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A B S T R A C T   

The world is witnessing an unprecedented generation and accumulation of fiber-plastic wastes resulting in 
various challenges due to inconsistency, waste-stream heterogeneity, conveying issues, self-heating, and diffi
culty in pelletization. This study presents a novel pilot-scale system that integrates torrefaction and extrusion to 
convert mix fiber-plastic waste into fuel pellets. The produced pellets have low cost, high heating value, better 
uniformity, and low environmental impact. They can be used as solid fuels or as feedstock for pyrolysis and 
gasification. To evaluate the pellet cost and its environmental impact, we performed Techno-Economic Analysis 
(TEA) and Life Cycle Assessment (LCA). The TEA integrates research findings from the torrefaction-extrusion 
project with the techno-economic models and estimates the costs, energy consumption, and mass balances for 
pelletizing and torrefaction. The analysis indicates that the baseline cost of producing uniform pellets is about 
$55.28/dry tonne (2020$). LCA results indicate that the torrefied product has cradle-to-gate embodied green
house gas emissions that are net negative, although they are higher than a comparable forest-derived woodchip 
product. Fossil energy demand for the torrefied product is lower than the forest-derived chip, indicating the 
torrefied product has strong potential for use as an environmentally beneficial feedstock for future processing.   

1. Introduction 

As the world population continues to increase, so does waste gen
eration. It is anticipated that, by 2050, humans will generate wastes at a 
record high of 3.4 billion t/yr worldwide [1]. As a result, we are wit
nessing an unprecedented accumulation of fiber/plastic wastes in 
landfills, land, and oceans with well-documented negative consequences 
[2,3]. To address this, some countries have adapted the waste-to-energy 
approach as a preferred path [4]; however, the downside of this 
approach is that waste-to-energy can be costly due to high operational 
and gas cleanup costs to meet emission standards [5]. In parallel, in the 
U.S., states like Florida and California have mandated the approach of 
high recycling rates [6,7], but with world events like the Chinese ban on 
recyclable imports [8], critical issues with recycling have surfaced. 

Apart from these challenges, recycling cost is often driven up due to 
barriers like (a) inconsistencies of wastes, (b) heterogeneity in the waste 
stream, (c) bridging and conveying issues due to the low feedstock 
density, (d) inefficient separation technologies for recyclable polymers, 
and (e) difficulties in flowing wastes into reactors. As we strive to 
become truly sustainable, these challenges must be addressed. 

One pathway to address these challenges is the thermo-chemical 
pathway of torrefaction. It is a process of heating the feedstock at tem
peratures usually ranging from 250 ◦C to 350 ◦C in the absence of ox
ygen or in an oxygen-starved environment [9,10]. Torrefaction converts 
the feedstock mainly into solids, which can be used as a solid fuel in 
cofiring boilers and cement kilns or upgraded to transportation fuels, 
sustainable aviation fuels, and chemicals through catalytic pyrolysis or 
gasification [11–14]. Torrefaction using biomass as a feedstock has been 
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studied extensively [15–18] and has been regarded as a promising en
ergy source [19–22]. However, biomass presents several disadvantages, 
as pointed by the five years long industrial-scale study by Nunes [23] 
and several other studies [19,24] like low feedstock density, problems 
associated with logistics and handling, high raw material prices, high 
moisture contents, self-heating, difficulty in pelletizing and excessive 
wear of production equipment. 

The current study focuses on the torrefaction of fiber-plastic waste 
blends; the use of plastic along with fiber (biomass) addresses the 
biomass-related issues mentioned above in Nunes’s study [23]. It has 
been discovered that plastic acts as an enabler to the torrefaction- 
extrusion process by providing higher calorific value [25], signifi
cantly reducing self-heating tendency by encapsulation of reactive tor
refied fiber [26], acting as a lubricant to reduce the wear and tear of the 
production equipment, facilitating material binding during the 
extrusion-pelletization processes and also making produced pellets 
water repellant [25]. Along with biomass, torrefaction of fiber-plastic 
wastes has also been extensively studied and documented 
[10,25,27,28]. 

The torrefaction technology presented in the current study is an in
tegrated torrefaction-extrusion technology that can produce torrefied 
pellets from a mix of fiber and plastic wastes. Both paddles and the 
extruder have been extensively studied independently; for instance, Bar- 
Ziv et al. studied the use of paddles for torrefaction of biomass at a 
commercial scale and have successfully shown its suitability to produce 
bio-coal briquettes [29], and Zinchik et al. studied the paddle reactors at 
lab scale and produced pyrolysis oils [30] and recently Kolapkar et al. 
[31] have studied a torrefaction-extrusion reactor and presented the 
thermo-mechanical properties of the torrefied pellets. In addition, 
extrusion has also been studied and has been used extensively in the 
plastic industry for several decades [32]. The integrated paddle and 
extrusion reactor used in this study, also referred to as torrefaction- 
extrusion reactor, uses a single shaft, which mixes the waste blend, 
heats it, degrades the blend while removing chlorine, and finally ex
trudes it into uniform pellets. These pellets are ready to be used for 
combustion for power applications or upgraded to liquid/gaseous 
products and chemicals. This is a pilot-scale unit operating at a 
throughput of 800 t/yr. It has been developed by the team with the 
notion of scaling it up to a full commercial scale. The reactor-extruder 
part has been described in detail in the previous studies [26,31]. The 
current study provides comprehensive details on the integrated system 
and for each component, beginning from the waste processing stage all 
the way to the pellet storage, providing operation and energy data. 

For the successful market implementation of torrefaction technolo
gies, International Energy Agency provided the following key recom
mendations [20]: the need for production scale-up, end-user confidence, 
lower product price, standards for sustainability and traceability, 
product standards, and torrefying wastes. To substantiate that this 
technology addresses these recommendations for future market imple
mentation, we performed Techno-Economic Analysis (TEA) and Life
Cycle Assessment (LCA). The TEA for the torrefaction-extrusion system 
is aimed at deriving the product cost at a commercial scale. Literature 
was surveyed for understanding the comparative cost of delivered tor
refied biomass and mixed fiber-plastic wastes. 

Costs of biomass torrefaction have been extensively studied [33,34] 
(and references cited therein), showing that the cost of biomass is a 
significant contribution to the overall cost. Whalley et al. [35] indicated 
that in the U.S., the delivered cost of biomass ranged from $8–$82/green 
tonne, International Renewable Energy Agency states that the cost of 
forest residues and wood waste range between $10 to $30/t while en
ergy crops (corn stover, straw) cost $39–$60/t. Wright et al. [36] esti
mate the cost of biomass (corn stover) to be $83/t. It is observed that 
biomass cost largely depends on the type of biomass, production source, 
and transport cost and has been reported as high as $110/t [34] based on 
these factors. If this feedstock cost is further normalized based on 
moisture content and the mass loss in the torrefaction process, the cost of 

biomass per tonne of torrefied material may increase further by $60-80/ 
t torrefied material. 

