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Abstract: Activated carbons (AC) from lignocellulosic biomass feedstocks are used in a broad range
of applications, especially for electrochemical devices such as supercapacitor electrodes. Limited
studies of environmental and economic impacts for AC supercapacitor production have been con-
ducted. Thus, this paper evaluated the environmental and economic impacts of AC produced from
lignocellulosic biomass for energy-storage purposes. The life cycle assessment (LCA) was employed
to quantify the potential environmental impacts associated with AC production via the proposed
processes including feedstock establishment, harvest, transport, storage, and in-plant production.
A techno-economic model was constructed to analyze the economic feasibility of AC production,
which included the processes in the proposed technology, as well as the required facility installation
and management. A base case, together with two alternative scenarios of KOH-reuse and steam
processes for carbon activation, were evaluated for both environmental and economic impacts, while
the uncertainty of the net present value (NPV) of the AC production was examined with seven
economic indicators. Our results indicated that overall “in-plant production” process presented the
highest environmental impacts. Normalized results of the life-cycle impact assessment showed that
the AC production had environmental impacts mainly on the carcinogenics, ecotoxicity, and non-
carcinogenics categories. We then further focused on life cycle analysis from raw biomass delivery to
plant gate, the results showed that “feedstock establishment” had the most significant environmental
impact, ranging from 50.3% to 85.2%. For an activated carbon plant producing 3000 kg AC per day in
the base case, the capital cost would be USD 6.66 million, and annual operation cost was found to be
USD 15.46 million. The required selling price (RSP) of AC was USD 16.79 per kg, with the discounted
payback period (DPB) of 9.98 years. Alternative cases of KOH-reuse and steam processes had GHG
emissions of 15.4 kg CO, eq and 10.2 kg CO; eq for every 1 kg of activated carbon, respectively. Monte
Carlo simulation showed 49.96% of the probability for an investment to be profitable in activated
carbon production from lignocellulosic biomass for supercapacitor electrodes.

Keywords: lignocellulosic biomass; activated carbon; supercapacitor electrodes; environmental
impacts; economic feasibility; bioproducts

1. Introduction

Lignocellulosic materials such as energy grasses and woody biomass are widely rec-
ognized as environmentally friendly feedstocks for value-added bioproducts [1], including
for bioenergy products [2] and carbon sequestration [3], and as an essential element for the
production of active carbon-based material [4]. Utilizing biomass to develop alternative
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energy-storage devices with high energy densities is a viable solution due to the uncertainty
of fossil fuels and increased environmental concerns [5]. Supercapacitors are intermediate
systems between electrochemical batteries and dielectric capacitors, which can deliver high
power practically instantaneously during a few milliseconds [6]. Carbon supercapacitors
are one of the three different types of supercapacitors [7]. Among the variety of carbona-
ceous materials such as carbon aerogel, activated carbon [8], and carbon nanotubes [9]
studied for supercapacitor electrodes, activated carbon is the most widely used material,
mainly because of its cost effectiveness, good conductivity, and potential environmental
sustainability [10]. Despite the fact that carbon electrodes are mostly produced from non-
renewable materials such as coal and petroleum, lignocellulosic biomass is known as a
renewable and inexpensive feedstock for Activated Carbon (AC)-based supercapacitor
electrodes [11,12]. In particular, using biomass as feedstock for carbon of energy storage has
advantages. First, compared to fossil fuels, renewable biomass material is more sustainable
in terms of producing activated carbon in the future. Second, biomass-based products are
becoming more and more accepted by the public. Specifically, the growth and production
of biomass feedstock would sequestrate carbon and provide other ecosystem services.
Third, the value-added utilization of biomass could also facilitate the development of the
rural bioeconomy.

The fundamentals behind activation of carbon materials are well studied. The acti-
vation of carbon materials is generally conducted either by a physical or chemical pro-
cess [13,14]. In the case of physical activation process using, typically, steam or carbon
dioxide, a large amount of the internal carbon mass in carbon structures is removed [15],
while in chemical activation process, the structure of raw material is degraded or dehy-
drated by chemical-activating agents [16]. The synthesis techniques of the biomass-based
AC capacitors usually include pyrolysis (for carbonization) and activation processes [17].
Various studies on AC-based supercapacitors integrating the pyrolysis and activation
processes showed high specific capacitances of biomass-derived carbon [18-20].

Though several studies have been conducted on biomass-based activated carbon
for energy-storage applications [10,21], the production of lignocellulosic activated carbon
for energy storage still faces technical, economic, and environmental challenges. While
lignocellulosic materials offer large volume [22] and are environmentally friendly [23],
they suffer from low carbon yield during AC production [21], leading to poor economics.
Producing low-cost activated carbon compared to other electrode materials is one of the
key challenges for the commercial success of the carbon-based supercapacitors [24].

