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Techno-Economic Analysis of Biomass Value-Added Processing Informed by Pilot Scale De-
Ashing of Paper Sludge Feedstock

Abstract

Paper sludge biomass represents an underutilized feedstock rich in pulped and processed cellulose
which is currently a waste stream with significant disposal cost to industry for landfilling services.
Effective fractionation of the cellulose from paper sludge presents an opportunity to yield cellulose
as feedstock for value-added processes. A novel approach to cellulose fractionation is the sidehill
screening system, herein studied at the pilot-plant scale. Composition analysis determined ash
removal and carbohydrate retention of both sidehill and high-performance benchtop screening
systems. Sidehill screening resulted in greater carbohydrates retention relative to benchtop
screening (90% vs 66%) and similar ash removal (95% vs 98%). Techno-economic analysis for
production of sugar syrup yielded a minimum selling price of $331/metric ton of sugar syrup
including disposal savings, significantly less than a commercial sugar syrup without fractionation.
Sensitivity analysis showed that screening conditions played a significant role in economic
feasibility for cellulosic yield and downstream processes.

Keywords

Paper sludge, waste valorization, fractionation, process simulation, techno-economic analysis

Highlights

e Novel application of sidehill screen to remove ash from paper sludge.

e Study of screening parameters yielded high pilot scale performance.

e Process simulation of plant scale valorization demonstrated technical feasibility.
e Techno-economic analysis yielded financial feasibility for sludge valorization.
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1. Introduction

Paper sludge is presently a waste stream from paper mill wastewater treatment systems.
Paper sludge from paper mills is primarily comprised of cellulosic fines along with inorganic fillers
such as calcium carbonate (Turner et all, 2022, Wiegand and Urwin, 1994, Lark et al, 1996, Lynd
et al, 2001). These fines provide valuable cellulose already fractionated from lignin in the pulping
process but are lost from the final paper sheet (Duff et al, 1994). Paper sludge is landfilled at a cost
of $54 per wet ton (EREF, 2021), resulting in a significant cost to the industry. As of 2023, over
four million tons of paper sludge were produced in the United States (FisherSolve Next, 2024).
Due to domestic and international legislation protecting the environment, these landfilling costs
are forecasted to increase in the future (Turner et al, 2022). In addition, the mill is losing valuable
cellulosic feedstock which has already been pulped and conditioned in preparation for bleaching
and refining. Paper sludge is produced after the lost fiber is combined with ash from liquor
recovery including dregs, grits, and lime mud, and sent through the mill’s effluent treatment
clarifier, settling pond, and dewatering screw press (Cherian and Siddiqua, 2019; Turner et al,
2022). As paper sludge fibers are collected from around the mill, there is great variance in the
makeup of the feedstock with the two main components being cellulose and calcium carbonate,
hereafter referred to as ash. Calcium carbonate is a component common to finished paper products
due to its use as a filler within the sheet, enhancing smoothness and appearance. Paper sludge for
the current work was collected from a paper mill manufacturing uncoated free sheet and producing
over 10 dry tons of paper sludge per day.

Separation and utilization present a chance to recover significant value from paper sludge.
Cellulose, the primary component of paper sludge, consists of the cellobiose repeating unit, with
1,4-B-glycosidic bonds forming the backbone of the cellulose (Jalbert et al, 2007). The cellulose
found in paper sludge may be hydrolyzed to monomeric sugars via enzymatic hydrolysis. The
resulting sugars may then undergo further valorization processes. Studies have been conducted
which show that paper sludge is a prime candidate as a feedstock for enzymatic hydrolysis to
sugars and bioethanol production (Dey et al, 2020, Chen et al, 2014a), while others have
demonstrated process strategies that show promise for converting paper sludge in high-solids
enzymatic hydrolysis (Liu et al, 2015; Yang et al, 2010; Liu et al, 2017), alternative pre-treatment
strategies (Sugiharto et al, 2016; Valério et al, 2021; Diaz et al, 2011) and hydrolysis methods
(Schroeder et al, 2015).

