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Abstract: The bioeconomy needs new, economically feasible products obtained from biological raw
materials via sustainable processes having the smallest possible impact on the environment. The
objectives of our study have been: (i) to make an evaluation of the external costs of the production of a
poplar extract containing bioactive substances by supercritical extraction; (ii) to make a comparison of
the internal and external costs of extract production; (iii) to determine the total life cycle costs (LCCs)
of the extract and the break-even prices (BEPs) in two business models. In the first business model (BM
I), the only commercial product was the extract, while pellets were used for their own energy purposes.
In the second business model (BM II), both the extract and pellets were marketable products. Out of
the two analyzed business models, lower external costs and, consequently, lower total costs were
achieved in BM I (LCC €259 kg−1) than in BM II (LCC €267 kg−1). However, the profitability analysis
showed that BM II was more profitable (BEP €313 kg−1) than BM I (BEP €359 kg−1). The inclusion of
the external costs of poplar extract production by supercritical extraction has a significant impact
on increasing the production profitability threshold. An analysis of a situation where electricity was
replaced with the EU mix (the European Union mix) generated with a higher share of RES (renewable
energy sources) showed that the externalities were lowered. A substantial decrease in the external
costs at the supercritical extraction stage was reflected in the lower values of the total cost of extract
production, LCC, and BEP, hence, attesting to less damage to the natural environment.

Keywords: poplar extract; supercritical extraction; monetization; monetary value; environmental life
cycle cost; economic assessment

1. Introduction

The bioeconomy needs new products obtained from biological raw materials via
sustainable processes with the lowest possible impact on the environment, which is a chal-
lenging task [1]. Biomass, including bioenergy crops, is expected to take part in reducing
CO2 emissions [2], in energy supply, and in the European energy policy. Such produc-
tion must also be economically feasible for the products to be marketable. Bioeconomic
implementation needs sustainable biomass production and sustainable bioproducts on
the market. Perennial industrial crops, like poplar cultivated on marginal land, may at
least partially fulfill the demand for sustainable biomass [3–8]. The biorefinery concept,
where biomass produced for bio-based products can also be used for energy generation, is
an effective tool for bioeconomic implementation. Perennial industrial crops are a source
of many valuable substrates for bioproducts, including bioactive compounds (such as
carotenoids, flavonoids, polyphenols, tocopherols, and chlorophylls) [9–12]. In view of the
above, poplar can be considered as a raw material for sustainable bioproducts [13–15].

The life cycle assessment (LCA) is a tool that allows one to determine the effect of a
product on the environment [16]. The LCA enables the evaluation of the environmental
impact in many areas, e.g., ReCiPe 2016 can determine the impact in categories, such as
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global warming, stratospheric ozone depletion, ionizing radiation, ozone formation, human
health, fine particulate matter formation, ozone formation, terrestrial ecosystems, terrestrial
acidification, freshwater eutrophication, marine eutrophication, terrestrial ecotoxicity, fresh-
water ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, human non-carcinogenic
toxicity, land use, mineral resource scarcity, fossil resource scarcity, and water consumption.
An inventory of all these elementary flows, which is a component of this method, allows
the user to determine the size of a given impact.

Another requirement is to attain profitability for making a given product. Many
studies have analyzed the cost-effectiveness of a product, but it is only by taking into
account any economic calculations of the external costs, i.e., the monetary reflection of
the analyzed production process on the environment, that a sustainable evaluation of this
product is possible. In practice, the analysis of the cost-effectiveness of production has been
reported in the literature quite often, but few articles have taken into account the external
costs [17]. Results obtained according to the concept of LCC and externalities indicate the
economic benefits of and reduction in CO2 emissions [18].