Life Cycle Assessment (LCA) is an approach that accounts and manages environmen-
tal impacts by considering all the aspects of resource uses and emissions associated with an
industrial system from either cradle-to-gate or cradle-to-grave [25]. A full LCA study typi-
cally includes four steps: the goal and scope, the inventory analysis, the impact assessment,
and the interpretation of results [26]. LCAs were widely applied to analyze the environ-
mental impacts of the utilization of biomass for various biomass-based products [1,27]. Liu
et al. (2017b) [2] compared three bioenergy products from three lignocellulosic feedstocks
and found that pellet production presented lower greenhouse gas (GHG) emissions and
fossil energy consumption compared to the production of biopower and biofuels. LCA of
an ethanol production process via the bioconversion of willow biomass showed 1.69-times
higher water consumption compared to gasoline production using the same feedstock,
while this process presented 1.41-times less in fossil fuel input [27]. Environmental impacts
associated with the activated carbon production vary depending on different feedstocks
and synthetic processes. A cradle-to-gate LCA study of activated carbon from woody
biomass showed that the cumulative energy demand would potentially decrease by 35%
compared to coal-based activated carbon [4]. A study on the environmental impacts of
activated carbon from olive-waste cakes showed that the impregnation using H3PO, as a
chemical activation agent is a major process responsible for the majority of the impacts [23].
LCA of activated carbon from coconut shells showed that the use of renewable resources
for the production of AC would reduce both human toxicity and global warming [28].
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Few studies have focused on the economic analysis of biomass-derived activated car-
bon [29,30]. For AC production from pecan shells in a plant with a capacity of 10,000 kg/day;,
the production cost was estimated to be USD 2.89/kg [29]. Considering various feedstocks,
the production cost was estimated to be USD 1.56-2.24 per kg of activated carbon [30].

However, a comprehensive assessment of the economic feasibility and LCA of lignocellulosic-
based activated carbon for supercapacitors is still lacking. As the production of electrodes
continues to grow, it is critical to develop a baseline analysis of the biomass-derived AC
for energy storage and evaluate its performance economically and environmentally. The
objectives of this study were to: (1) perform LCA analyzing the environmental impacts of
biomass-based activated carbon; (2) conduct a techno-economic analysis of AC-based su-
percapacitors utilizing the energy crops; (3) compare the environmental impacts of different
AC production scenarios; and (4) quantify the economic uncertainty of AC production.

2. Materials and Methods

In this study, energy crops, mainly switchgrass and miscanthus, were utilized to
produce highly porous activated carbon for supercapacitor electrodes following a number of
steps including biomass establishment, harvest, transport, storage, and in-plant production.

Raw feedstocks, switchgrass, and miscanthus were established in the field, harvested,
and stored before delivery to the activated carbon plant. The feedstock was ground and
blended to obtain the small particle size in order to facilitate the carbonization and activation
thereafter. Similar to the existing works on biomass-based AC production, biochar was
prepared by intermediate pyrolysis in a fixed bed with raw materials [17]. For chemical
activation, potassium hydroxide (KOH) solution at a constant precursor-to-KOH ratio of
1:4 by weight was used. The intermediate carbon was then activated at 850 °C.

For economic analysis and LCA, the plant production rate was specified to be 3000 kg
per day, which was based on the expected demand of a small-to-medium supercapacitor
electrode market, and aligned well with the economical procurement radius of a disperse
biomass feedstock [19].

In addition to the base case, two different scenarios were investigated for LCA. In
the base case, KOH was used as an activation agent, but the KOH was not recycled,
which affects environmental sustainability due to chemical consumption and waste water
production [31]. In the first scenario, KOH was recycled with a mass loss of 10%. In the
second scenario, steam activation, as opposed to activation by KOH, was used. It can be
noted that steam activation is a commercial process for the production of AC used for
general purposes [32].

Monte Carlo (MC) simulations were conducted to quantify the uncertainties in the
net present value (NPV) due to uncertainties in the production rate, sale price, equipment
salvage price, and discount rate, as listed in Table 1. Uniform distributions were considered
for the price of KOH and the discount rate since, for these two factors, all outcomes were
equally likely to occur. For other factors with uncertainties, Beta distributions were applied.

Table 1. Impact factors for the TEA uncertainty analysis.