While paper sludge is a highly heterogeneous material, carbohydrates make up roughly
two-thirds of its content while the other third is ash, and the small remainder of the mass balance
is comprised of acid-soluble lignin and acid-soluble volatile matter (Lynd et al, 2001). It is
necessary to remove as much ash as possible to optimize enzymatic hydrolysis yields, as ash will
inhibit the enzyme activity (Park et al, 2022; Mendes et al, 2014). Ash removal is the key
performance indicator for screening as ash can greatly affect downstream performance. One such
regime for downstream processing is enzymatic conversion of cellulose to platform sugars for use
in bioethanol or other value-added processing systems.

The screening of usable fibers from the bulk sludge feedstock has been studied in
operations at the laboratory scale (Park et al, 2022; Chen et al, 2014) with laboratory scale ash
removal consistently capable of deriving low-ash, high-cellulosic content streams. Importantly,
these lab applications have been completed on the scale of less than one kilogram for each batch.
The current study increases the batch mass of screening by 60-100 times in exploring pilot scale
ash removal from paper sludge. While the primary valorization pathway for paper mill sludge so
far has been as a feedstock for conversion to geopolymer aggregate in concrete (Cherian and
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Siddqua, 2019), the goal is to develop a method which can recover cellulose from the sludge for
valorization for the first time at the pilot scale.

Various screening methods are used in paper mills for separating viable cellulose fibers for
making the final paper sheet. Paper mills often use screening to reduce fines, shives, and flocs in
their pulp streams. One method of screening is sidehill screening. Sidehill, or rundown screens,
are used when solids can be easily separated from the liquid phase, such as paper sludge (SHS &
SHP Sidehill Screens. JWCE, 2022). The sidehill screen uses gravity to allow effluent to flow
down the slotted screening media, with solid/liquid separation occurring after the wedge wire. The
simplistic and cheap usage of sidehill screens along with the scale of screening they may facilitate
makes the sidehill screen an intriguing option for study. There is no current work dedicated to the
study of pilot-scale sidehill screening to separate the cellulose fraction in paper sludge.

To optimize the derivation of usable sugars, efficient fractionation of cellulose from paper
sludge must be completed (Gurram et al, 2015). Therefore, for valorization to platform sugars,
sidehill screening must be completed with highly selective fractionation. There are several
methods for concentrating sugars recognized to be effective at large scale. One of the most popular
methods is reverse osmosis (RO) (Madaeni et al, 2004; Bichsel et al, 1981) wherein membrane
filtration 1s used to concentrate the sugar solution to target sugar content, usually between 15-30%.
An alternative method to membrane filtration is multiple effect evaporation (Asghar et al, 2020;
Leonelli & Mason, 2010) which can entail rotary evaporation or multi-effect evaporators (MEE),
especially in large-scale applications. The multi-effect evaporator system of sugar concentration
is more energy intensive while being cheaper in capital when related to membranous filtration
(Madaeni & Zereshki, 2010) and is a standard in industrial sugar processing. The inputs are low-
concentration sugar syrup and high-pressure steam while the outputs to a multi-effect evaporator
train are high-concentration sugar syrup, low-pressure vapor, and condensate.

The current work aims to address a gap in the study of a novel pilot-scale application of
the sidehill screen to fractionate paper sludge and yield a carbohydrate-rich fraction. Furthermore,
process simulation based on pilot scale findings is used to evaluate industrial-scale technical
feasibility for paper sludge conversion to sugars. Techno-economic analysis (TEA) and sensitivity
analysis were performed to determine the economic capacity of a technically feasible paper sludge
valorization operation.

2. Materials and Methods
2.1.  Paper Sludge Characterization

Paper sludge samples were provided by corporate sponsors on several occasions. The
primary paper mill is a fully integrated Kraft pulp mill producing uncoated free sheet. The
consistency of the screw-pressed paper sludge was determined in accordance with the NREL/TP-
510-42621 method for the determination of total solids in biomass (Sluiter et al, 2008). Variable
with paper mill operations, the consistency of the paper sludge had a mean of 33% solids.

