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Abstract: Japanese knotweed is an invasive alien plant species with characteristic rapid expansion in
Europe and North America and resistance to extermination. It displaces autochthonous biodiversity
and causes major damage to infrastructure, thus causing global ecological and economic damage. The
Japanese knotweed plant is usually eradicated using various chemical, biological, or mechanical tech-
niques, which at a large scale include heavy equipment, usually followed by incineration. Therefore,
excavation is preferred to eradication techniques, and as a biomass waste recovery method due to the
extraction of high-value biocompounds. This is supported by the fact that the Japanese knotweed
possesses various bioactive compounds with beneficial effects on human health. Its rhizome bark
extract produces strong and stable antioxidant activity over time, as well as apoptotic, antibacte-
rial, and other beneficial activities. In this work, an environmental impact assessment, including
greenhouse gas footprint, acidification, eutrophication, and ecotoxicity for extraction route of the
Japanese knotweed rhizome bark, is performed. A comparative case study between the lab-based
and proposed pilot-scale production of active added-value extract was evaluated. The results show
the pilot-scale production exhibits lower environmental burdens, mainly due to greater electricity
requirements for the lab-scale alternative.

Keywords: Japanese knotweed rhizome bark extract; invasive alien plant species; bioactive
compounds; lab-scale; pilot-scale; life cycle assessment (LCA); environmental burden assessment

1. Introduction

In the 19th century, the plant species Japanese knotweed (Fallopia japonica Houtt. or
Polygonum cuspidatum Siebold & Zucc.) was introduced to Europe from East Asia as an
ornamental plant. Since then, it has shown rapid expansion and resistance to extermination
in Europe and North America and was therefore classified in the group of invasive alien
plant species. Japanese knotweed is currently considered to be one of the worst invasive
species in the world [1], displacing autochthonous plant species and causing major damage
to building and transport infrastructure, thus leading to global ecological and economic
harm [2].

Eradication of Japanese knotweed’s abundant biomass produces excessive amounts of
waste biomass, of which 2/3 correspond to the underground plant parts. Moreover, only
a small fragment of its rhizome or a stem is needed for a new individual plant to grow.
Several techniques, such as mechanical (incineration, excavation), chemical (herbicides),
and biological (nematodes, mites, fungi), can be used for its eradication. These procedures
cannot be considered either fully environmentally or economically justifiable [2].
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Sustainability consciousness needs to be the crux of process, product, and service
delivery [3]. This means technology should be developed with values that support better
use of resources and bioremediate the environmental damage. These include technologies
for renewable energy utilization, sustainable waste disposal, water and general resource
management and treatment, improved material processing, retrofitting and whole system
redesign to increase efficiency, green chemistry, nanotechnology, and bioengineering [4].
The concept of sustainability involves a balanced biogeochemical cycle that essentially
entails waste minimization and recycling, sustainable energy and food production (energy
and food security), emission reduction, climate-resilient designs, social justice, better
understanding and utilization of science, and more.

The above is supported by the fact that the Japanese knotweed extracts and com-
pounds possess various bioactive compounds, with beneficial effects on human health
(e.g., apoptotic, anti-inflammatory, antiviral, antibacterial, antioxidant, and anticancer ac-
tivities) [5]. The rhizome is, however, considered to be the richest part of phytochemicals.
Among the bioactive secondary metabolites, anthraquinones [6], proanthocyanidins [7],
stilbenes [8], phenolic acids [9], flavan-3-ols [10], triterpenic acids [11], naphthalenes [12],
monoterpenes [13], etc. have been identified.

Japanese knotweed extracts” antioxidant activity was proven by comparing their
antioxidant activity to six common dietary spices and herbs [14]. In a recent study by
Jug et al. (2021) [15] it was shown that the 70% ethanolic (aq) extract of the Japanese
knotweed rhizome bark (JKRB) has potent antioxidant activity (half-maximal inhibitory
concentration—ICsp~3.7 mg mL 1), which was in the range of the antioxidant activity
of ascorbic acid (vitamin C). Moreover, the extracts” antioxidant activity remained stable
for at least 14 days, which was not the case with vitamin C (which showed a decrease in
antioxidant activity over time (ICs¢: 3.115-62.787 nug mL~1).