Item Base Case Value Probability Distribution

Labor rate (USD per hour) 18.58 Beta (4.8,2.7) min = 7.25 max =25
Raw materials delivered cost (USD per dry Mg) 80 Beta (2,9) min = 69 max = 130
KOH price (USD per dry Mg) 750 Uniform (500,1000)

Lang factor 3.63 Beta (2.3,5) min =3 max =5
Days operated (day) 320 Beta (3,3) min = 310 max = 330
Production price (USD per Kg) 17 Beta (6,6.5) min = 5 max = 30
Discount rate (%) 5 Uniform (5,10)
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2.1. Life Cycle Assessment
2.1.1. Goal and Scope Definition

A cradle-to-gate LCA model was developed to estimate the environmental impacts
of AC production for supercapacitors from lignocellulosic biomass. For LCA, two major
components for production of AC are biomass feedstock preparation and in-plant AC
production, as shown in Figure 1. Biomass feedstock preparation includes feedstock
establishment, harvest, transportation, and storage. In-plant AC production includes size
reduction, thermochemical conversion into biochar via pyrolysis, and chemical activation.
The functional unit (f.u.) of the system was 1000 kg of energy-storage activated carbon.

Feedstock Production Harvest Transport
Site Preparation Collection Traller-tru(l:k
Transportation
| i
Planting Baling Stor age
v | ¥ T
Fertilization Herbicides Mowing Plant Site Storage |«
| | t
| \ I
Products In-plant Production|
! Super '4 Activated L Activation Drier
i Capacitor ! Carbon (Chemical) T
Grinder
...................... | e — I
: Biochar e arbonization Hammer Mill
R (Pyrolysis)

Figure 1. Study system boundary of the activated carbon production from lignocellulosic biomass.

2.1.2. Life Cycle Inventory

With the production of 1000 kg of highly porous AC, the material inputs were carried
out to estimate the environmental output for AC production (Table 2). Diesel and lubricat-
ing oil were consumed by machines used for handling feedstock in all processes. Fertilizer
and herbicides were considered for feedstock establishment causing potential environmen-
tal impact. Electricity and KOH were the inputs to the size-reduction, carbonization, and
activation steps. Input data were obtained from the field studies, experiments outcomes,
and previous studies by [1,17,28,33].

The establishment and collection of switchgrass and miscanthus includes site prepara-
tion, planting, fertilization and the addition of herbicides, mowing, baling, and collection.
The equipment used in these processes included a plow, a disk, a harrow, a hopper, a tedder,
a rake, a baler, a wheel loader, and a tractor [2]. Feedstock was then transported by truck to
the storage at the processing facility. Driers, grinders, and hammer mills were included
for preprocessing. Feedstocks were pyrolyzed at 450 °C for carbonization process, and
then activated by being mixed and heated with KOH at 850 °C. The fuel and materials
consumption in the harvest system was modified from the study by Liu et al. (2017a) [1]
to be consistent with this study. The utility and transportation were estimated using the
USLCI database [33]. The fuel and materials consumption of carbonization and activation
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process were adjusted based on the studies by Arena et al. (2016). and Yakaboylu et al.
(2019) [17,28].

Table 2. Environmental inputs and outputs for energy-storage activated carbons (ACs) from cradle-
to-gate, on a per ton (1000 kg) basis.

Amount Unit
Product
AC 1000 kg
Feedstock consumed
Multiple Lignocellulosic Biomass 8940 E;y
Input
Diesel 80.56 L
Lubricating oil 0.78 kg
Ammonium sulphate, as N 51.00 kg
Glyphosate 0.18 kg
Electricity 669.83 kWh
Potassium hydroxide (KOH) 22,560.00 kg
Output
Butadiene 3.39 x 107° kg
Acetaldehyde 6.65 x 1074 kg
Acrolein 8.02 x 1072 kg
Benzene 8.09 x 1074 kg
Carbon dioxide, fossil 1.03 x 104 kg
Carbon monoxide, fossil 4.58 kg
Formaldehyde 1.02 x 1073 kg
Methane, fossil 831 x 1073 kg
Nitrogen oxides 3.35 kg
Nitrogen oxides 2.76 kg
PAH, polycyclic aromatic hydrocarbons 1.46 x 1074 kg
Particulates, >2.5 um, and <10 um 9.57 x 102 kg
Propene 224 x 1073 kg
Toluene 3.55 x 10~* kg
Sulfur monoxide 4.96 x 1072 kg

VOC, volatile organic compounds,

-2
unspecified origin 279 x 10 kg

Xylene 247 x 1074 kg
Dinitrogen monoxide 2.08 x 1073 kg
water 3.21 x 103 kg
Oxygen 1.14 x 10° kg
Nitrogen 3.15 x 107* kg
Dust 924 g