In contrast to biomass, a tipping fee is paid for wastes (MSW and 
industrial waste consisting of fibers and plastic). U.S. average tipping fee 
ranges from $50.87–$55.72 per U.S. short ton (1 U.S. short ton = 0.907 
metric tonne) [37]. Assuming that the torrefied fiber-plastic waste 
product requires 1.5 times the incoming waste [10,25], considering the 
moisture content and mass loss required, the average tipping fee per 
tonne of torrefied product increases to $84.11–$92.13. In terms of 
economics, for feedstock cost/t of torrefied fuel, the use of fiber-plastic 
wastes can be a considerable incentive compared to biomass (negative ~ 
$83/tonne vs. ~$60/t, a difference of ~$143/t). This number may in
crease even further if the cost per energy basis is factored in, as plastic in 
the wastes adds to the blend’s overall heating value. Thus, using fiber- 
plastic wastes has not only significant economic benefits but also oper
ational and safety benefits. The TEA provided in this study provides the 
cost of the product based on the capital and operating costs. 

In addition to the technical and economic feasibility, the environ
mental sustainability of the process and product should also be consid
ered. Untreated or improperly treated, fiber-plastic wastes can have 
detrimental environmental as well as health impacts [38]. With growing 
awareness about the environmental impacts of processes, LCA has 
become a popular tool to quantify the environmental impact. An LCA 
study by Sauve et al. estimated the environmental impact of landfills for 
MSW and showed CO2 emissions ranged between 124 and 841 kg CO2 
equivalent/t [2]. Dong et al. studied the impact of incineration and 
pyrolysis and reported 416 kg CO2 equivalent/t for the incineration 
process and 420 kg CO2 equivalent/tonne emission for pyrolysis [39]. 
Recent work on MSW conversion to liquid transportation fuels indicates 
that MSW can serve as a feedstock to produce fuels and chemicals with 
favorable environmental profiles compared to conventional fossil 
products [40]. 

It should be noted that moisture is present in the fiber-plastic wastes. 
Our current system can handle moisture content of up to 10%. Any 
content above that value should be handled by an additional dryer, 
which is not included in this study. The inclusion of a dryer should affect 
both LCA and TEA. 

Overall, the current study documents (a) the development of a pro
posed solution to address the issues described; (b) conduct TEA; and (c) 
conduct LCA of the mixed fiber-plastic waste torrefaction system. We 
explore the development and production of torrefied pellets from pre
sorted plastic and fiber wastes, which can be utilized as a fuel to produce 
heat and power. This study includes (i) data from an integrated pilot- 
scale system operating at up to ~800 t/yr producing pellets, and (ii) 
TEA and LCA for a commercial scale 100,000 t/yr system, which in
cludes a heat management system where the torrefaction gas stream 
(comprising some heating value) is burnt in a furnace, and the flue gases 
are used for drying and process heat [29]. 

2. Materials and methods 

2.1. Materials 

The blend of fiber-plastic wastes material was supplied by Convergen 
Energy (CE) LLC. It was shredded using various-stage shredding process 
from as-received material on the tipping floor, see Fig. 1(a), to ≤50 mm, 
see Fig. 1(b). Shredding is accomplished first by a Vecoplan RG-98 to 
≤300 mm, then by Vecoplan VAZ-2500 to ≤50 mm. The feedstock is a 
blend of fiber-plastic wastes presorted by removing stones, glass, and 
metals. The shredded material was adjusted to provide consistent heat 
content of 25 MJ/kg, by tuning the fiber-to-plastic ratio, commonly 
requiring 60%–40%, fiber-to-plastic blend. After this shredding stage, 
the received material’s density (as received from Convergen Energy and 
shown in Fig. 1a) is between 40 and 70 kg/m3. Further shredding was 
carried out to a size of ≤3 mm at the pilot plant using Allegheny 16- 
75CX, see Fig. 2(a). The material’s density after this shredding stage is 
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between 105 and 120 kg/m3. Pellets produced using the integrated 
torrefaction-extrusion are shown in Fig. 2(b). The pellets presented show 
two different levels of torrefaction extent. 

FTIR spectroscopy was used to identify the types of fiber and plastics 
present in the blend of incoming materials using a Thermo-Scientific 

Nicolet Summit Pro spectrometer with an attenuated total reflection 
(ATR) accessory (Zn–Se crystal, iD5). Hundreds of randomly chosen 
pieces were analyzed using the OMNIC V-9 software package, plastic 
standards (low-density polyethylene from Rainer Plastics, Inc., high- 
density polyethylene from Equistar Petrothene LB01000, and 

Fig. 1. (a) Presorted mixed fiber-plastic ‘as-received’ on the tipping floor; (b) mixed fiber-plastic after three-stage shredding to size ≤50 mm.  

Fig. 2. (a) Mixed fiber-plastic waste after shredding to ≤3 mm, and (b) Pellets produced in the pilot-scale system using the mixed fiber-plastic waste at different 
levels of torrefaction. 

Fig. 3. Scheme of the pilot-scale torrefaction-extrusion process.  

S.S. Kolapkar et al.                                                                                                                                                                                                                             



Fuel Processing Technology 226 (2022) 107094

4

polypropylene (PP) from Amcor), and Aldrich, Hummel, and Nicolet 
spectral libraries. The main types of the plastics identified using an FTIR 
analysis were Low-density Polyethylene (LDPE), High-density Poly
ethylene (HDPE), Polypropylene (PP), Polyethylene Terephthalate 
(PET), and traces of Polyamides (Nylon), while identified fibers mainly 
comprised of paper, cardboard, and carton. Detailed physical and 
thermo-mechanical characteristics of the biogenic (fibers, paper, etc.) as 
well as the plastic portion of the feedstock used in this work are detailed 
in our earlier study [10,25]. Additional insights on the chemical kinetics 
of fibers are presented in our separate past study on fiber wastes [9,27]. 

2.2. The pilot-scale integrated torrefaction-extrusion system 

The scheme of the integrated torrefaction-extrusion system is pre
sented in Fig. 3. The feedstock is introduced in a shredder (1) where it is 
downsized to a ~ 3 mm size and then conveyed using bucket elevator B1 
(2) to a live bottom hopper (3) that monitors the feed rate further 
downstream. This is followed by material conveying by a bucket 
elevator B2 (4) into crammer (5) that preheats and densifies the material 
and creates an air seal preventing air from entering the reactor (6). The 
material then flows into a paddle reactor (7), where it mixes well, heats 
up, and undergoes a thermal decomposition through torrefaction. The 
torrefied material in the reactor flows into the extruder (8), densifying it 
into long rods. The extruder temperature is controlled by a heating/ 
cooling system (not shown) using oil (Therminol XP) as heat transfer 
fluid. The long rods are cut into pellets of predetermined size using the 
cutter (9). Note that the reactor is continuously purged by nitrogen (not 
shown) to ensure an oxygen-free environment, and an induced-draft (ID) 
fan removes the off-gases into a furnace that burns the organic material 
in this stream. The cut pellets are conveyed using a bucket elevator B3 
(10) to the pellet cooler (11) for cooling. The cooled pellets are conveyed 
again using bucket elevator B4 (12) to the pellet storage box (13). We 
note that the extruder outlet also acts as an airlock to prevent air from 
entering the reactor. The gas stream generated from the torrefaction 
process is cleaned by passing it through Dry Sorbent Injection (DSI) (15) 
and two cyclones (16) connected in series to a gas cleanup system (not 
shown). We note that the gas stream can be utilized to provide some of 
the process energy. The following sections detail each of the key com
ponents of the system. 