The extraction procedure was further optimized (double extraction) and the JKRB
was incorporated into an active (antioxidant and antimicrobial) chitosan-based biofoil
for potential applications in food packaging and other industries [16]. The confirmed
migration of the JKRB antioxidants from the biopolymer into food simulants makes the
JKRB extract an excellent source of antioxidant/s for its incorporation into the various
materials to protect packed goods or packaging materials against oxidation and bacteria.
(—)-Epicatechin was determined to be a marker of the extract’s antioxidant activity [15].
The upscaled production of the biofoil would support the fight against the invasiveness of
Japanese knotweed and plastic waste, thus contributing to the reduction of greenhouse gas
(GHG) emissions and supporting the so-called “zero-waste” strategy [16].

The potential uses of JKRB-enriched (bio)polymers were thus predicted as
follows: (a) for active packaging (e.g., packaging for food, pharmaceuticals, food sup-
plements, and cosmetics) [17], (b) for rapidly oxidizing materials protection (e.g., industrial
fluids) [16], (c) for skin-contact products (e.g., patches, face masks, etc.) [18], (d) for food
(e.g., edible gummy bears) [16]. A Japanese knotweed rhizome extract has also been used
as a natural dye for formulating screen-printing inks, due to its orange color [19]. In a
recent study [20] JKRB proved to inhibit live SARS-CoV-2 in vitro, encouraging future
formulation of JKRB food supplements (for prevention or complementary treatment of
COVID-19), JKRB biofoils (for potential prevention of its spread), and for hygiene products
such as JKRB-enriched soaps and disinfectant solutions (for an enhanced disinfectant effect).
Market research showed the presence of various Japanese knotweed root and rhizome
products in the form of powders and food supplements marketed as a source of natural
antioxidants and tinctures against Lyme disease.

To identify the environmental hotspots of the extract production process and the
associated environmental burdens and unburdens of the process, life cycle assessment
(LCA) can be used to quantify the environmental impact of the products and services life
cycle [21]. The LCA method is defined by the international standards ISO 14040 and 14044
for analyzing the environmental aspects and impacts of product systems [22]. The potential
environmental impacts of the product are studied throughout its life from raw material
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acquisition through production (cradle-to-gate), use, and disposal (cradle-to-grave) [23].
The usual categories of environmental impacts considered include resource use, human
health, and ecological consequences [24].

JKRB production is a process with a potential upscaling opportunity, which will enable
utilization of larger quantities of Japanese knotweed rhizomes. Upscaling of the lab-scale
processes influences their environmental burdens due to the different equipment used,
recycling methods integrated into the process, and increased heat and power efficiency [25].
Highlighting the differences in the environmental burdens using LCA can influence future
decisions regarding the industrialization of the production routes. In this sense, this work
aims to compare the environmental footprints of the lab-based and proposed pilot-scale
JKRB extract production for the first time while utilizing this invasive species. Lab-scale and
proposed pilot-scale extraction routes are considered and compared in this study. Compari-
son is made considering the GHG footprint and various potential environmental impacts,
such as abiotic depletion (minerals and fossil fuels), acidification, eutrophication, human
toxicity, freshwater and marine ecotoxicity, ozone layer depletion, and photochemical oxi-
dation. As electricity contributes the most to environmental burdens, a sensitivity analysis
is conducted considering different electricity sources. Finally, the electricity demand of the
main equipment is analyzed at both lab and proposed pilot scales.

2. Materials and Methods—Environmental Impact Assessment

The JKRB extract production was considered for LCA analysis at both lab- and pro-
posed pilot scales from cradle to gate. The system boundary, starting with the extraction of
natural resource Japanese knotweed (JK) rhizomes and ending with the produced JKRB
extract, is presented in Figure 1. For the system, a functional unit has been defined as 1 kg
of produced extract at the lab and proposed pilot scales.

|
l Eney Energy Enery |
| Mterials IvAterials MNaterials :
| i | | |
| I
[ - JE rhizomes JE rhizome bark |
JK rhi — JKRB
| rzomes pretreatment exfraction | *
I I
| |
| System boundary |
L e e e e e = 1 __________ .[ ______ -
Co-products Emissions

Figure 1. System boundary for cradle-to-gate JKRB extract production.