Tar (as naphthalene) 9.23 kg

2.2. Economic Feasibility Analysis

A mass balance and flow diagram was developed (Figure 2) based on field inves-
tigations and our previous studies [1,17,34-37]. It specifies the yield at each step in the
carbon production and activation process and identifies the key process equipment items
for the manufacturing facility (Figure 2). This entire diagram was jointly verified by forest
operation experts and chemical engineering experts. As seen in this diagram, producing
one kg of powdered activated carbon requires 12.96 kg of raw materials on a wet basis.
A loss of 3% of dry matter is considered at each stage of feedstock establishment and
harvesting, transportation, and storage [34].
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Figure 2. A mass balance and flow of activated carbon production for high-performance supercapacitor.

2.2.1. Cost Estimation

In the base case, it was assumed that the plant life was 10 years with a discount rate
of 5%, and an annual production yield of 960,000 kg (3000 kg per day for 320 days of
operation) of high-performance ACs (Table 3). To support an AC plant of this size, a supply
of 8579 dry Mg of lignocellulosic biomass was required as feedstock.

Table 3. Assumptions of the base case for a plant producing energy-storage AC.

Parameter Unit Amount
Plant Capacity Dry Tons/day 3

Days Operated Days/year 320
Plant Life Year 10
Feedstock Delivery Cost USD/dry Mg 80

KOH Purchase Price USD/dry Mg 750

AC Yield Rate % of dry feedstock 11.19

Equipment cost was estimated based on a combination of vender quotes and literature
sources [29,30], and capital cost was estimated for all major technical components and
processes within the plant using the Lang Factor method [38]. The total cost was determined
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by multiplying the total purchase cost for all the major items of equipment by a constant
called Lang factor.

n
Crm = Frang ) Cp,i 1
i=1
where Crj; is the capital cost of the plant, Cp; is the purchase cost of the major equipment
unit £, n is the total number of individual units, and Fj, is the Lang Factor. The Lang
factor varies regarding three process plant types: solid processing plants (Frz,¢ = 3.10),
solid-fluid processing plants (Fp,,y = 3.63), and fluid processing plants (Fz,¢ = 4.70) [38].
In this study, F,ng = 3.63 was used for this combined fluid-solid system. Equipment costs
derived from the literature were adjusted to year 2019 by multiplying the Producer Price
Index (by Commodity for Machinery and Equipment: General Purpose Machinery and
Equipment) [39].
The cost of manufacturing (COM) could be obtained by adding together three cost
components: direct manufacturing cost, fixed manufacturing cost, and total general manu-
facturing cost [38]. It is denoted in the following equation:

COM(Cost of Manufacture) = 0.280Crp + 2.73Cor, + 1.23(Crum + Cur) @)

where Cry; is the capital cost of the plant, Coy is the labor cost for plant operation, Cry is
the raw material costs for feedstock and chemical solution, and Cy;t is the utility cost for
electricity, water, and natural gas. In this equation, the coefficients for each variable were
derived from “total general manufacturing cost” by [38].

With the assumption that a single operator works 40 h per week for 49 weeks annually,
the amount of required labor (Np) was calculated based on [38]:

0.5
Now = 45(shifts) x (6.29+31.7P2 4 0.23Ny) ®)

where P = 0 is the number of processing steps involving particulate solids, and Ny, = 10
is the number of other processing steps. In this study, there were ten non-particulate
processes: hammer mill, soak tanks, rotary dryer, two rotary kilns, rotary cooler, wash
tanks, recovery tanks, storage tanks, rotary dryer, and sieve. For each of the Ny operators
assigned an 8-h shift with a typical 3-week leave, there are 4.5 operators required for a
plant that runs 24 h per day. After calculation, the amount of labor per shift was 2.93, and
this was rounded up to 3 for later calculation.

2.2.2. Economic Evaluation

Several economic indicators including return on investment (ROI), NPV, internal
rate of return (IRR), and discount pay-pack period (DPB) were computed. The ROI was
computed as follows:

Ii—Cp
™

ROI = @)

where:

C, is the total production cost;
I; is the total income during the time period ¢;
Crum is the total investment cost.

The NPV can be computed by considering the difference between the present value of
cash inflows and outflows over the entire plant life [40] and is given by:

N
It
NPV = —Cppm +
t; (1+d)

©)

where:

CruMm is the total investment cost;
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I; is the cash flow at a single period ¢;
d is the discount rate.

The internal rate of return (IRR) measures the return performance of an investment
calculated over the whole plant life and is expressed as a percentage [41].