The completion of a full analysis of production costs requires making an inventory of
all the costs related to the production and to the handling of production waste, especially
nowadays, when the effect of greenhouse gas (GHG) emissions on climate change has been
confirmed and is seen as the largest market failure [19]. Moreover, the fact that airborne
pollutants raise the risk of morbidity and mortality due to pulmonary diseases [20], e.g.,
chronic pulmonary obstructive disease or lung cancer [21], indicates that any industrial
production can affect the environment, often causing its deterioration. Despite the existing
system of payments for CO2 emissions, Drudi et al. [22] made an assertion that the effects of
people’s economic activity have still been underestimated and are not properly taken into
consideration in financial markets. It is not always possible to restore the environment to its
previous condition, and even when it is—any effort at its restoration will incur considerable
expenditures. Thus, it is necessary to estimate the external costs that would be incurred to
restore the earlier state of the environment wherever possible [23].

The literature provides examples of methods applied to assess the effect of a given
product or service, determined with the use of a life cycle assessment [24,25], and for
which the scope included the monetary valuation of external costs [26–28]. Although such
methods have been known for quite a long time, they are still rarely employed for the
internalization of external environmental costs in life cycle cost analyses [17]. The debate
about externalities is by no means new, either, as it started over twenty years ago [29,30],
and some monetary valuation factors were developed more than ten years ago [31].

Over the years, many methods for the monetization of environment-related exter-
nalities have been designed, e.g., Ecotax [32], Ecovalue12 [33], EVR [34], EPS [35], the
Environmental Prices Handbook [36], Stepwise2006 [37], LIME [38,39], IMPACT 2002+ [40],
the ExternE [41], Budget constraint [42], and USEtox [43]. All these methods have been de-
scribed in detail and compared by some researchers, e.g., Pizzol et al. [44], Arendt et al. [45],
and Amadei et al. [31]. These comparisons led to the identification of certain difficulties
in the employment of the above methods, for example, by the fact that the values of the
monetary valuation factors in different methods differ sometimes by up to three orders of
magnitude [31].

Discussions about the external costs in energy production, especially from fossil fuels,
have also been going on for quite a long time [46,47]. The literature has a growing number
of references dealing with externalities connected with the production of biomass [48],
especially for energy purposes [49–51] An LCC analysis including externalities has also been
employed in the assessment of chemical [52,53] or petrochemical products [54]. However,
there is a scarcity of articles about the externalities of the production of bioproducts from
lignocellulose biomass derived from perennial industrial crops.

The following questions arose from the above considerations: What are the amount
and structure of the externalities for producing extracts and pellets from poplar? Under
which economic conditions would the production of poplar extracts inclusive of externali-
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ties be profitable? Earlier studies on the costs of the production of biomass from poplar [49]
and costs of the production of poplar extracts [55] have justified the following working
hypothesis: the inclusion of the external costs of poplar extract production by supercritical
extraction has a considerable impact on elevating the profitability threshold. Hence, the
purpose of this study has been: (i) to make an assessment of the external costs of the
production of a poplar extract containing bioactive substances; (ii) to compare the internal
and external costs of the production of this extract; (iii) to determine the total life cycle costs
of the extract and break-even prices in two business models.

2. Materials and Methods
2.1. Scope

The scope of the research comprised an analysis of the environmental life cycle costs,
including the external costs of extract production. The extract, described by Ostolski
et al. [11] as containing bioactive substances, was produced from poplar (Populus nigra
× P. maximowiczii) in a supercritical extraction process. The system boundaries enclosed
the following three subsystems: subsystem I comprised the production of poplar biomass
and dry poplar chips; subsystem II comprised the biomass logistics and pretreatment;
subsystem III included a biorefinery, where the main product, poplar extract, and the
co-product, pellets, were made (Figure 1). The first subsystem included the cultivation
of poplar in a one-year cycle and the harvest and preparation of dry chips; the second
subsystem comprised the transport to a pre-treatment plant, where dry chips were ground
and transported to a biorefinery, that is, to subsystem III. The poplar extract and pellets were
made in the biorefinery. The process of making the extract comprised the following steps:
biomass moisturization, supercritical extraction, unloading–washing, extract drying, and
extract packing. Post-extraction biomass was used for pellet production. The description of
the whole system, specification of the production costs, and descriptions of the consecutive
production stages, chemical and market characteristics of the product, and life cycle cost of
the extract can be found in our earlier paper [55].
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The assumption for the system boundaries was described in earlier paper [55] and it was
to make 3.75 kg of extract in one production cycle from poplar yield 8.75 Mg ha−1 year−1