2.2.1. Shredding 
Downsizing was found to be an essential pre-process for torrefaction 

and extrusion. Low-shear shredding allows the material to be downsized 
to ~3 mm flakes without ‘fluffing up’ - a volumetric expansion effect 
caused by the presence of fibers. The main advantages of the low-shear 
downsizing approach are: (i) up to three times density increase, thus 
reducing downstream components’ size; (ii) prevents the formation of 
very-low-density fluffy material caused by high-shear shredding; (iii) 
produces a significantly more uniform blend than the incoming mate
rial, and (iv) reduces the material bridging tendency. Shredding to ≤3 
mm was accomplished by Allegheny cross-cut shredder model 16-75CX, 
using a 7.5 kW motor; a conveyor was used to feed the shredder, oper
ating at a speed of 23 m/min. After passing through cutters, the material 
is cross-cut and reduced to a size of 3 mm broad stripes. Further 
reduction in particle size can be achieved using recirculation of material. 

2.2.2. Live bottom hopper 
Accurate material feeding is essential for the well-controlled torre

faction process. Fig. 4a shows the live bottom hopper developed and 
manufactured in-house for this purpose. The live bottom hopper has the 
following characteristics: (a) negative hopper angle, i.e., the width at the 
bottom is larger than the top with a 3◦ incline, (b) independently 
controlled variable pitch screws. The negative hopper angle avoids any 
occurrence of bridging during the material flow. The variable pitch al
lows maintaining a constant material level in the hopper. The weight of 
the bottom hopper is monitored continuously using four load cells (not 

shown) placed under the legs. Each leg has vibration insulating pads to 
insulate the motor vibration from the load reading. 

2.2.3. Bucket elevators 
Four bucket elevators are used for conveying the material from one 

piece of equipment to the other. Bucket elevators are known for their 
suitability and reliability in conveying bulk material. The bucket ele
vators used in the system are U-series bucket elevators of various heights 
and capacities manufactured by Universal Industries, Inc. 

2.2.4. Airlock and crammer 
Continuous and stable feeding is critical for the operation of any fuel- 

producing facility. Wastes are known to have flowability problems such 
as bridging in hoppers due to various reasons like heterogeneity, 
different particle size, density, high moisture content, and compress
ibility [41]. A standard solution to this problem is to limit the type of 
material used or to use pneumatic or mechanical agitation techniques. 
However, neither provides an efficient solution for the mixed fiber- 
plastic waste used in this study. We developed a crammer that can 
provide a constant mechanical agitation and direct the material down
wards to deal with this issue and densify the material as well. Fig. 5 
presents a schematic of the airlock and a crammer unit. The material is 
continuously fed by gravity from the top to the airlock. The airlock used 
in the system is an S8 series double-flap type airlock by Plattco® Cor
poration. One flap out of the two in the airlock is always in the closed 
position, allowing the airlock to maintain a positive seal constantly. The 
airlock is followed by material dropping in a sharp 70◦ angle crammer 
chute with polytetrafluoroethylene (PTFE) coating to prevent material 
buildup. The material is then received by a double helix auger that en
sures proper and fast material feeding into the main chamber. As the 
material continues to flow, it is compacted with two-stage cross-section 
reductions from 0.30 m to 0.15 m and 0.15 m to 0.10 m, respectively. 
This reduction generates a higher friction coefficient that compresses the 
material from ~50 kg/m3 to 650–700 kg/m3. 

The crammer is equipped with six external electrical heating ele
ments, maintained at 180–220 ◦C, to dry (up to 10% moisture content) 
the incoming fiber-plastic waste and to help soften the plastics in the mix 
and form paste-like material, reducing friction with the crammer’s 
walls. The crammer temperature was selected according to a differential 

Fig. 4. Live bottom hopper with positive angles and independently controlled 
variable pitch screws. 
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scanning calorimetry (DSC) measurement that indicates phase transition 
(melting) of the major plastic components. One of the major advantages 
of crammer is its 100% fill rate which leads to a compact footprint, high 
rate of heat transfer, the ability to dry the material to yield a uniform 
paste and input material into the mouth of the reactor at a high mass 
feed rate. It is important to note that the crammer requires plastic for 
operation; it does not work with 100% fiber; experiments show that at 
least 10–15% plastic is required to enable smooth working. 

2.2.5. Torrefaction-extrusion reactor 
The fiber-plastic waste material is mixed, heated, torrefied, and 

extruded to produce rods before being cut into pellets. Fig. 6 shows the 
integrated torrefaction-extrusion reactor. It is described in detail in a 
previous study [31]; a brief description is provided below for conve
nience. The reactor is made of a 4-in. diameter shell externally heated by 
a series of electrical heaters. The shaft, 1.5 in. in diameter, is made from 
15-5PH stainless steel. The reactor is designed with 4 zones: (i) transi
tion zone; (ii) heating-reaction-grinding zone; (iii) feed zone (pre- 
extrusion); and (iv) extrusion zone. Each zone is designed to address a 
unique problem. Zone (i) addresses the feeding-related issue, ensuring a 
smooth and fast transition from the inlet of the reactor to the next zone. 
Zone (ii) is designed to maximize residence time and increase the mixing 
of the materials. As residence time and temperature determine the rate 
and extent of torrefaction, this design has significantly improved resi
dence time by up to a factor of 3 compared to a regular screw reactor 
[31]. Enhanced mixing has been proven to improve heat transfer from 
the walls and radial temperature uniformity [26]. Zones (iii) and (iv) 

compact the material to a density suitable for storage and transportation 
while maintaining a low L/D ratio. At the end of the extruder, the ma
terial is guided to the die using a unique die design. The compressed 
material at the die also creates a plug, or an airlock, preventing oxygen 
penetration into the reaction area. While torrefaction occurs at 
250–350 ◦C, extrusion temperature is critical for ensuring optimal pellet 
quality, occurring at 160–180 ◦C, which requires efficient cooling 
(described following). 

We note that in a regular torrefaction plant, each of the above- 
mentioned functions is carried in a separate reactor or component 
[42]. The plastic in the blend is enabled to carry all these stages (heat
ing-reaction-grinding and extrusion) in one reactor by one shaft as the 
plastic turns the blend into a paste after melting. 

The extruder temperature was controlled by an oil heating/cooling 
system using mineral oil due to its high heat capacity and safety char
acteristics. The system used for temperature control was manufactured 
by Heat Exchange and Transfer Inc., PA, USA, using Therminol XP® oil. 
During the startup, the oil is heated using an inbuilt 15 kW heater, while 
during the operation, it is cooled using a 73 kW capacity oil to the water 
heat exchanger. 

2.2.6. Cutter 
Pellet cutting is essential in the pelletization process. The ring die 

produces multiple rods (8-hole, 0.5-in. diameter) that must be cut to 
produce pellets. Fig. 7 shows the cutter, with multiple blades developed 
for throughput up to 200 kg/h. The cutter is attached to the extruder 
with its spring-tensioned blades to maintain contact with the outer 
surface of the ring die. The blades are manufactured from tool steel alloy 
and are thermally treated to a hardness of HRC 55 for extended life and 
reduced blade dullness. To produce a uniform length of pellets, the 
rotation speed of the cutter is coupled using a PLC code with the die 
pressure measurement, as for a given material and temperature, extru
sion velocity is a function of die pressure. 