The discounted pay-pack period (DPB) is the time period required for the pay-back
of investment and interest, and it takes the present value of cash flow into account. It is
calculated by setting NPV = 0 and a trial and error procedure is applied. The shorter the
payback, the more desirable the investment. The DPB was formulated using the logarithm
with consideration of the time value of money, which is superior compared to the simple
payback period formula [42].

1

CF

) +In(1+4) (6)

where:

Crum is the total investment cost;
d is the discount rate;
CF is the cash flow during the whole period.

3. Results
3.1. Life Cycle Impacts

The cradle-to-gate LCA for producing 1000 kg of supercapacitor electrode carbon
products was conducted using SimaPro 9 [43] with the TRACI 2.1 LCA method [44]. The
environmental impacts were assessed considering the following 10 categories: ozone deple-
tion, global warming, smog, acidification, eutrophication, carcinogenics, non-carcinogenics,
respiratory effects, and ecotoxicity (Table 4). The total global warming potential when
producing 1000 kg of high-performance AC was 62.78 tons of CO, equivalent, including
greenhouse gases CO,, N,O, NHy, and volatile organic compounds (VOCs). The contribu-
tion of the emitted gases to the depletion of the ozone layer was 2.62 x 10~3 Kg CFC-11
equivalent. The measurement of smog indicated the photochemical ozone creation poten-
tial (POCP) [45], accounting for 2226.50 kg O3 equivalent. The acidification emission to the
atmosphere along with subsequent deposits on surface soil and water [46] was 206.37 kg
S0, equivalent. The eutrophication potential was 106.73 kg N equivalent, which referred to
the over-fertilization in aquatic ecosystems over the entire life cycle. Both carcinogenics and
non-carcinogenics are human-toxicological effect factors for LCA purposes [47], and they
were 2.27 x 1073 and 1.04 x 10~2 CTUh (Comparative Toxic Unit for humans), respectively.
The respiratory effects caused by inorganic substances were recorded as 14.09 kg PM 2.5
equivalent, and the ecotoxicity potential was 2.26 x 10° CTUe (Comparative Toxic Unit for
ecotoxicity). The amount of consumed fossil fuel was 7.18 x 10* MJ surplus.

Table 4. LCA impact indicators for the activated carbon production.

Impact Category Unit Total
Ozone depletion kg CFC-11 eq 262 x 1073
Global warming kg CO; eq 6.28 x 10*
Smog kg Oz eq 2.23 x 103
Acidification kg SO, eq 2.06 x 102
Eutrophication kg N eq 1.07 x 10?
Carcinogenics CTUh 227 x 1073
Non carcinogenics CTUh 1.04 x 1072
Respiratory effects kg PM2.5 eq 141
Ecotoxicity CTUe 2.26 x 10°

Fossil fuel depletion M] surplus 7.18 x 10*
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Ecotoxicity
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pd

on carcinogenics
Carcinogenics
Eutrophication

Acidification

Life Cycle Impacts Category

Global warming

Ozone depletion

Environmental indicators were normalized for each impact category at the midpoint
level (Figure 3). Midpoint results include a large number of impacts and more details
(ten factors in this study), and endpoint impacts are usually shown as the impact on human
health, global warming, and resource depletion [48]. Normalized factors relate the impact
scores to the average impact due to the exposure of a human being to the environment
per year. Our results showed that the top three categories with higher potential impacts
are carcinogenics, ecotoxicity, and non-carcinogenics, with scores of 43.01, 20.39, and
9.89 per person per year equivalent, respectively. Ozone depletion, respiratory effects, and
smog were affected the least under the environmental category.

43.01

Smog

0 10 20 30 40 50
Life Cycle Impacts (normalized)

Figure 3. Normalized results of life-cycle impact assessment of energy-storage activated carbon, in
ten impact categories.

Among the five components—establishment, harvest, transportation, storage, and
AC production—the process of AC production (carbonization and activation) resulted in
the highest environmental impacts in all ten impact categories, with 95.8 to 99.6% of the
total normalized environmental impacts while 96.70% of the GHG emission occurred in the
process of the “carbon production” phase at a facility site (Table 5).