Paper sludge before and after sidehill screening fractionation treatment was examined via
the NREL/TP-510-42618 method to determine structural carbohydrates and lignin in biomass.
This method allowed for the determination of carbohydrates via HPLC after hydrolysis of the
biomass sample, acid-insoluble lignin by vacuum filtration, and acid-soluble lignin by UV-visible
spectrophotometer. Partnered with method NREL/TP-510-42622, the ash content in the original
biomass was determined (Sluiter et al, 2010). This sequence of methods allows for a general mass
balance of the constituent components of the paper sludge biomass collected from the paper mill.
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2.2.  Pilot Plant Sidehill Screen

The sidehill screening equipment used was in the pilot plant at the Department of Forest
Biomaterials at North Carolina State University. A 500-gallon hydropulper connected to municipal
water lines facilitated the dilution to target screening consistency and mixing of the paper sludge
(PS) feedstock. The sidehill screening equipment is capable of screening at a variety of
consistencies ranging from 1% to 5% solids. Roughly 30 oven-dry (OD) kilograms of paper sludge
was used for each sidehill screening in the pilot plant. The pilot scale screening setup employed
presently may screen up to 1,500 dry kilograms of paper sludge per day. The setup deployed in
the present work can support up to 5,000 dry kilograms of paper sludge per day. This work did not
explore that magnitude of production due to sample storage.

The screening equipment consisted of the sidehill screen supported by two pumps, one
fixed drive Siemens pump (pump #1) and one variable drive Reliance pump (pump #2). After 30
minutes of mixing in the hydropulper to allow for thorough fibrillation, pump #1 sent the diluted
sludge to a 2,000-gallon collection tank. From the collection tank, pump #2 pumped the “feed”
stream into the headbox of the sidehill screen where it filled the headbox and spilled over the
screen. 1.5-inch interior diameter rubber hosing was used as piping for the screening equipment.

“Accepts” from the screen were thickened by the wedge wire separating solids from the
liquid phase and fell back into the collection tank. Rejects were ported back to the hydropulper for
recirculation back to the collection tank in the closed layout of the system. “Rejects” consisted of
very dilute particles that passed through the wedge wire of the screen. In the open layout of
screening, the rejects were instead ported into a screening basket for sample collection and
disposal. Samples were taken at three-minute intervals for a total of 15 minutes. Accept samples
were taken as the screened sludge streamed off the bottom lip of the sidehill screen. Feed samples
were taken at the feed pump’s sample valve, and rejects samples were taken at the hydropulper in
the closed layout and at the screening basket in the open layout.

After 15 minutes of running the system closed, the screening was stopped to allow for
transition to running open. The system then ran in the open layout for six minutes, collecting
samples at three and six minutes. Six minutes of open was chosen due to losing rejects from the
system, leading to a continually more diluted system. Samples from screening runs were stored in
cold rooms at 2°C. By way of comparison, screening performance was evaluated against lab-scale
centrifugal screening equipment, the Pulmac Masterscreen.

2.3.  Calculations and Data Interpretation

The samples from the sidehill screen were collected and used to evaluate both ash removal
and carbohydrate retention of the screening system. Carbohydrate retention is a key performance
indicator evaluated by Equation 1. Ash removal was calculated for each sample as follows in
Equation 2.

accepts massgp— accepts massqsp

) Carbohydrate Retention = * 100%

feed massgp— feed massgsp

2 %Ash Content = __ashmass 100%
(

oven dry mass

The ash removal is calculated for each sample, 7, based on the incoming ash content in the
original paper sludge feedstock as laid out in Equation 3.
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rejects ash mass;

3) %Ash removal; = * 100%

feed ash in

2.4.  Process Simulation

WinGEMS process simulation (Windows General Energy and Material balance System) is
a leading software in mass and energy balance programming for the paper industry (Atkins et al,
2010). The present work uses experimental data from the first of its kind pilot-scale ash removal
in conjunction with process simulation data to model industrial-scale conversion of paper sludge
to platform sugars using industry-standard multi-effect evaporation.