The production pathway of the process at both scales is presented in Figure 2. The
main components of the processes are presented in rectangles where the inputs are blue;
outputs cyan; key processes gray; the main resource, JK, light green; and final produced
JKRB extract green. The extraction phase consists of six individual steps, which are encircled
with a black dashed line. The key difference between the proposed pilot and lab scales is in
the last evaporation stage, where the lab alternative is presented on the left and the pilot on
the right, both encircled with a black line.

2.1. Lab-Scale Extract Production

Rhizomes of Japanese knotweed were harvested in Slovenia (N 46°02/33.9”;
E 14°27/00.9”) and a voucher specimen was placed in the Herbarium LJU (LJU10143477).
The rhizomes were transported to the National Institute of Chemistry. At this location,
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the rhizomes were washed with tap water and dried on paper tissues. The rhizome bark
was peeled before further processing. Peeled bark was then lyophilized at —50 °C for 24
h (Micro Modulyo, IMAEdwards, Bologna, Italy). The lyophilized material was further
frozen (under liquid Ny) and pulverized (by a Mikro-Dismembrator S, Sartorius, Gottingen,
Germany) for 1 min at a frequency of 1700 min~'. The final material (2 g) was extracted in
plastic centrifuge vials with 70% ethanol (aq), followed by 5 min vortexing, 15 min ultrason-
ication, and 5 min centrifugation at 6700 g. The solid residue was re-extracted with 20 mL
of 70% ethanol (aq). The following steps were the same as described for the first extraction.
Finally, both supernatants were pooled together and transferred into pre-weighted glass
storage vials where the solvent was evaporated under N, flow. The extracted mass of JKRB
was calculated by weighting the full vials and calculating the difference between the full
and empty vials. The extraction yield was 51%.

Japanese knotweed
(JKW)

Diesel ——» Eradication ——  » Residual biomass
1
Rhizomes
v

Tap water ——»  Washing —— Dirty tap water

!

Peeling —————» Waste rhizomes

Liquid nitrogen Bark
v

> Freeze-drying — >  Water vapors

Electricity l
L »  Pulverization Nitrogen gas
R
Electricity Bark powder
— T - - T T T T T T THF—» 70% Ethanol
EXTRACTION
Ethanol —>I |

. . . . PP) Pipette
| Vortexing — Ultrasonication —  Centrifugation (PP) Pip

MiliQ water
Supernatant ..
v Precipitate

(PP) t\:/?gltsrlfuge —>| Vortexing — Ultrasonication —»  Centrifugation |
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(PP)P'HJ_L_____[_____B vials
ipette

Pellet from centrifugation

N, gas Electricity

L Y -]
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o M
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Figure 2. Japanese knotweed rhizome bark extract (JKRB) production at lab and pilot scales.



Processes 2023, 11, 1393

5o0f 14

2.2. Proposed Pilot-Scale Extract Production

The same procedure as for the lab scale was assumed for a proposed pilot-scale
scenario, but with a few modifications as explained below. Rhizomes at a pilot scale were
eradicated using a mini excavator and transported by a light-medium track. In addition
to larger-capacity equipment, multi-use vials were predicted for extraction instead of
disposable vials. The solid residue was re-extracted with recycled 70% ethanol(aq). For
the evaporation, a rotary evaporator was used at a pilot scale instead of N; flow used at
a lab scale. The equipment used at lab and pilot scales is presented in Table 1. At the lab
scale, the equipment used for the experiments was considered, while at the pilot scale, the
equipment was assumed with the help of online catalogues and brochures.

2.3. Environmental Impact Assessment

Environmental analysis was performed based on the experimental data for the lab-
scale process and based on assumed modifications for the pilot-scale process. Cradle-to-gate
analysis was performed, with the use of openLCA software [26] and the ecoinvent 3.7 [27]
and Agribalyse 3.0 [28] databases. Based on the functional unit of 1 kg of produced extract,
both scale processes were evaluated for their GHG footprint, abiotic depletion, abiotic
depletion (fossil fuels), acidification, eutrophication, freshwater ecotoxicity, human toxicity,
marine aquatic ecotoxicity, ozone layer depletion, and photochemical oxidation.

Table 1. Equipment used for lab-scale (1 g) vs. proposed pilot-scale (1 kg) production of JKRB.