Fig. 5. Schematic showing the airlock and various components of the crammer.  

Fig. 6. Integrated torrefaction-extrusion reactor showing the scale and various zones.  

Fig. 7. Scheme showing the cutter.  
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2.2.7. Pellet cooler 
Pellets exit at a temperature in the range of 160–180 ◦C and must be 

cooled before storage and transportation. A commercial counterflow 
cooler of 500 kg/h capacity manufactured by Münch-Edelstahl GmbH is 
used as part of the system. Pellets are conveyed from the cutter by a 
bucket elevator into an airlock on the top of the cooler. This is followed 
by a gravity drop of pellets into the cooler, where air enters from the 
sides, counter flows and is dragged by a blower through a cyclone (to 
collect fines). Air then passes through a bag filter to block particulates 
under 0.5 μm from being released into the environment. 

2.3. Mass flow rate and energy measurements 

To measure mass flow rate and energy required to operate each 
component in the system, the following five parameters were measured: 
(i) moisture content before and after the process, (ii) weight measure
ment of feedstock (inlet), and the pellets produced (outlet) (iii) heat 
content of the pellets (iv) process heat used by the crammer and reactor 
units (v) specific electrical energy for the live bottom hopper, crammer, 
reactor, cutter, bucket elevator, and the pellet cooler. 

Moisture: was measured using HFT 1000 Moisture Analyzer by Data 
Support Inc. Minimum of five measurements were performed per batch 
to have accurate moisture measurement. This facilitates the measure
ment of the mass lost in the form of vaporization of water during the 
torrefaction. The moisture content was measured for the feedstock 
(ṁmoisture_in) and for the produced pellets (ṁmoisture_out). 

Mass flow rate: was determined by measuring the weight using load 
cells manufactured by Omega (Model: TWA5 series), placed under: (i) 
bottom hopper and (ii) pellet cooler. This allows the measure the net 
feed (ṁnetfeed_in) entering the reactor using Eq. (1). 

ṁnetfeed in = ṁfeedin (1 − %moisture in) (1)  

where ṁfeed_in is the feedstock entering the crammer including the 
moisture and %moisture_in is the measured % of moisture in the feed
stock. The final weight of produced pellets is measure using Eq. (2) 
below, 

ṁnetfeed out = ṁfeed out(1 − %moisture out) (2)  

where, ṁfeed_out is the feedstock in the storage unit after cooling and % 
moisture_out is the measured % of moisture in the pellets. 

The mass lost to the gas stream in the torrefaction was calculated 
using Eq. (3), 

Mass Loss = 1 −
ṁnetfeed out

ṁnetfeed in
(3) 

Heat content: was measured before and after torrefaction using a 
bomb calorimeter (Parr Instrument Company, Model 6100). A typical 
experiment involved a 1 g grounded mixed waste sample placed into a 
porcelain crucible. The bomb was then filled with oxygen (~400 psi) 
and was submerged into a jacket filled with 2000 g of distilled water. 
The sample was ignited, and the heat released was measured in the form 
of the temperature difference of the water in the jacket before and after 
the combustion. The relation between the heat and chlorine (a crucial 
pollutant of interest for solid fuel users) content with respect to mass loss 
was studied [9,10,25] and is summarized in the Results section. The 
mass loss and chlorine content of the same material torrefied in a batch 
reactor and the continuous pilot-scale reactor are compared. Instead of 
temperature and time, mass loss is used as a universal variable [9,10,25] 
to present the heat and chlorine content results for torrefaction. 

Process heat: As electric heaters are used to heat the crammer and 
the reactor, the process heat utilized was measured by multiplying the 
percent duty cycle (defined as the time the heater is on over the cycle 
time) of the electric heaters and the maximum power of the heaters. This 
allowed the measurement of the process heat utilized by the crammer 
and the reactor at specific feed rates and temperatures. More details 

regarding the configuration of heaters are presented in the previous 
study [26,31]. 

Specific electrical energy (e): can be defined using Eq. (4), 

Specific Electrical Energy (e) =
Energy consumed

Mass flow rate (ṁ)
(4)  

where e is the specific electrical energy required to drive each of the 
motors in the system (for the shredder, live bottom hopper, bucket el
evators, crammer unit, reactor unit, and the cutter) and ṁ is the mass 
flow rate through the equipment. 

The live bottom hopper, the reactor, and the crammer are controlled 
using a variable frequency drive (VFD), which provides the required 
electrical information, and Ė was measured as a function of mass flow 
rate. The bucket elevators and the pellet cooler were not operated by 
VFDs, and a current transmitter was connected to their power supply for 
measuring their e. All the data was processed using a commercially 
available Series-P3 PLC (by Automation Direct) unit. The Indusoft V8.1 
HMI software was used as the data acquisition system. 

For the shredder, e was measured using three different materials: (a) 
plastic films (ρ = 35.16 kg/m3), (b) mix fiber-plastic films (ρ = 76.17 kg/ 
m3), and (c) mix fiber-plastic fines (ρ = 263.34 kg/m3) to understand the 
effect of density and different shredded materials. The current was 
measured at every 0.25 s. The mass flow rate was increased from 0 kg/h 
to flood feed (max) for each material in increments of 30 kg/h. 

For the live bottom hopper, e was measured using mix fiber-plastic 
films (ρ =76.17 kg/m3). The bottom hopper has been tested with 
several different materials during past experiments; the aim here is to 
demonstrate the consistent flow of material using the rotation frequency 
(rpm) vs. mass flow rate plot. To measure the specific energy con
sumption current was measured at a frequency of 4 Hz. The mass flow 
rate was increased by increasing the frequency by 15 Hz intervals. All 
the experiments were triplicated. 

For the reactor, e was measured for fiber-plastic wastes in the earlier 
study [31]. It has been summarized in the result section. The details 
about measurements for crammer and other equipment are specified in 
the Results section. 

2.4. TEA process modeling for commercial scale 

The unit discussed in this study was designed and developed with 
commercialization in mind. To assess the economic viability of this 
technology, this study shows the TEA of the commercial system. The 
objective of the TEA is to assess the cost of a complete commercial-scale 
torrefaction plant, of 100,000 t/yr, based on this pilot-scale technology. 

2.4.1. Process modeling boundary 
The system boundary for the TEA encompassed processes and 

equipment delineated in Fig. 8. 
A loader delivers waste materials to an infeed belt, following which 

the materials undergo size reduction using a three-stage shredding 
process. Using a live bottom hopper and bucket elevator, the materials 
are then conveyed to a system that distributes the material into four 
identical reactor-extruder-cutter setups that perform the torrefaction 
process and cut the extruded rods. Material coming through the four 
streams is combined using a pellet collection. A bucket elevator then 
conveys the material into a cooling process, following which the pre- 
processed materials are conveyed into storage. The system boundary 
for the TEA does not include building or land costs because they depend 
strongly on location. 