To develop an economic profile for simulation and techno-economic analysis, a market
had to be assumed for an otherwise underutilized feedstock. Paper sludge was chosen to act as a
feedstock for sugar syrup. In the United States, sugar demand was 12.64 million short tons in 2022
(Abadam, 2023). Growth for sugar syrup demand grew 2.4% per capita each year in 2021 and
2022 with the soft drink industry being a major contributor. The assumed market of sugar syrups
yields itself to an assumed process design. Figure 1 shows the process design to valorize paper
sludge to sugar concentrate.
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Figure 1. Process Map of Paper Sludge to Sugar Syrup including pilot scale screening system used.
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Experimental data collected in pilot-scale sidehill screen de-ashing was used to simulate
conditions and capabilities for industrial scale screening due to the similarity in design and scale
to industrial sidehill screening operations. Due to the near-industrial scale of pilot plant operations
and the use of sidehill screens in industry, it is assumed all experimental data for ash removal and
carbohydrate retention are transferrable to the industrial-scale simulation.

Glucose production via enzymatic hydrolysis of lignocellulosic feedstock is a well-studied
process (Park et al, 2022; Jones et al, 2013; Zhang et al, 2018; Chen et al, 2012; Asenjo 1983; Katz
et al, 1968). Among feedstocks for enzymatic hydrolysis, paper sludge is a novel feedstock which
has gained traction in the body of literature in recent years (Park et al, 2022; Naicker et al, 2020;
Malgas et al, 2020; Zhu et al, 2019; Chen et al, 2014a; Chen et al, 2014b). Prior to enzymatic
hydrolysis, an acid conditioning step is required to bring the feedstock pH into the optimal window
for enzyme activity. Sugar syrup derived from paper sludge cellulosic material may provide an
illuminating perspective on economic analysis as operational expenses related to processing may
be levied by credits related to this unique feedstock.

Agricultural-grade applications of resulting sugar syrup must include removal of
contaminants and side products such as xylose and other pentose sugars. While a challenge, there
has been much research on separation methods for pentose and hexose monomer fractionation
(Roli et al, 2016; Nguyen et al, 2015; Bras et al, 2014; Sjoman et al, 2007) and filtered xylose may
be later used for xylitol production as a feedstock for another revenue stream (Guirimand et al,
2019).

Process simulation reflects changing screening capabilities considering both carbohydrate
retention and ash removal determined in the pilot scale work. Among the processes present in
simulation are pulping of paper sludge, screening, acid conditioning, enzymatic hydrolysis, and
sugar concentration to final sugar concentration.

2.5.  Techno-Economic Analysis

The present TEA is based on the process simulation of industrial-scale de-ashing,
enzymatic hydrolysis, and sugar concentration. The scope of the TEA is to estimate the economic
capacity for this process in a long-term operation by assessing revenues and credits levied against
operational and capital expenditures across a 30-year lifespan of the project. Capital expenditures
are evaluated using quotes from industry paired with engineered sizing and scaling factors for
modeled production capacity.

3. Results and Discussion
3.1.  Sidehill Screening of Paper Sludge

Initial feed consistencies were varied by adding water to the hydropulper. The consistencies
of screening runs were varied from 1.7% to 5.0% consistency of initial feed. 3% consistency feed
had the best performance for removing ash from the feedstock. Batch sizes were kept uniform with
26+2.0 oven-dried kilograms of paper sludge being introduced at the start of each screening run.
Opening the system following 15 minutes of closed running allowed for much greater ash removal
to be reached in the system. In comparison to high performance bench scale equipment, as
referenced in section 2.2, the sidehill screen removed similar amounts of ash from the feedstock
when operated at 3% consistency. For further comparison, the pilot screening resulted in higher
carbohydrate retention when operated at 3% consistency when compared to laboratory scale
equipment.
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Already mentioned above, the results around the optimal 3% consistency had similar
results in the closed system while the higher consistencies had significantly better ash removal
performance in the open layout. This is likely a result of the open system becoming gradually
diluted, so consistencies lower than 3% became very diluted in the open system. Consequently,
the diluted sludge could not aggregate and roll down the screen thus separating the solids less
efficiently. Contrastingly, the higher consistencies diluted closer to 3% in the open system, leading
to a transition to optimal consistency for ash removal as they diluted to 3%. Figure 2 shows that
higher consistency resulted in a higher capacity for ash removal than lower consistencies.