Unit Process

Equipment

Lab Scale Pilot Scale

Eradication

Transport

Washing
Peeling

Freeze-drying

Pulverization

Extraction

Evaporation

Dismembrator with electricity consumption of 100 W

Shaker with electricity consumption of 60 W;
Ultrasound with electricity consumption of 300 W;
Centrifuge with electricity consumption of 550 W.

Mini excavator with rated power of 42 kW and engine tier IV
and engine displacement of 2.83 L [29]
Light-medium track with EU certification diesel fuel (Euro 5 or

Manual work

Manual handling

Euro 6) [30]
Manual work Manual work
Manual work Manual work
Freeze-dryer with electricity consumption of 310 W Freeze-dryer with capac1t}(7) foé i(‘)/\l](%"ﬁrlld electricity consumption

Roll ball mill with capacity of 5 L and electricity consumption of
0.75 kW [32]

. Large shaking incubator with capacity of 115 L and elec-
tricity consumption of 450 W [33];

. Ultrasound with tank labor capacity of 133 L and electricity
consumption of 2000 W [34];

. Centrifuge with capacity of 8 x 2 L and electricity con-
sumption of 5.4 kW [35]

Rotary evaporator (100 L capacity) with:

. Electricity consumption of 2 kW [36];

(Evaporation under N») . . .
. Predicted water consumption: 1.2 L/min.

The GHG footprint refers to global warming caused by human activities and with
the release of gases such as CO,, N,O, CHy, and halogen carbohydrates. For the GHG
footprint, the impact assessment method IPCC 2013 in openLCA was used and is expressed
in kg CO; eq./kg of product [37]. Potential environmental impacts were evaluated using
the CML-baseline method in openLCA. Abiotic depletion refers to the consumption of
non-biological resources such as fossil fuels, minerals, etc. The value is expressed in kg Sb
eq./kg of product and for the fossil depletion in MJ of depleted fossil fuel. Acidification
refers to compounds that are predecessors of acid rain, namely SO;, NOx, NO, and N,O
expressed in kg SO, eq./kg of product [38]. Eutrophication is the pollution of water ecosys-
tems with nutrients inducing algae blooming, causing the death of other organisms in the
ecosystem, and is expressed in kg POy eq./kg of product [39]. Ecotoxicity is measured
separately regarding freshwater, marine, and land environments. It is based on the maxi-
mum tolerable concentration of toxic substances in environments and is measured in kg
of 1,4-dichlorobenzene (DCB) equivalent [40]. Human toxicity potential is also expressed
in kg 1.4-DCB eq./kg product, and is caused by chemicals released into the environment
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that can cause numerous diseases, for instance cancer in humans [41]. Ozone layer de-
pletion presents ozone-depleting gases, damaging the stratospheric ozone. Most of these
gases are chlorinated or brominated gases such as chlorofluorocarbons (CFCs), halons, and
hydro chlorofluorocarbons (HCFCs). This potential is expressed in kg of CFC-11 eq./kg
of product [38]. Photochemical oxidation refers to ground-level ozone that is formed by
the reaction of volatile organic compounds (VOC) and nitrogen oxides in the presence of
heat and sunlight. This impact category is dependent on the amounts of CO, SO,, NO,
ammonium, and non-metal VOC, and is expressed in kg of ethylene eq./kg product [38].

Inputs and outputs for lab-scale (1 g) and proposed pilot scale (1 kg) production of
the extract are presented in Table 2. Table 3 presents a detailed Life Cycle Inventory (LCI)
table of the needed resources and formed products for 1 kg of extract production. The
diesel was used for the excavation and transportation of JK at the pilot scale, while at the
lab scale this was performed manually. At the pilot scale, 15 L more tap water was used
due to cleaning re-usable centrifuge tubes and vials, while disposable polypropylene (PP)
counterparts were used in the lab scenario. The pilot scenario also used more distilled
water and ethanol, as they were used for cleaning the rotary evaporator flask, but it did not
consume any nitrogen. The biggest difference between the two processes is their electricity
consumption. The lab scale comparably used smaller equipment with lower feed amounts,
resulting in greater electricity consumption per mass of product.
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Table 2. Inputs and outputs for lab-scale (1 g) and pilot-scale (1 kg) production of the Japanese knotweed rhizome bark extract.