Further analysis of environmental impacts on feedstock logistics (Figure 4) showed
that the “feedstock establishment” process presented the most significant impact, ranging
from 50.3 to 85.2%. In the “feedstock establishment” process, site preparation, fertilizing,
and herbicide application were counted in the life-cycle inventory. According to a study
by [49], the use of fertilizer (ammonium sulphate) and herbicide (glyphosate) could affect
the climate change, eutrophication, acidification and ecotoxicity, which appeared to be
the major cause of the environmental impacts by feedstock establishment. The top three
impact categories for feedstock harvesting were smog (32.43%), acidification (28.17%),
and greenhouse gas emission (16.29%). With the assumption of a 50-mile transportation
radius/distance for the base case, feedstock transport caused 15.12% of the environmental
impacts in the feedstock logistics component. This could have increased as the transporta-
tion distance of biomass increased. Global warming, fossil fuel depletion, and ecotoxicity
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accounted for more than one fifth of the total environmental impacts by feedstock logistical
activities.

Table 5. Percentage of life-cycle environmental impacts of environmental indicators by process

components.
Impact Category Establishment % Harvest % Transport % Storage % AC Conversion %
Ozone depletion 0.3311 0.0051 0.0066 0.0459 99.6112
Global warming 0.4091 0.1135 0.1574 0.0167 99.3033
Smog 2.1094 1.3609 0.7072 0.0192 95.8034
Acidification 0.8647 0.4516 0.2648 0.0222 98.3966
Eutrophication 0.3011 0.0678 0.0486 0.0237 99.5588
Carcinogenics 0.3499 0.0541 0.0697 0.0268 99.4996
Non carcinogenics 0.4891 0.1122 0.1452 0.0282 99.2253
Respiratory effects 0.5847 0.1313 0.0607 0.0276 99.1957
Ecotoxicity 0.5218 0.1319 0.1710 0.0239 99.1513
Fossil fuel depletion 0.6907 0.1995 0.2586 0.0160 98.8352
100% — — — — — — — — — —
80%
12
©
©
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E
< 60%
)
£
[=]
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Figure 4. Percentage of life-cycle environmental impacts of environmental indicators by process
components, for biomass feedstock logistics only.
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3.2. Techno-Economic Impacts

Equipment costs were estimated by updating those reported in a study by [29] using
the producer price index for machinery and equipment [39], which accounts for the average
change of the purchase costs of required machines over time for AC production (Table 6).
The equipment costs for a total of 16 machines were USD 1.83 million for an AC plant with
a productivity of 3000 kg/day. The total capital costs for this AC plant were estimated to
be USD 6.66 million.

Table 6. Capital costs for a biomass-derived AC plant used for energy storage.

Item Amount Cost (USD)
Hammer mill 2 28,657
Two glass-lined soak tanks 2 254,727
Rotary dryer 1 23,881
Two rotary kilns 2 652,739
Rotary cooler 1 103,483
Two glass-lined wash tanks 2 254,727
Two glass-lined recovery tanks 2 264,280
Two glass-lined storage tanks 2 222,886
Rotary dryer 1 23,881
Sieve 1 4776
Equipment Cost 1,834,037
Capital Cost Crm 6,657,555

The total operation cost for producing highly porous activated carbon was USD
15.45 million annually (Table 7). Annually, the raw materials cost was estimated at USD
12.60 million for lignocellulosic feedstock and KOH, and it accounted for 81.53% of the total
operating cost. The total direct manufacturing costs, including the costs of utility, operating
labor, direct supervisory and clerical labor, operating supplies, maintenance and repairs,
laboratory charges, and plant overhead costs, were estimated to be USD 13.85 million. The
fixed manufacturing costs, accounting for local taxes and insurance, patents, and royalties,
were estimated to be USD 981,069. Furthermore, the general manufacturing expenses were
USD 1.29 million.

Table 7. Annual operating costs for an AC plant used for energy-storage purposes.

Item Annual Cost (USD)
Lignocellulosic feedstock 686,327
KOH 11,915,401
Raw Materials CrM 12,601,728
Electricity 77,000
Water 14,000
Natural gas 268,000
Utility Cur 359,000
Operating labor Cor 94,944
Direct supervisory and clerical labor 0.18 x Cor, 17,090
Operating supplies 0.009 x Ctpm 59,918
Maintenance and repairs 0.06 x Ctpm 399,453
Laboratory charges 0.015 x Cop, 14,242
Plant overhead costs 0.708 x Cor, +0.036 x Crpr 306,892
Local taxes and insurance 0.032 x Crpmp 213,042
Patents and royalties 0.03 x COM 102,272
Depreciation 0.1 x Crpm 665,755.50
a. Administration costs 0.177 x Cor +0.009 x Crpr 76,723

b. Distribution and selling costs 0.11 x COM 374,997

c. Research and development 0.05 x COM 170,453
General Manufacturing Expenses 1,287,929
Total Operation Costs 15,456,509

3.3. Economic Feasibility

Based on the economic assessments of the activated carbon production in this study,
the required selling price (RSP) was USD 16.79 per kg (USD 16,794.02/ton). Even though
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the price for general-purpose activated carbon could be as low as USD 1.65/kg, the market
price of carbon for supercapacitor electrodes can be higher, with its premium grade ranging
from USD 15 to 50/kg [50].