243

244

100

/‘N —
// ~

1 1

(1=
o

(=]
o

-~
o

1.0 20 3.0 4.0 5.0

Feed Consistency (%)
-&-Carbohydrate Retention -€-Ash Removal

Carbohydrate Retention or
Ash Removal (%)

Figure 2. Final ash removal and carbohydrate retention trended against each consistency run completed.
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Figure 3 serves to summarize the de-ashing and carbohydrate retention performance of all
the screening consistencies studied. Each screening run begins with 100% carbohydrate retention.
Corroborating Figure 2, Figure 3 shows that there is an optimal operating window for screening
consistency to maximize ash removal. By way of comparison, the performance of the Pulmac
Masterscreen lab scale screen is provided in Figure 3. As can be seen, the screening at 3% feed
consistency outperforms the laboratory scale comparison equipment in carbohydrate retention.
The 3% consistency screening provides the most selective screening performance in the operation
of the sidehill screen. The existence of this performance apex is likely due to this consistency of
paper sludge being thick enough to allow for the feedstock to aggregate on contact with the screen
and roll down the surface, allowing the ash to separate and filter through the screening media.
Meanwhile, this consistency window is not too high in solids as to not have enough free water to
allow for fiber-ash separation.

10
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Figure 3. Screening performance indicators carbohydrate retention and ash removal trended from steady state
(100% carbohydrate retention) through to final sample collection for each consistency studied.
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3.2.  Biomass Composition Analysis

The structural component results are presented in Table 1 in addition to a mass balance of
final components after screening. This method demonstrated that the raw, supplied sludge was
high in ash and carbohydrates Data from Table 1 is derived from carrying out compositional
analysis for the 3% consistency screening run and applying that data in conjunction with pilot scale
screening yields to model a mass balance. Screening yields were determined by ratio mass of final
oven dry accepts and feedstock solids. Data was provided from one run due to the variance of
carbohydrate and ash content of sludge samples provided by the mill. It can be seen in the data
that the rejects stream is much more concentrated in ash while the accepts stream is much more
concentrated in carbohydrates. These results confirm the selectivity of the pilot screening system.

12
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Table 1. Mass Balance via Determination of Structural Carbohydrates and Lignin in supplied paper sludge, final accepts,

and final rejects of 3% consistency screening.

Properties ASL (%mass) | AIL (%mass) | Ash (%mass) | Carbohydrates (%mass)
Feedstock 0.5 8 52 38
Accepts 0.4 6 3 87
Rejects 0.5 8 79 8

Mass Balance (100g basis) ASL (9) AlL (9) Ash (g) Carbohydrates (g)

Feedstock 0.5 8 52 38
Accepts (38% mass) 0.1 2 1 33
Rejects (62% mass) 04 5 49 5

13
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3.3. Process Simulation Results

Process Simulation of industrial scale sugar production was done to establish the scalability
of sidehill screen de-ashing operations from pilot plant scale. Modelling was completed using
screening and enzymatic hydrolysis data generated from the present work and work in the literature
(Park et al, 2022), while sugar evaporation trends in the literature was also followed
(Chantasiriwan et al, 2020) to best align with industrial sugar concentration.

3.3.1. Mass Balance, Inputs, and Outputs

Table 2 below shows the critical inputs and outputs of the system under conditions of
100,000 ODMT/year of paper sludge incoming material into the operation. As can be seen, there
is a large flow which is landfilled due to the high ash content of the incoming sludge stream. The
present work does not consider a potential value-added process for the separated ash. A natural
gas boiler provides the steam required for multi-effect evaporation to bring sugar solids to the
required concentration.