d.m. The annual production of the extract was 915 kg. The post-extraction biomass was
used for making pellets. The annual production of pellets was 61.05 Mg year−1. The amount
of raw material used for production was 61.92 Mg year−1 and the transport distance in
subsystem II was 2 × 50 km. The analysis spanned 20 years for both the poplar plantation
and the supercritical extraction plant and the remaining machines and equipment. The
discount rate assumed for the analysis was 5%. Two business models were submitted for
analysis. The first business model was denoted as BM I, in which the only marketable
product was the extract, while the pellets obtained in the production process were used
for their own energy purposes to generate the heat needed in the supercritical extraction
process. The second business model, denoted as BM II, added pellets as another marketable
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product. The economic analysis was performed with the support of Invest for Excel (version
3.9) software, developed by the company DataPartner (Porvoo, Finland).

2.2. Costs Analysis

The analysis of the costs for producing 1 kg of extract containing bioactive substances
covered an assessment of the total costs in the production value chain. Our previous
article [43] presented an analysis of the internal costs for particular subsystems and stages
in the production of extracts. This paper, by analogy, shows the external costs for particular
subsystems and stages in the production of extracts. The sum of the internal and external
costs allowed us to determine the total costs and LCC for producing 1 kg of extract in both
business models.

The estimate of the internal costs covered an analysis of the capital expenditure
(CAPEX), operating expenses (OPEX), life cycle cost (LCC), and break-even price (BEP)
of the production of extracts from poplar chips via supercritical extraction and the co-
production of pellets from the poplar biomass. A detailed analysis was presented in the
article by Olba-Zięty et al. [55].

An assessment of the external environmental costs of extract production was carried
out based on the size of the impact on the environment in impact categories determined
with the help of a life cycle assessment (LCA) according to the ReCiPe 2016 Midpoint
(H) methodology and the monetary value of the impact category [56] per 1 kg of extract
(Table 1).

Table 1. External costs of extract and pellets per 1 kg of extract production (€ kg−1) in particular
production stages and impact categories.

Impact Category
Poplar
Chip

Production
Transport

Poplar
Chip

Grinding

Biomass
Moistur-
ization

Supercriti-
cal

Extraction 1

Supercriti-
cal

Extraction 2

Unload-
ing–

Washing

Extract
Drying

Extract
Packing

Pellet
Produc-

tion

Global warming 0.8568 0.1662 0.4254 0.1305 61.6528 63.7162 0.0181 1.5099 0.0802 1.0865
Stratospheric ozone

depletion 0.0062 0.0000 0.0000 0.0000 0.0013 0.0035 0.0001 0.0001 0.0000 0.0001

Ionizing radiation 0.0006 0.0000 0.0000 0.0000 0.0068 0.0092 0.0000 0.0001 0.0000 0.0001
Ozone formation,

Human health 0.0035 0.0002 0.0004 0.0001 0.0321 0.0428 0.0000 0.0013 0.0001 0.0010

Fine particulate
matter formation 0.3256 0.0170 0.0703 0.0214 6.2667 7.4585 0.0030 0.2494 0.0136 0.1810

Ozone formation,
Terrestrial ecosystems 0.0005 0.0000 0.0001 0.0000 0.0046 0.0061 0.0000 0.0002 0.0000 0.0001

Terrestrial
acidification 0.2215 0.0075 0.0400 0.0122 3.9716 4.2524 0.0031 0.1421 0.0059 0.1046

