion
to energy-dense oil product via HTL and steam and energy via CHP constitutes the best and second
best economically viable processes with NPV values of MU$ 53.07 (MU$ denotes million US dollars)
and MUS$ 36.6 respectively. Scenario ii’s high NPV is a reflection of the generation of a valuable
energy-dense oil product and the absence of addition oil upgrading steps, while the NPV of scenario i
may be a reflection of the simplicity of the process.

Table 7. Outcome of the economic assessment.

Economic Parameter Scenario i Scenario ii Scenario iii

Fixed capital investment (MU$) 7.24 4.08 8.36
Working capital investment (MU$) 0.36 0.20 0.42
Total capital investment (MU$) 7.60 4.28 8.78
Fixed operating cost (MU$) 1.76 1.49 1.85
Variable operating cost (MU$) 10.23 1.26 11.55
Total operating cost (MU$) 11.99 2.75 13.40
NPV (MU$) 36.6 53.07 —46.1

Negative net present value (NPV) indicates that the project is not feasible (MU$ denotes million U$ in the reference

year of 2020).

Based on the WAR results presented in Figure 6, the gasification—fermentation of N95 facemask
waste for ethanol production (scenario iii) is estimated to present the highest rate of potential
environmental impact (1.59 PEl/h) followed by the PEI of HTL of N95 facemask waste for the
production of an energy-dense oil product (scenario ii) with a value of (1.20 PEl/h) and the PEI of the
process for steam and energy generation from N95 facemasks via a gasification and cogeneration system
(scenario i), with a value of (0.28 PEl/h). Figure 6 also shows that the photochemical oxidation potential
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(PCOP) index constitutes the major impact category of the PEI for scenario iii and scenario ii processes.
The high PCOP indexes of scenario iii (0.9 X 1073 PEI/h) and scenario ii (~0.7 x 1073 PEI/h) relative
to scenario i (=0 PEI/h) is a reflection of the increased potential of photochemical smog formation in
sunlight and low-humidity conditions due to the generation of precursory (secondary) pollutants
of volatile organic compounds (i.e., ethane, ethylene) [63]. Such a generation of volatile organic
compounds (VOCs) is absent in scenario i as the combusted syngas does not result in VOCs. Similarly,
scenarios iii and ii are also observed to present higher indexes of HTPI of ~0.32 x 10~3 PEI/hand
~0.2 x 1072 PEI/hrespectively compared to the HTPI index value of ~0.1 X 10~ PEI/h, implying that
scenario iii will present the least favorable effect on humans possibly due to the combined effects of
the waste streams. Similar trends are also observed when the TTP (i.e., measure of terrestrial toxicity)
indexes for all scenarios are considered.

2.00

1.50

PEI/ht (X10%)

1.00
0.00 = ﬂ How Coom o N
HTPI HTPE TTP ATP GWP oDp PCOP AP TOTAL

0O Hydrothermal liquefaction of N95 facemask waste
O Gasification-fermentation of N95 facemask waste
B Steam and energy generation from N95 facemask waste

Figure 6. The comparative assessment of the potential environmental impacts of hydrothermal
liquefaction (HTL) of waste N95 facemask, gasification—fermentation of waste N95 facemask and steam
and energy generation from waste N95 facemask production processes. HTPI denotes the ingestion
impact category, HTPE denotes inhalation/dermal impact category, TTP denotes terrestrial toxicity
impact category, ATP denotes aquatic toxicity impact category, GWP denotes global warming potential
impact category, ODP denotes ozone depletion potential impact category, AP denotes acidification
potential impact category, and PCOP denotes photochemical oxidation potential impact category.

The generation of large residual post-HTL water in scenario ii is also shown to lead to a higher
potential of increased aquatic toxicity if disposed in surrounding aquatic bodies. Based on the result
presented in Figure 6, scenario iii, which describes the gasification—-fermentation of waste N95 facemask
for ethanol production, will constitute the least environmentally favorable approach for waste N95
facemask management; scenario i, which describes steam and energy generation using waste N95
facemask as the feedstock, is considered the most environmentally favorable approach. Therefore,
it may be suggested that if both environmental and economic performance parameters constitute
indicators of importance to policy makers, the utilisation of waste N95 facemask for steam and
electricity generation and energy-dense oil product generation will be the preferred waste management
processes overall. However, if economics constitute the focus of policy makers, then it may be more
favorable to employ the waste N95 facemask stream in the production of an energy-dense oil product
via HTL.

Study Considerations and Limitations

At this juncture, it is important to state that favorable economic and environmental performances
of the waste N95 facemask conversion to the energy-dense oil are largely a function of the avoided
upgrading steps that typically characterise HTL processes. In other words, higher mass fractions
of the cellulose fraction in the waste may lead to the production of an oil product characterised by
reduced gasoline fraction and an increased composition of oxygenated compounds. Such oxygenated
compounds will reduce the overall HHV of the oil product with additional upgrading steps,
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potentially leading to unfavourable economic and environmental outcomes. Furthermore, in this
study, the boundaries of the processes have been defined such that possible challenges associated
with contamination in the facemasks due to suspensions in the air are not considered. This is because
the concentration of such impurities will vary significantly (and continuously) for different locations.
It is also acknowledged that the study assumes that a plant lifespan of 30 years in all scenarios. This
assumption is supported by the anticipation that although the authors are hopeful that the COVID-19
pandemic is resolved soon, the medical sector will continue to generate masses of polypropylene
containing medical waste facemasks, since they constitute an invaluable component of personal
protective equipment. It must also be acknowledged that results of the study have not been compared
with experimental results, due to the absence of the latter in literature, with the predicted yields
of the products obtained solely via simulation work. Experimental work to further support the
conclusions of the present study is therefore required and may constitute the basis of future work
in the area. The results in the present study thus provide a generalized basis for the comparison of
possible waste facemask conversion and utilization technologies, and seek to aid preliminary decision
making processes regarding the application of suitable management strategies to mitigate the associate
challenges of medical waste management.

4. Conclusions

In this study, a process simulation and a cost analysis were carried out for waste N95 facemask
conversion to steam and electricity, energy-dense oil (36 MJ/kg), and ethanol products. The generation
of steam and electricity via CHP and the generation of ethanol via fermentative processes employed
syngas as an intermediate product. Using conceptual process models developed using Aspen Plus,
this study was able to show that the conversion of waste N95 facemask to the aforementioned products
was technically feasible, and they could constitute suitable approaches to managing the waste N95
facemask streams. The study demonstrated that based on economic feasibility measures, it was
economically impractical to consider ethanol production from N95 facemask waste via a syngas
fermentation process, since a net present value (NPV) of -MU$46 was estimated. Interestingly,
the waste N95 facemask conversion to syngas for steam and electricity generation and conversion
to an energy-dense oil product were shown to be both favorable processes, when both economics
and environmental performance outcomes were considered. Further environmental performance
assessments established that the waste N95 facemask to syngas fermentation process is also the least
environmentally favorable process overall, thus reemphasising the impracticability of the process in
the study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-7084/4/3/54/s1.
Table S1: Economic assumptions employed in the study; Table S2: Capital cost components employed in TCI
(CAPEX) determination; Table S3: Operating cost components employed in TOC (OPEX) determination (all costs
used are available in the associated reference sources); Table S4: Data employed in developing the cash flow table;
Table S5: Thermodynamic model inputs and major reaction equations.
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