14
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Table 2. Process Simulation Key Inputs and Outputs

Inputs Flow Units
Paper Sludge 21 Wet MT/hr
Fresh Water 2.3 MT/hr
Hydrochloric acid 103 Total kg/hr
Cellulase Enzyme 94 Total kg/hr
Natural Gas 12,000 MJ/hr
60# Steam 8.6 MT/hr
Outputs Flow Units
Sugar Syrup (40%mass) 2.4 OD MT/hr
Effluent 2.3 MT/hr
Landfilling 10 Wet MT/hr

15
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3.3.2. Yields and the Effect of Screening Consistency

Overall yields and process flows are strongly impacted by the effect of screening
consistency in the first step of the process. Table 3 shows the relationship between sidehill
screening consistency and overall simulated process performance. As can be seen, the optimal
window of screening performance in pilot scale work is evident in the process simulation. By
optimally carrying more cellulosic solids forward through the process, acid conditioning and
enzyme demands will be increased. The optimal screening window at 3% feed consistency also
removes the greatest amount of ash, where greater cellulosic selectivity in screening allows for
higher monomeric sugar yields from enzymatic hydrolysis of the separated cellulose. In
accordance with the literature (Park 2022), the effect of ash included less efficient use of acid for
conditioning as well as lower hydrolytic yields. These negative effects of ash in process simulation
further demonstrate the importance of high selectivity as accomplished in the pilot scale work.

16



Table 3. Effects of Sidehill Screen Operation on Downstream Value-Added Processing Areas

Screening Acid Demand Enzyme Demand Sugar Production Sugar Yield from
Consistency (%) (kg/hr) (kg/hr) (MT/hr) OD Sludge (%)
1.7 115 48 1.3 74
2.1 113 77 2.0 11.2
3.0 103 94 24 14.1
3.7 97 83 2.2 13.0
5.0 84 77 2.1 11.6

300
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3.4.  Techno-Economic Analysis

Techno-economic analysis evaluation of capital expenditure, operational expenditure,
revenues, and credits for the system investigated in process simulation. The analysis encompasses
both process and expenditure modelling, utilizing process flows from the mass and energy balance
to calculate capital and operating costs in 2022 USD. 30-year forecasted analysis of discounted
cash flows determine a minimum selling price (MSP) for the final concentrated sugar solution with
an IRR of 10%.

3.4.1. Capital Expenditures

Equipment costs, or capital expenditures, were appropriately chosen and sized to facilitate
all operations represented in process simulation at the scale of study. The total capital expenditure
for the present work was calculated to be $15,700,000 of equipment delivered cost with a total
capital investment (TCI) of $53,100,000.

3.4.2. Operational Expenses

Table 4 gives a breakdown of the critical costs associated with the present work. As can be
seen, there is a strong influence from the credit for taking on paper sludge from the paper mill
producer. This credit is half of the current landfilling cost, resulting in a discount cost to the sludge
supplier while diverting the cellulose-rich sludge stream from the landfill. Therefore, this is an
attractive opportunity for the paper sludge producer as the credit is less than the trucking and
landfilling costs.

18
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Table 4. Selected Operational Expenses for Paper Sludge Valorization

Stream Flow (MT/yr) Cost ($MM/yr) | Price ($/MT) | Water (%Mass)

Paper Sludge 165,000 (wet basis) -6.57 40 67
Fresh Water 15,500 0.02 0.73 :

Hydrochloric Acid 800 0.33 400 63

Cellulase Enzyme 600 0.31 512 99
Wastewater Treatment 15,500 0.02 0.73 :

Landfilling 84,000 3.41 40 60
Natural Gas 1,700 0.56 330 .

19
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Fresh water, effluent treatment, and natural gas costs are established using industrial
standard rates for the southeast United States region. Electrical costs are estimated using the
process demand of power given from process simulation and utilizing publicly available industrial
electricity costs for the region. Hydrochloric acid costs were estimated by extrapolating costs from
a lab scale operation due to lack of availability for vendor pricing at the industrial scale. Enzyme
operational costs were estimated using Novozymes CTEC3 cellulase. Enzyme costs were based

on expense rates of protein mass at small batch enzyme concentration of enzyme provided to the
lab.