Lab Scale Pilot Scale
Input Manual work—no input Mini excavator: cca. 5 L/h (3 h of work) — Total 15 L
Cca. 15 g of biomass (above-ground parts: stems, leaves, etc.)—to be incinerated cca. 15 kg of biomass (above-ground parts: stems, leaves, etc.)—to be incinerated
Eradication Output (Japanese knotweed is classed as “controlled waste” and needs to be cut down (Japanese knotweed is classed as “controlled waste” and needs to be cut down
P carefully and either burnt on site or taken away to a licensed landfill site or carefully and either burnt on site or taken away to a licensed landfill site or
incineration facility.) incineration facility.)
Input / Light-medium truck: cca. 25 L/100 km (10 km back and forth) — Total 2.5 L
Transport Output / /
. Cca. 30 mL of tap water . Cca. 1L of tap water/kg of rhizome — Total: 30 L tap water
Input Paper tissues (100% cellulose) for drying at room temperature: 0.25 g . Paper tissues (100% cellulose) for drying at room temperature: 247.4 g
Washing
Cca. 30 mL of dirty tap water . Cca. 1L of tap water/kg of rhizome — Total: 30 L dirty tap water
Output . Paper tissues (100% cellulose) for drying at room temperature: 0.25 g. . Paper tissues (100% cellulose) for drying at room temperature: 247.4 g.
Input Manually: no environmental impact Manually: no environmental impact
Peclin From cca. 30 g rthizomes we obtain cca. 10 g of bark (for further work) and 20 g of ~ From cca. 30 kg rhizomes we obtain cca. 10 kg of bark (for further work) and 20 kg
& Output waste biomass (possible further incineration or formulation of other products for ~ of waste biomass (possible further incineration or formulation of other products for
tp p P p p
human use). human use).
. Electricity: 310 W % 24 h — Total 7.440 kW . Electricity: 9 kW * 24 h — Total 216 kW
Input e  Liquid nitrogen: 20 mL e  Liquid nitrogen: 20 L
Freeze-drying
. Water vapor: 6.81 mL ° Water vapor: 6.81 L
Output . Nitrogen gas: 16.16 g . Nitrogen gas: 16.16 kg
Input e Electricity: 100 W * 5 min — Total 8.33 W e Electricity: 0.75 kW * 2 h — Total 1.5 kW
Pulverization Water consumption for cleaning: cca. 15 mL . Water consumption for cleaning: cca. 15 L
Output . Ethanol consumption for cleaning: cca. 5 mL . Ethanol consumption for cleaning: cca. 5L
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Table 2. Cont.

Lab Scale

Pilot Scale

Extraction
and evaporation

Input

Output

Ethanol: 66.99 mL

MiliQ water: 28.71 mL

Shaker: 60 W * 5 min — 5 W

Ultrasound: 300 W * 15 min — Total 75 W

Centrifuge: 550 W * 5 min — Total 45.8 W

N gas: 1.9 L/min * 2 vial * 24 h — Total: 5472 L

2 Disposable 50 mL plastic centrifuge vials (PP)—(2 pieces = 27.6 g)
1 plastic Pasteur pipette (PP)—(1 piece = 1.5 g)

70% Ethanol: 95.7 mL

Waste biomass produced (precipitate): 1.55 g

N; gas: 1.9 L/min * 2 vial * 24 h— Total: 5472 L

2 Disposable 50 mL plastic centrifuge vials (PP)—(2 pieces = 27.6 g)
1 plastic Pasteur pipette (PP)—(1 piece = 1.5 g)

Ethanol: 66.99 L

MiliQ water: 28.71 L

Shaker: 450 W * 5 min — 37.5 W = 0.0375 kW

Ultrasound: 2000 kW * 15 min — Total 500 kW

Centrifuge: 54 kW /h 31 min — Total 2.8 kW

Rotary evaporator: 2 kW * 800 h — Total 1600 kW; 1.2 L/min water * 60 min
* 16 h — Total 1152 L water

70% Ethanol: 95.7 L (if rotary evaporator is used instead of N, flow, the
solvents can be recycled; recommended for pilot- and large-scale applications)
Water consumption for cleaning Rotavapor flasks: cca. 0.5 L

Ethanol consumption for cleaning Rotavapor flasks: cca. 0.1 L

Waste biomass produced (precipitate): 1.55 kg

Tap water for cleaning centrifuge bottles: 15 L

Ethanol for cleaning centrifuge bottles: 4 L
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Table 3. LCI table for 1 kg of Japanese knotweed rhizome bark extract production.