The economic performance of the activated carbon production plant was evaluated
in terms of ROI, NPV, IRR, and DPB (Table 8). It was assumed that all activated carbon
products were characterized with the same surface area and sold on a weight basis of
UsD 17/kg.

Table 8. Economic evaluation for an AC plant used for energy-storage purposes.

Economic Indices Amount
Total Investment Cost (USD) 6,657,555
Total Operating Cost (USD) 154,565,090
Total Income (USD) 163,200,000
Return on Investment (ROI) 129.70%
Net Present Value (NPV) (USD) 9613
Internal Rate of Return (IRR) 5%
Discounted Payback Period (DPB) (years) 9.98

The return on investment (ROI) of 129.7%, (or annual ROI of 12.97%) shows that
the net return of the AC plant could bring financial gain and that the project would be
potentially profitable. The NPV was estimated to be USD 9613, indicating a financially
feasible project. The IRR was estimated to be 5%. The DPB was found to be 9.98 years,
showing the potential profitability of the AC plant. However, these indicated that the
investment would be only marginally viable.

The impact of the selling prices of the product on the economic performance were
analyzed considering an uncertainty of —15%-30% with respect to the base case price of
USD 17 per kg (Figure 5). The resulting AC selling price ranged from USD 12 to 22/kg.
When the selling price dropped below USD 16/kg, it led to a negative NPV and ROI,
and a longer DPB (longer than the plant’s lifetime), indicating that the AC plant would
not be economically viable. As the selling price increased, it was found that the IRR and
ROI would increase linearly, and the DPB would be reduced logarithmically. Each USD
1 increase in the AC selling price led to an increase in the IRR by 13.26%, an increase in
the ROI by 144.20%, and a nonlinear decrease in the DPB varying from 10.890 to 141.65%.
It was found that the discounted payback period would be less than two years once the
product selling price reaches USD 20/kg and above. At USD 20/kg, the IRR would be
greater than 50%, ranging from 56% to 85%.
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Figure 5. The impacts of activated carbon selling price on economic indices: (a) accumulated NPV,
(b) IRR, (c) ROI, and (d) DPB.

4. Discussion
4.1. Sensitivity of Life-Cycle Impacts

The results of the life-cycle assessment showed the differences in GHG emissions, as
compared to other studies [4,14,29], because of the use of different activation technologies.
It was found that the use of KOH without recycling would lead to a great environmental
impact not only on GHG emission, but also on human toxicity. Meanwhile, wastewater
containing KOH in an aqueous mix is a source of hazardous waste [31]. Thus, recovering
the KOH for reuse could benefit the AC production economically and environmentally.
If 50% of KOH could be recycled, the annual material cost could be reduced by 52.70%
from USD 12.60 to 5.96 million. If an AC plant could reuse 90% of KOH, it would save
USD 10.72 million annually.

The normalized results of the environmental impacts for the two alternative scenarios
were compared with the base case (Figure 6). The two alternative scenarios demonstrated
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significant decreases in environmental impacts in each of the 10 categories. Specifically,
for GHG emissions, both partial-recycling of KOH and steam activation had emissions of
15.4 kg CO; eq and 10.2 kg CO; eq for every 1 kg AC production, respectively. These are
13.33% and 42.30% lower than the coal-based activated carbon, which had emissions of
18.3 kg CO, eq/kg [4], and are also similar to the GHG emission of 11.15 kg CO; eq from
wood-chip-based AC [4].
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Figure 6. Normalized results of life-cycle impacts of activated carbon production using alternative
scenarios: (1) non-recycling of KOH activation—baseline case; (2) partial recycling KOH activation;
and (3) Steam activation for general-purpose AC.
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According to a study by Gonzalez-Garcia (2018) [22], steam-activated carbon products
yield only 776-1122 m?/g of surface area, which is not sufficient to meet the energy-storage
requirement for supercapacitors. On the other hand, KOH-activated carbon products
showed high specific surface areas of up to 3265 m?/g, and exhibited great performance
in terms of electricity capacitance [17]. However, problems may occur in KOH recycling
related to impurities and immature potassium recovery. During the chemical activation
process, the ratio between KOH and the precursor mass, temperature time, and stirring
need to be strictly controlled [51], which can be challenging in cases of recycling and reuse.