2.4.2. Cost estimation methodology 
The Idaho National Laboratory’s (INL) Biomass Logistics Model 

(BLM) was used to estimate biomass feedstock logistics cost and energy 
consumption estimates. The BLM utilizes an approach that combines 
methodologies described by the American Society of Agricultural and 
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Biological Engineers [43] and Agriculture and Applied Economics [44]. 
These methodologies encompass cost estimation procedures for agri
cultural machinery management ranging from equipment performance, 
field efficiency, repairs and maintenance, fuel and lubrication, insur
ance, housing and taxes, labor, as well as capital recovery calculations to 
compute the annualized value of capital [43,44]. The BLM analytic 
engine is built in the systems dynamic’s software package Powersim™. 
The BLM is designed to work with various biofuel conversion platforms 
and accommodates a range of feedstock types. 

In this study, we incorporated information from a collection of da
tabases that provide a) engineering performance data for hundreds of 
equipment systems, b) spatially explicit labor cost datasets, and c) local 
tax and regulation data. We simulated the flow of feedstock through the 
entire supply chain while tracking changes in feedstock characteristics 
(i.e., moisture content, dry matter, ash content, and dry bulk density) 
and calculating cost and energy consumption [45]. Plant level costs, 
including installation, personnel (operators, engineers, and mainte
nance staff), and maintenance costs, are added to the per tonne cost of 
pre-processing estimated using equipment-related data, financial as
sumptions, and energy usage data. 

2.4.3. Assumption and cost breakdown 
It is assumed that this unit can produce 100,000 dry tonnes of tor

refied materials annually, at 24 h/day and 350 days/yr. Operational 
parameters used in the TEA are listed Table 1, whereas general and 
equipment-related assumptions based on teams’ procurement and con
struction experience of similar-sized equipment are listed in Table 2. 

2.5. LCA process modeling for commercial scale 

The goal and scope of the LCA portion of this study are to determine 
the environmental impacts of the torrefied product, produced in a full 
commercial-scale torrefaction plant, of 100,000 t/yr, based on this 
technology. The environmental impacts can be compared to other 
studies of similar materials to compare the specific torrefaction pro
cessing or to other intermediate products to illustrate the environmental 

tradeoffs associated with using this MSW-derived intermediate instead 
of fossil-based or bio-derived products. The environmental impacts of 
interest in this work are cumulative greenhouse gas (GHG) emissions, 
often described as the global warming potential of the process, and fossil 
energy demand. Wood chips from forest residues are used as a compa
rable product. The system boundary of the LCA study will include the 
loading and size reduction of the fiber-plastic waste before torrefaction, 
as described above, but does not include collection and transport 
because this collection and transport activity would still be occurring in 
the same fashion if the municipal solid waste was still being taken to a 
landfill. The LCA study will incorporate the impacts of diverting the 
fiber-plastic wastes from their prior fate, assumed to be disposed of in a 
landfill. Torrefaction operations and emissions are included in the sys
tem boundary. The waste contains a mixture of materials, some derived 
from biogenic carbon (such as paper, carton, cardboard), and some 
derived from fossil carbon (plastics). When accounting for GHG emis
sions of these bio-derived products, it is common to account for the 
carbon initially sequestered from the atmosphere when the bio-based 
products were created and then add in the emissions of carbon- 
containing gases released from the system along each subsequent pro
cess in the system boundary. We have done that carbon accounting here 
to facilitate a comparison with the forest-based wood chips, which are 
also bio-based and remove carbon from the atmosphere as they are made 
into an intermediate wood chip product. In the absence of this torre
faction system, the waste is assumed to be sent to a landfill, where a 

Fig. 8. Simplified block diagram of the commercial scale torrefaction process.  

Table 1 
Operation parameters used for the TEA.  

Operation parameters Value Unit 

Annual production 100,000 dry tonnes/yr 
Required raw materials 151,976 wet tonnes/yr 
Annual operation days 350 days/yr 
Daily operating hours 24 hrs/day 
Initial moisture content (W.B.) 6%  
Final moisture content (W.B.) 0.1%   

Table 2 
General assumptions made for the TEA. Costs are presented in 2020$.  

Interest Rate = 8% 
Insurance and Tax = 2% 
Maintenance = 3% of Capital and Installation costs 
Electricity cost = 0.065 $/kWh 
Natural gas cost = 7.55 $/MMBtu 
Diesel cost = 2.55 $/gal 
Equipment Machine life Purchase price 
Loader 6 years $250,000 
Infeed Belt 15 years $50,000 
Three-stage Shredder 5 years $6,000,000 
Live Bottom Hopper 15 years $250,000 
Bucket Elevator 15 years $100,000 
Distributor 15 years $100,000 
Crammer and Torrefier 15 years $350,000 
Cutter 10 years $50,000 
Pellet Collector 15 years $200,000 
Cooler 15 years $100,000 
Conveyor to Storage 15 years $100,000 
Heat Management System 15 years $750,000 
Gauges and Analyzers 15 years $750,000  
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portion of the biogenic carbon is converted to methane and carbon di
oxide, while a portion of the biogenic carbon is effectively sequestered in 
the landfill along with the fossil-derived carbon. When the waste avoids 
the landfill and is sent instead to the torrefaction system, avoidance of 
the landfill carbon emissions and biogenic carbon sequestration is also 
included in the system boundary of this LCA. Landfill carbon dynamics 
change over the landfill’s life and can vary considerably based on the 
landfill operating conditions and the surrounding climate. In the current 
study, landfill carbon assumptions were developed using the GREET 
2019 spreadsheet LCA tool [46], using IPCC reference data and 
assuming an actively managed landfill with a landfill gas collection ef
ficiency of 45%, and a subsequent flaring of the collected gas at 95% 
conversion to CO2. The primary uses for the torrefied pellet would likely 
be as a feedstock for future processing into fuels and chemicals. For this 
study, we establish a functional unit for the LCA as the MJ of energy 
present in 1 kg of torrefied product (31.4 MJ). For the forest-derived 
wood chip comparison product, which has an assumed lower heating 
value of 16.3 MJ/kg [47], 1.93 kg of wood chips would be needed to 
provide the same level of service as 1 kg of torrefied pellet. 

2.5.1. Life cycle inventory development 
Table 3 shows key life cycle inputs and key assumptions for the base 

case scenario and the forest-derived wood pellet comparison. LCA 
modeling was performed in the SimaPro modeling software, using the 
Ecoinvent version 3 database of inputs [48] to generate the entire life 
cycle inventory for each scenario. Electricity impacts were generated by 
modifying the standard US electricity eco profile for medium-voltage 
electricity present within Ecoinvent by updating it to include the most 
current distribution of the electricity grid mix from the U.S. EPA E-grid 
database [49], which consists of 23.3% coal, 38.4% natural gas, 19.6% 
nuclear, 6.8% hydroelectric, 7.1% wind, and other minor components as 
the most current U.S. reference case. This modification resulted in an 
electricity mix that had a ~ 40% lower GHG emissions profile than the 
standard Ecoinvent version 3 data with reference data from just seven 
years earlier (2019 vs. 2012), which is an impressive change in a rela
tively short period. Carbon losses during torrefaction processing were 
estimated to be 8% of dry MSW weight, based on prior modeling work in 
this area [50]. 