Lab Scale Pilot Scale Unit Description
Inputs
Diesel / 17.50 L Excavation/Transport
Distilled water 15.00 15.50 L Cleaning
Electricity 7574.13 2320.34 kWh Power equipment
Ethanol 71.99 75.99 L Extraction
Japanese knotweed 45.00 45.00 kg From Ljubljana region
Liquid nitrogen 20.00 20.00 L Freezing
MiliQ water 28.71 28.71 L Extraction
Nitrogen gas 5472.00 / m? Evaporation
Paper tissue 0.25 0.25 kg Drying of rhizomes
Tap water 30.00 45.00 L Washing/Cleaning
Outputs
Bio-waste 21.55 21.55 kg Rhizome and precipitate
Ethanol 71.99 75.99 L
JKRB 1.00 1.00 kg Main product
Nitrogen gas 5472.00 / m? Emitted into air
Paper tissue 0.25 0.25 kg Landfilled
PP * waste 29.1 / kg Vials and pipettes
Residual biomass 15.00 15.00 kg For incineration
Wastewater 73.71 89.21 L
Water vapors 6.81 6.81 L Emitted into air

* PP—polypropylene.

3. Results and Discussion

This section presents the results of the environmental impact assessment and the
results of the sensitivity analysis that focused on three different types of electricity mix.

3.1. Environmental Impact Assessment

The main normalized results of the lab- and pilot-scale process for the footprint
assessment are presented in Figure 3. For clarity, the values of some environmental impact
categories were multiplied or divided by a certain number that is presented on the left side
of Figure 3. For example, the values for terrestrial ecotoxicity should be multiplied by 3.5 at
both lab and proposed pilot scales to determine the actual value of terrestrial ecotoxicity.

The results indicate that the lab-scale production of JKRB mainly exhibits significantly
greater environmental burdens than the pilot-scale production. In most cases, the major
difference is the electricity used for the process, which is more significant at the lab scale
due to smaller equipment and smaller amounts of produced products. Electricity usage
especially affects GHG footprint, fossil abiotic depletion, and marine ecotoxicity, where it
contributes more than 90%. A high electricity contribution is also seen in all other categories,
except terrestrial ecotoxicity. The second-largest contributor to environmental burdens is
excavation/transport (in the case of proposed pilot scale), especially in the case of abiotic
and ozone layer depletion, due to heavy machinery that is used for this purpose. As
for ethanol production, it contributes greatly to terrestrial ecotoxicity and photochemical
oxidation due to the cultivation and processing of crops used for its manufacture. A greater
impact is seen at the pilot scale, since more ethanol is used for cleaning of the reusable
centrifuge vials and the cleaning of Rotavapor flasks that are not used in the lab-scale
process.

3.2. Electricity Demand Distribution and Sensitivity Analysis

Identifying electricity as the main hotspot of the JKRB production, a comparison of
the electricity demand distribution has been made for the lab- and pilot-scale processes. It
should be noted that the pie charts present only the equipment that consumed more than
0.5% of total electricity, excluding the pulverization and shaking equipment. The results
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are presented in Figure 4A for the lab-scale process and in Figure 4B for the proposed
pilot-scale process.

Terrestrial ecotoxicity Pilot
(kg 1,4-DB eq./kg extract)
:3.5 Lab

Photochemical oxidation Pilot
kg C,H JK tract
(kg C, 4ec)4(6 g extract) Lab
Ozone layer depletion  Pilot
(kg CFC-11 eq./kg extract)
x40,000

Marine ecotoxicity  Pilot
(kg 1,4-DB eq./kg extract)

1,500,000 Lab
Human toxicity Pilot
(kg 1,4-DB eq./kg extract)
:400 La

Freshwater toxicity  Pijlot
(kg 1,4-DB eq./kg extract)
:300

Eutrophication Pilot
(kg PO, eq./kg extract)
) Lab

Acidification Pilot
(kg SO, eq./kg extract)
-2 Lab

Abiotic depletion-fossil pjlot
(MJ/ kg extract)

i

:10,000 Lab

Abiotic depletion Pilot
(kg Sb eq./kg extract)

x100 Lab

GHG footprint Pilot
(kg CO, eq./kg extract)

1000 Lab

0 1 2 3
m Electricity Excavation+Transport Ethanol  mLiquid nitrogen

Figure 3. Environmental impact assessment of Japanese knotweed rhizome bark extract production.