4.2. Economic Uncertainty

The selling price of activated carbon was assumed to be USD 17/kg for the base case
in this study, which was intended to constitute a “worst scenario” of economic feasibility in
terms of the selling price. Thus, the IRR of 5% in this study demonstrated a lower bound
limit of return rather than an expected value. Of note, the IRR of 5% was a real rate rather
than a nominal rate, because we excluded the inflation rate in the TEA analysis in this study.
Given the inflation rate in the US in the past years, this real rate of IRR would be equivalent
to the nominal return rate of 7-9%. Beyond this scenario, the IRR would go up to more than
50% when the selling price increases to USD 20/kg. Given the promising energy-storage
market and bioproduct market, the selling price is expected to go higher. Therefore, this
process demonstrates incentives for potential investors to some degree. In addition, the
emitted CO, handling or capture was not considered at this point in the study, because
it is not yet regulated in the US, especially for small-size plants such as that proposed in
this study. However, considering the present net-zero goal and strategies, CO, handling or
capture will be included in our future studies. With consideration of the CO, handling cost,
the economics of this process would be changed accordingly to some degree. As reported,
using the most-ready MEA technology, the capture cost of CO, from flue gas ranges from
USD 53 to 86/ton [52,53].

With the production yield rate at 3000 kg of AC per day, and a minimum annual
demand of 8579 dry Mg of lignocellulosic biomass as feedstock, a reasonable capital
cost was estimated to be USD 6.66 million. According to Stavropoulos and Zabaniotou
(2009) [30], a wood-based chemical activated carbon plant with 4500 kg/day capacity needs
a total investment of USD 6.29 million. The capital cost for the AC plant in this study
was 5.56% higher, due primarily to the higher feedstock delivery price. Meanwhile, the
required selling price at the break-even point for highly porous AC was USD 16.79 per
kg, which was in the range of the market price of supercapacitor carbon of USD 15 to
50. The RSP of this study provides a considerable margin for the actual potential selling
price of activated carbon products intended for electrode-based purposes. In addition, the
energy density of the supercapacitor based on a specific AC plays an important role in the
economic evaluation of the AC production. It would influence the economic feasibility by
affecting the market price of the AC for supercapacitors.

Uncertainties in NPV were quantified through MC simulation [54]. The MC simulation
was conducted using Crystal Ball [55,56] by considering uncertainties in the parameters
listed in Table 1 (Figure 7). After 5000 iterations of Monte Carlo simulation to calculate the
NPVs, the values converged to a properly scaled Beta distribution of the NPVs ranging
from USD —80 to 80 million. The average NPV was USD 9612.86 from MC simulation,
which was close to the predicted mean value (USD 359,251) from the fitted Beta distribution,
with 49.96% probability that this investment will be economically viable.
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Figure 7. Net present value (NPV) uncertainty for an AC plant using lignocellulosic biomass.

5. Conclusions

An integrated life cycle and techno-economic analysis was carried out for the pro-
duction of AC from lignocellulosic biomass catering to a small-to-medium market of
supercapacitors. In the entire process, the AC conversion process resulted in the highest im-
pacts in all ten environmental categories. Carcinogenics, ecotoxicity, and non-carcinogenics
were the top three impacts of AC production related to human health and ecosystem quality.
Among all of the steps involved in the biomass feedstock preparation, the feedstock estab-
lishment step had the highest impact on the environment, especially for ozone depletion,
respiratory effects, and carcinogenics. The RSP of USD 16.79/kg for activated carbon from
lignocellulosic biomass was found to be comparable with the market price of USD 15-50
per kg for supercapacitor carbons. Our base case study indicated that for an investment of
USD 6.66 million, the estimated ROI, NPV, IRR, and DPB would be 129.7%, USD 9613, 5%,
and 9.98 per year, respectively.

The alternative scenarios suggested that the sustainability of activated carbon for the
production of supercapacitors could be improved greatly by reducing the environmental
emissions through the recycling of KOH. For instance, the GHG could be further lowered
to 83.76%, with the potential upgrading of the AC conversion technology in the alternative
cases. However, further research is needed to evaluate the practical feasibility of the
suggested alternative routes, especially to investigate the recycling of KOH. As an important
source of chemical consumption in the process, the recycling of KOH would not only reduce
the environmental burden, but also lower the production cost of the activated carbon. At
the same time, the biomass harvesting and logistics are also critical to AC production. The
optimization of biomass harvesting and logistics could significantly improve the production
of activated carbon from the perspective of the overall feedstock supply chain. In addition,
we will also investigate the potential applications of the supercapacitors derived from
biomass-based carbon.
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