2.5.2. Life cycle impact assessment 
Life cycle impacts were assessed within SimaPro using the IPCC 100a 

method to assess the global warming potential of the scenarios, 
expressed as kg of CO2-equivalent emissions from all climate-active 
gases including CO2, CH4, refrigerants, and others. The cumulative en
ergy demand method was used to determine the nonrenewable fossil 
energy demand of the scenarios in MJ fossil energy per kg of product. 

3. Results and discussion 

3.1. Pilot scale system 

3.1.1. Shredding 
The energy required to operate the shredder, which operates at low 

shear, was measured for various materials at various densities. Three 
different materials: plastic films (ρ = 35.16 kg/m3), mix fiber-plastic 
material (ρ = 76.17 kg/m3), and mix fiber-plastic (ρ = 263.34 kg/m3) 
were tested. Most plastic and fiber wastes in all the different materials 
are films with thickness typically ranging between 0.05 and 2 mm. The 
specific electrical energy consumed as a function of mass flow rate al
lows us to calculate the shredding cost for the shredder’s operation. 
Fig. 9(a) shows the specific energy consumed by the shredder vs. the 
volume flow rate, with the clear observation that the lower the density, 
the higher the electric specific energy consumption. It also implies that 
the lower the density, the larger shredder required for a given mass feed 
rate. Fig. 9(b) shows the specific energy consumed by the shredder vs. 
the mass flow rate, with the clear observation that it is not dependent on 
density; the specific energy consumption was similar across all the 
materials: it reduced from 100 kWh/t to 10 kWh/t. 

3.1.2. Live bottom hopper 
For the live bottom hopper, the key aim is to provide consistent 

dosing of the material. The rheological nature of the feedstock has a 
strong influence on the consistent operation of the live bottom hopper 
and its efficiency for accurate dosing. Klinger et al. and Idaho National 
Lab [41,52–54] thoroughly studied flow models, both computationally 
and experimentally, for biomass-based materials supported by mea
surements particle density, surface friction, elastic modulus, 
morphology (size and shape), internal friction, hopper wall friction 
angles, and hopper width. Assessing all these materials and the rheo
logical properties of our wastes is difficult; however, we realized 
through numerous experimentations that the type of shredder and shape 
of the shredded material has the strongest influence on the flowability of 
the material. As indicated above, low shear shredders appear to generate 
flakes that flow better than high shear shredders. Further, stripe-shaped 
flakes were found to cause bridging, whereas square-shaped flakes 
prevent bridging. The angle of the walls of the feeder is also critical. Our 

Table 3 
Key life cycle input data and assumptions.  

Item Baseline scenario Forest-derived 
wood chip 
comparison 

Comments 

Material 
composition 

57% Paper (43.5% 
C), 38% Plastic (60% 
C), 5% Ash (0% C) 

100% wood 
(50% C) 

Represents 60/40 
distribution between 
paper and plastic as 
described above in 
MSW description. 

Lower Heating 
Value of 
product 

31.4 MJ/kg 16.3 MJ/kg 
dry chips 

Based on the initial 
composition of MSW, 
with 18% energy loss 
and 30% mass loss 
during torrefaction. 

Fuel 
consumption 

0.226 MJ/kg product 0.641 MJ/kg 
dry product 

MSW: Based on fuel 
consumption of 4 
loaders for 8400 h/yr 
at 4.7 gals/h; Wood 
chips: Based on 
collection, 
processing, and 
transport 
assumptions from 
[51] 

Electricity 
consumption 

0.23 MJ/kg product 0 Based on unit 
operations described 
in Table 7. The 
energy consumption 
by equipment type is 
presented in Table 7. 
It can observed that 
Shredding and 
Crammer- 
Torrefaction units are 
largest energy 
consumers. 

Natural Gas 
consumption 

0.0006 MJ/kg 
product 

0 For periodic 
torrefaction startup, 
averaged over the full 
year of operation 

Landfilling 
assumptions 
(prior fate) 

19.3 g CH4/dry kg 
MSW, 231 g CO2/dry 
kg MSW, 139 g 
biogenic C 
sequestered/dry kg 
MSW 

N/A Disposal to the 
landfill with 45% 
landfill gas collection 
efficiency, flaring of 
LFG at 95% efficiency 
– these carbon flows 
are avoided as a result 
of MSW diversion to 
torrefaction system 
[46]  
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feeder was designed and constructed following these experiments and 
findings. The mass flow rate of a specific material vs. the rotation fre
quency was found to be an excellent indicator of the suitability of the 
feeder and the bridging propensity. Screw augers operating at flood-fed 
conditions are outstanding feeders providing a very accurate mass flow 
rate, provided no bridging occurs. 

Fig. 10(a) shows the mass flow rate of striped shaped flakes (3 mm 
wide and 12 mm long) produced from our shredder when the material 
was shredded in a single pass. Clearly, the mass flow rate is irregular and 
cannot be used for conveying and dosing. When the striped material was 
passed a second time through the shredder, square flakes (3 mm by 3 
mm as shown in the inset) were produced; the mass flow rate of this 
material is depicted in Fig. 10(b), showing a linear increase with the 
rotation frequency, with clear consistent material flow. 

Fig. 11 shows the specific energy consumption of the live bottom 
hopper decreasing with the increase in the mass flow rate. For mixed 
fiber-plastic material with a density of 149 kg/m3 that was shredded to 
the size of 3-mm by 3-mm, Eq. (5) can calculate the specific energy: 

e = 41.11 × ṁ− 0.34 (5)  

where, e is the specific energy consumed by the live bottom hopper, and 
ṁ is the mass flow rate of material from the live bottom hopper. The 
behavior of the specific energy for the live bottom hopper decreases with 
mass flow rate; for example, for a 1 t/h mass flow rate, the specific 
energy is 3.9 kWh/t. 

3.1.3. Crammer 
For the crammer, estimated electrical consumption (based on 

experimental runs) for a material compression factor of ~17 is at 40 
kWh/t, and the heating requirement is 50 kWh/t. However, it is essential 
to note that the crammer load, and as a result, the specific electrical 
energy consumption is very sensitive to the rotation frequency of the 
crammer and the temperature setpoint. e vs. rotation frequency and e vs. 

temperature has a strong non-linear correlation. During the experi
mentation, a sudden drop of load and energy consumption of ~50% is 
observed after the crammer frequency exceeds 10 rpm for 60:40 fiber 
plastic blend materials at 200 ◦C. This can be attributed to the factors 
like change in viscosity and several rheological factors. Thus, we believe 
the complex nature of the crammer behavior deserves a separate study 
to quantify the energy consumption relationship. However, to under
stand that average energy consumption at normal operating conditions 
is at the average value of 40 kWh/t reported above can be used. 

The crammer temperature was selected from the DSC trace measured 
for the material used and shown in Fig. 12. The peaks represent an 
endothermic process attributed to phase transitions. The first peaks at 
around 100–125 ◦C are attributed to polyethylene (PE) melting; the 
peak around 170 ◦C is attributed to melting of polypropylene (PP); these 
two plastics constitute the majority of the plastic waste. The peal around 
250 ◦C is attributed to polyethylene terephthalate (PET) melting. We 
selected to operate the crammer at 180–190 ◦C as both PE and PP 

Fig. 9. (a) Specific energy vs. volume flow rate for the stage III shredder; (b) Specific energy vs. mass flow rate for the stage III shredder.  