3.4.3. Screening Consistency and Minimum Selling Price

Sidehill screening at the pilot scale, as mentioned previously in section 2.2, has the capacity
to operate at different consistencies and in turn yield cellulose pulp of varying quality. The
outcoming screened product then inherently has different contents of cellulose and ash with each
screening consistency. Enzymatic activity is decreased with increased ash content, so monomeric
yields and steam demand are highly dependent on the screening consistency. Screening
performance then impacts various operational expenses and yields throughout the process. The
evidence of these trends is shown in Table 5 found below. The optimal window of screening
performance is supported in economic analysis, with 3% consistency screening showing the
greatest ash removal while also showing the greatest economic potential. By way of comparison,
sucrose had a global average price of $410/metric ton in 2022 (Worldbank, 2023), roughly 20%
higher than the optimal MSP as seen in Table 5. After costs of nanofiltration or other filtration
methodology, the optimal MSP of $331 per ton potentially makes paper sludge-based sugars an
attractive alternative after additional processing costs for end use in agricultural animal feeds.
Additionally, no fractionation of paper sludge leads to an MSP over 100% higher than the 3%
screening minimum MSP.

20



Table 5. TEA minimum selling price of sugar product based
on sidehill operational consistency.

Screening Consistency (%) MSP ($/MT)
1.7 478
2.1 372
3.0 331
3.7 353
5.0 393
No fractionation 679

350
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3.4.4. Sensitivity Analysis

Figure 4 demonstrates that the most critical items to economic performance are plant
capacity, capital expenditure factors, and screening consistency. Consistent with the pilot scale
work, it is evident that the ability to screen ash in fractionating the paper sludge feedstock is of
high importance to the technical and economic feasibility of a value-added operation aiming to
valorize the cellulose in paper sludge.

22
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(a) Paper Sludge Cellulose Content (48, 40, 32 %) $283 $403

(b) Screening Consistency (5, 3, 1 %)
$393 $478
(5%) (1%)

(c) Carbohydrate Conversion (95, 90, 85 %) $319 $346

(d) Steam Economy (4.3,3.6,2.9) $324 $344

(e) Final Sugar Solids (30, 40, 50 %)

() Capital Expenditure Contingency (120, 150, 200 %)

$216

(9) Plant Capacity (750, 500, 250 wet MT Sludge per Day) $662

200 250 300 350 400 450 500 550 600 650 700
Minimum Selling Price ($/MT)

(a) Feedstock Credit (-60, -40, -20 $/wet MT) $241 $422
(b) Fresh Water Price (0.5, 0.73, 1 $/MT) $331| $332
(c) Natural Gas Price (0.004, 0.005, 0.006 $/MJ) $325
(d) HCI Price (320, 400, 480 $/MT) $328
(e) Cellulase CTEC3 Price (400, 512, 625 $/MT) $327
() Electricity Price (0.03, 0.07, 0.11 $/kWh) $330
(9) Internal Rate of Return (8, 10, 15 %) $321 $359
2<;o 25;0 31;0 3&;0 4(;0 45;0 51;0

Minimum Selling Price ($/MT)

Figure 4. Sensitivity Analysis of Techno-Economic Analysis Considering Internal Process Capabilities (fop) and
Market Factors (botfom)
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4. Conclusions

The pilot-plant scale sidehill screen was able to facilitate magnitudes of order greater flow
than the Pulmac Masterescreen while also producing improved fractionation performance.
Compositional analysis showed that the sidehill screening operation capably increased the content
of carbohydrates to roughly 90% mass content. Process simulation of paper sludge valorization to
sugars yielded results that maximized sugar yields in the optimal 3% consistency window that was
found in pilot scale work. Techno-economic analysis provided a minimum selling price of
$331/ton. Techno-economic analysis showed that the most sensitive factors to economic
performance are plant capacity, feedstock credit, and screening consistency.

E-supplementary data of this work can be found in online version of the paper.
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