The results indicate that for the lab scale, lyophilization consumes most of the elec-
tricity (more than 98%), as seen in Figure 4A. At the pilot scale, the evaporator for solvent
evaporation becomes the biggest electricity consumer, accounting for almost 70% of all
the electricity used. At a larger scale, a larger-capacity lyophilizer is used, decreasing the
amount of electricity needed per unit of product. Other equipment is also replaced, such as
the ultrasound, which has the second-largest electricity demand at the pilot scale.

Finally, a sensitivity analysis was conducted considering different electricity sources,
shown in Table 4. The chosen alternatives were the current Slovenian electricity mix, the
European electricity mix, and the COP26 electricity mix, which is based on the guidelines
of the Glasgow climate conference 2021 [42]. For the analysis, only the pilot-scale JKRB
production was compared with different electricity sources.
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A 099%  060% ®) 9.31%

21.55%

68.96%
98.23%

Figure 4. Electricity demand distribution for JKRB production: (A) Lab-scale process; (B) pilot-scale
process.

Table 4. Electricity alternatives with their contributions in %.

Electricity Source Slovenian ? European ? COP26 ¢

Hydro energy 32.16 12.00 21.00
Thermal energy (coal) 24.18 23.00 /
Thermal energy (oil) 0.01 / /
Thermal energy (natural gas) 2.73 21.00 /

Thermal energy (syngas) / / 5.00

Thermal energy (renewable fuels) 1.27 0.20 3.00
Thermal energy (industrial waste) 0.05 / /

Nuclear energy 37.76 26.20 31.00

Solar energy 1.80 4.50 36.00

Wind energy 0.04 13.00 4.00
Geothermal energy / 0.20 /

2 The Slovenian electricity mix used in the year 2020 [43]. ® The European electricity mix in 2019 including 27
countries of the European union, with Germany being the largest producer, accounting for 20.8% [44]. ¢ Electricity
source alternative according to the guidelines of the Glasgow climate conference 2021 based on the Slovenian
nuclear plan of building a new nuclear plant, excluding coal and natural gas electricity production, having at least
40% electricity from renewable sources, and using CO, neutral syngas for electricity production [42,45].

The results are presented in Figure 5, where for better representation, the values were
again multiplied or divided by a certain number (the same number as in Figure 3). The
greatest environmental burden is mostly obtained (except for the abiotic depletion category)
in the case of the European electricity mix alternative where 43.6% of electricity is produced
from fossil fuels: either coal or natural gas. The main cause of environmental burdens is
namely the use of coal. Reducing the use of fossil fuels for electricity production can lower
the environmental footprints significantly, as can be seen when using the COP26 alternative.
The only category where the COP26 alternative has comparably the greatest environmental
burden is abiotic depletion, due to the production and installation of photovoltaic panels,
wind turbine production, and fuel cell production that consume large amounts of precious
resources.
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Figure 5. Sensitivity analysis of different electricity sources on the environmental impact potentials
of pilot-scale JKRB production.

4. Conclusions

This study analyzed the environmental burdens related to production of JKRB at
lab-scale and in a proposed pilot-scale procedure. As expected, it was found that the
pilot-scale alternative exhibits lower environmental burdens compared to the lab-scale
production of JKRB. The main contributor to all the evaluated categories is the production
of electricity, especially in the lab-scale alternative where comparably greater amounts per
unit of product are required. At the lab scale, the greatest amount of electricity is consumed
by lyophilization, while evaporation is the most electricity-demanding step at the pilot
scale.

Based on the obtained results, it is proven that the processes at larger scales can reduce
the environmental burdens. Sensitivity analysis confirmed that the use of renewable energy
sources for electricity production helps to reduce environmental burdens. In the future,
the process should be investigated further with the goal of further environmental-burden
reduction through equipment optimization, recycling of chemicals, or even proposing a
different process route.
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