Fig. 10. Mass flow rate vs. rotation speed of live bottom hopper shaft for: (a) bridging material; and (b) non-bridging material. The inset in (a) shows the strip-shaped 
flakes material with a tendency to bridge, and the inset in (b) shows the square-shaped flakes. 

Fig. 11. Specific electrical energy (e) vs. mass flow (ṁ) rate for live bot
tom hopper. 
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melted, and PET can be dissolved into them, thus creating a flowing 
paste. 

3.1.4. Torrefaction-extrusion reactor 
For the reactor, the specific mechanical energy of 335 kWh/t is 

required to convey and extrude the material at an average mass flow rate 
of 9 kg/h; it drops to 94 kWh/t at 50 kg/h, further drops to 12 kWh/t at 
1 t/h. The correlation between the specific energy required and mass 
flow rate is presented in Eq. (6). 

e = 1370 × ṁ− 0.684 (6) 

An additional 125 kWh/t of thermal energy is required to heat the 
material to 350 ◦C. 

3.1.5. Bucket elevators 
For the bucket elevators, the energy consumption was measured at 

0.36 ± 0.04 kWh/t for the pellets with a bulk density of 500 kg/m3
. 

3.1.6. Cutter 
For the cutter, the average energy consumption is 0.07 kWh with 

maximum consumption at 0.85 kWh. The power consumption is a 
function of the rotation frequency, which translates to pellet length and 
the type of material. 

3.2. Mass balance 

As described earlier, the mass balance is a tool to calculate mass lost 
in the torrefaction process. Fig. 13 shows the mass flow rate to the 
system measured by the load cells from the live bottom hopper and the 
output flow rate shown by the load cells under the pellet cooler. The 
figure shows that the slope of the plot of respective measurements rep
resents the mass flow rate in and out of the system. The difference in 
their slopes denotes the mass lost during the torrefaction at the set 
conditions. 

3.3. Heat and chlorine contents 

Fig. 14 shows the heat and chlorine contents of the 60% fiber and 
40% plastic material from a lab-scale batch setup and pilot-scale 
continuous setup. It can be observed that instead of the specific tem
perature and residence time combination, mass loss can be used as a 
universal variable to quantify the heat and chlorine content of the ma
terial. It can be observed that with the increase in the mass loss from 0% 
to 50%, the heat content increases from ~25 MJ/kg to ~34 MJ/kg while 
the Cl content decreases by up to ~70%. The ppm levels vary batch to 
batch; however, the Cl removal is independent of the initial ppm levels 
of Cl. Also, the Cl removal is a function of mass, and the type of reactor 
(batch vs. continuous) does not play a major role. Using this relationship 
expressed in Fig. 14, mass loss can be used as an indicator to derive the 
properties of the produced pellets and vice-versa. In other words, the 
mass balance is a simple method of mass loss measurement that can be 
used for online calculation of the properties of the produced pellets. 

3.4. Commercial scale system TEA 

Details of the above-described pilot-scale system can be used for the 
techno-economic and lifecycle assessments. Based on the assumptions 
and machine performance, the total cost of the system is estimated to be 
$55.28/dry tonne (2020$), which includes preprocessing costs at the 
equipment level and other plant-level costs comprising of installation, 
labor, and maintenance. 

For the complete preprocessing and torrefaction stage, the cost 
breakdown is presented in Table 4. It indicates that the most important 
costs are attributable to the crammer and torrefier ($10.08/dry tonne) 
and the three-stage shredder ($8.38/dry tonne). The crammer and tor
refier contributes 41.55% and the three-stage shredder contribute to 
34.55% of the preprocessing and torrefaction stage cost. 

At the plant level, annual labor costs ($16.62/dry tonne) and 
installation costs ($9.50/dry tonne) are the largest contributors to total 
costs presented in Table 5. Installation costs include costs incurred for 
installation, testing and commissioning, training of operators, costs 
incurred for engineering designs, and a 10% contingency reserve. 

Energy requirements can be upscaled well using the various specific 
energy correlations found in the sections above. The capital costs are 
estimated from the pilot-scale costs and the experience the Michigan 
Tech teams acquired when building an 80,000 t/yr torrefaction facility 
[55]. Energy consumption by fuel types was estimated to enable LCA 
and is presented in Table 6. The system is designed to be self-sustaining, 
whereby the gas stream from the torrefaction process is utilized in the 
heat management system. However, approximately 48 MMBtu of nat
ural gas is used in the start-up phase. 

The energy consumption by equipment type is presented in Table 7. 
It can be observed that Shredding and Crammer-Torrefaction units are 
the largest energy consumers. 
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Fig. 12. DSC of fiber-plastic waste blend.  

Fig. 13. Typical load cell measurements showing mass input at the live bottom 
hopper and mass output at the pellet cooler. Mass loss can be calculated from 
the difference in slopes (7% for the example above). 

Fig. 14. Heat content vs. mass loss and normalized Cl content vs. mass loss 
using batch and continuous reactor setup. 
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3.5. Sensitivity analysis for TEA 

The crammer-torrefier unit contributes nearly 42% of total pre- 
processing costs, we performed sensitivity analysis on three parame
ters price, energy usage, and throughput impacting this equipment to 
evaluate its influence at a system level. 

Under the base case, the parameters are as follows: energy usage 
(33.07 kWh/t), the purchase price ($350,000), throughput (4 crammer- 
torrefier units). We evaluated pre-processing costs wherein the param
eters are ±25% compared to the base case assumptions. Additionally, 
changes in the number of units of crammer-torrefier are accompanied by 
a change in the number of cutters as these two pieces of equipment are 

used sequentially as per the system design. The results are presented in 
Table 8. 

3.6. Commercial scale system LCA 

Life cycle assessment results are shown below in Table 9 for GHG 
emissions and fossil energy demand of the torrefied pellet product and 
the wood chip comparison. Large CO2 sequestration credits are observed 
for both products due to the large amount of biogenic carbon currently 
sequestered in the product. The credit is larger for each kg of torrefied 
pellet than for each kg of wood chip (− 1.98 kg CO2eq/kg pellet vs. -1.83 
kg CO2eq/kg wood chip) despite the higher proportion of biogenic 
carbon in the wood chips, because in the torrefied product case we are 
also accounting for the avoided emissions that would have occurred if 
the MSW feedstock had been disposed of in a landfill, most notably the 
methane emissions that are a particularly potent greenhouse gas. 
Emissions of CO2 during the torrefaction process are included and are a 
key component of the overall emissions profile, contributing roughly 20 
times more to the global warming potential of the torrefied pellet than 
either the diesel fuel or electricity used in materials handling and pre- 
processing. The cumulative result is still negative for the torrefied 
product because the biogenic carbon credit and avoided landfill emis
sions are larger than process emissions at this intermediate stage of the 
overall use of this material. If the torrefied product were to be converted 
to a fuel product and combusted, those process and combustion emis
sions would have to be counted towards the full life cycle emissions of 
the final product. 

Similarly, for the wood chip product, the emissions resulting from 
processing are important but still overcome by the significant biogenic 
carbon credit for wood sequestration of atmospheric carbon. Impor
tantly, because 1.93 kg of wood chips are required for each kg of tor
refied product to account for the equivalent functional unit (31.4 MJ of 
each product), this negative result in an intermediate stage assessment 
of the global warming becomes magnified in comparison to the torrefied 
product. When both products are converted to fuels and combusted, this 
apparent difference in the environmental profile may be reduced as the 
emissions are accounted for in all life cycle stages. The comparison is 
somewhat reversed when considering the fossil energy demand of both 
products. Fossil energy demand for the torrefied pellet (0.73 MJ/kg 
pellet) is due to the use of electricity (56%) and diesel fuel (44%) during 
the material handling prior to torrefaction. This impact is lower than the 
fossil energy demand associated with collecting and transporting wood 
chips (0.83 MJ/kg wood chips), and this difference is again magnified 
when the products are put on an equivalent basis with the same func
tional unit. Wood collection and transport are highly sensitive to the 
specifics of the operation, including the equipment mix used and the 
transport distance [56], so specific inputs related to a particular oper
ation would make the comparison useful when assessing the relative 
merits of one feedstock over another. However, in general, it appears 
that the MSW-derived torrefied pellet can have a favorable profile when 
compared to biogenic feedstocks. 

3.7. Sensitivity analysis for LCA 

Table 10 presents the sensitivity analysis for the LCA. The environ
mental impacts of the MSW-derived pellet are expected to be sensitive to 
both the material composition of the MSW and the assumptions made 

Table 4 
Breakdown of costs for fiber-plastic pre-processing and torrefaction unit 
operations.  

Equipment (All costs in 2020$) Cost ($/dry tonne) Cost (%) 

Loader $1.56 6.45 
Infeed Belt $ 0.08 0.32 
Three Stage Shredder $8.38 34.55 
Live Bottom Hopper $0.29 1.18 
Bucket Elevator 1 $ 0.13 0.55 
Distributor $0.13 0.55 
Crammer and Torrefier (4 units) $10.08 41.55 
Cutter (4 units) $0.46 1.91 
Pellet Collector $0.33 1.36 
Bucket Elevator 2 $0.17 0.72 
Cooler $0.20 0.82 
Conveyor to Storage $0.18 0.73 
Heat Management System $ 1.14 4.72 
Gauges and Analyzers $ 1.11 4.59 
Total $ 24.25 100  

Table 5 
Breakdown of total costs at the plant. Costs are reported in 2020$.   

Cost ($/dry tonne) 

Capital cost per dry tonne $24.25 
Installation cost per dry tonne $ 9.50 
Labor cost per dry tonne $ 16.62 
Maintenance cost per dry tonne $ 4.91 
Total cost per dry tonne $55.28  

Table 6 
Energy consumption by fuel type.  

Fuel type MMBtu/dry tonne 

Diesel 0.0624 
Electricity 0.2407 
Natural gas 0.0006  

Table 7 
Energy consumption by equipment type.  

Equipment Fuel/unit Value 

Loader Diesel (gal/dry tonne) 0.45 
Infeed Belt Electricity (kWh/dry tonne) 0.38 
Three Stage Shredder Electricity (kWh/dry tonne) 33.06 
Live Bottom Hopper Electricity (kWh/dry tonne) 0.38 
Bucket Elevator 1 Electricity (kWh/dry tonne) 0.38 
Distributor Electricity (kWh/dry tonne) 0.38 
Crammer and Torrefiera (4 units) Electricity (kWh/dry tonne) 33.06 
Cutter (4 units) Electricity (kWh/dry tonne) 0.38 
Pellet Collector Electricity (kWh/dry tonne) 0.55 
Bucket Elevator 2 Electricity (kWh/dry tonne) 0.38 
Cooler Electricity (kWh/dry tonne) 0.77 
Conveyor to Storage Electricity (kWh/dry tonne) 0.38 
Heat Management System Electricity (kWh/dry tonne) 0.38  

a The crammer-torrifier uses a small amount of natural gas during start-up. 

Table 8 
Sensitivity analysis for crammer-torrefier unit. Costs are reported in 2020$.   

Total cost ($/dry tonne) 

Energy usage Purchase price Throughput 

25% below baseline $53.13 $54.90 $ 58.24 
Baseline $55.28 $55.28 $ 55.28 
25% above Baseline $57.43 $55.64 $ 52.33  
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about the prior fate of the MSW. The mix of biogenic vs. fossil compo
nents of the MSW, as well as the particular types of biogenic materials in 
the MSW, will have an impact on the ultimate composition and energy 
content of the processed pellet, as well as a significant impact on the 
carbon dynamics within the landfill, which will then impact the process 
life cycle when avoided landfill emissions are accounted for. Similarly, 
the climatic conditions of the landfill and the effective management of 
the landfill in terms of collection of landfill gas and treatment of that gas 
through flaring or energy generation will impact the landfill emissions 
that are ultimately avoided when MSW is instead diverted to the tor
refaction process. Although a majority of large landfills in the U.S. now 
have some type of landfill gas collection system, many small landfills 
exist throughout the U.S. and elsewhere where minimal or no landfill gas 
collection is performed, and even sound landfill gas collection systems 
cannot prevent fugitive emissions of methane from occurring over time. 
As an illustration of these two points, the following scenarios were 
assessed to understand the GHG emissions impact from even small 
changes in these key assumptions. The LCA results for these scenarios 
indicate that both of these assumptions are important. The results 
appear to be highly sensitive to changing MSW composition for the 
reasons mentioned above. Additional cases of different MSW composi
tions will be investigated in future work to verify the processing out
comes of these different MSW streams after torrefaction and to 
understand the potential differences in their dynamics with a landfill to 
determine the net effect of MSW diversion. 

4. Conclusion 

Pilot-scale torrefaction technology integrating paddles and extrusion 
for solid fuel pellet production is presented. This technology resolves 
biomass-associated challenges like self-heating, difficulty in biomass 
pelletization, and cost. It also addresses challenges related to the waste 
fiber-plastic, such as inconsistency, waste-stream heterogeneity, and 
conveying issues. The produced pellets have low cost, better uniformity, 
high heating value, and low environmental impact. TEA demonstrates 
that the baseline cost of pre-processing fiber-plastic wastes is estimated 

at $55.28/dry tonne (2020$). The crammer-torrefier unit accounts for 
$10.08/dry tonne (nearly 42%) of the pre-processing costs. Under a 
range of scenarios, wherein important parameters are varied, pre- 
processing costs range between $52.33/dry tonne and $58.24/dry 
tonne. The torrefaction system’s life cycle assessment studies illustrate 
that the pellets can be produced with a net negative global warming 
potential at this intermediate stage of the life cycle, with a low fossil 
energy demand relative to a wood chip comparison project. Specific 
carbon dynamics are highly sensitive to fiber-plastic waste composition 
and assumptions regarding the prior fate of these materials in the 
landfill, which will be the subject of future study. 
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