Freshwater
eutrophication 0.0052 0.0002 0.0073 0.0022 0.6340 0.6487 0.0001 0.0257 0.0007 0.0168

Marine
eutrophication 0.0006 0.0000 0.0007 0.0002 0.0601 0.0638 0.0018 0.0025 0.0001 0.0030

Terrestrial ecotoxicity 0.0038 0.0026 0.0005 0.0002 0.0661 0.0914 0.0001 0.0018 0.0012 0.0019
Freshwater
ecotoxicity 0.0028 0.0002 0.0015 0.0005 0.1251 0.1321 0.0000 0.0054 0.0011 0.0033

Marine ecotoxicity 0.0005 0.0001 0.0003 0.0001 0.0246 0.0261 0.0000 0.0011 0.0002 0.0006
Human carcinogenic

toxicity 0.0673 0.0056 0.0524 0.0161 4.6468 4.8414 0.0007 0.1860 0.0625 0.1261

Human non-
carcinogenic toxicity 0.1546 0.0130 0.0766 0.0229 6.1530 6.7379 0.0084 0.2718 0.0809 0.1849

Land use 0.0486 0.0047 0.0086 0.0026 −2.5122 0.8514 0.0002 0.0304 0.0019 0.0480
Mineral resource

scarcity 0.0121 0.0008 0.0004 0.0001 0.0306 0.0420 0.0000 0.0015 0.0424 0.0026

Fossil resource
scarcity 0.4482 0.1486 0.2745 0.0819 37.3313 38.7412 0.0000 0.9744 0.0317 0.7646

Water consumption 0.4640 0.0001 0.0038 0.0127 4.2008 4.2095 0.0160 0.0134 0.0677 0.0090
Total 2.622 0.367 0.963 0.304 122.696 131.874 0.052 3.417 0.390 2.534

1 BM I; 2 BM II.

2.3. Profitability Analysis

Based on the value of the total costs in both business models, a profitability analysis
was carried out, in which the break-even price (BEP) of the extract was determined, and
the minimum income was calculated at which the production would be on the threshold
of profitability, i.e., the net present value (NPV) in both business models would be zero.
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In addition, the theoretical revenue for the highest BEP value in all the business models
was calculated.

2.4. Sensitivity Analysis

The sensitivity analysis was an evaluation of the two business models under the
conditions in which supercritical extraction would be carried out with the use of the
European Union (EU) electricity mix. The models were denoted as follows: BM I EU—the
production of the extract and pellets, where the extract was a marketable product and the
pellets were used for their own energy purposes, using the EU electricity mix at the stage
of the supercritical extraction; BM II EU—the production of the extract and pellets as two
marketable products, using the EU electricity mix at the stage of the supercritical extraction.

The sensitivity analysis also comprised an analysis of the effects of changes in the
dis-count rate, income, CAPEX, and OPEX on the NPV and involved calculations in the
following ranges of change: −20%, −10%, +10%, and +20%. The values of the NPV were
calculated for all the business models.

Another aim of the sensitivity analysis was to evaluate the effects of the particular cost
components at all the production stages, divided into internal costs and external costs in
the range of ±10%, on the changes in the internal rate of return (IRR) and net present value
(NPV) by plotting tornado diagrams. This method enabled us to determine the effects of
changes in the cost size on changes in the IRR and NPV; moreover, it showed the costs in
order from the cost for which the change induced the largest changes in both indices to the
cost for which the influence on the changes in the IRR and the NPV was the smallest.

2.5. Statistical Analysis

The statistical analysis of the data was carried out with the help of Monte Carlo
simulations and Friedman’s ANOVA with Kendall’s concordance coefficients. The first
analysis concerned the confidence intervals for the NPV and expected value of the NPV.
The boundary conditions for the Monte Carlo simulations comprised the prices of the
poplar extract (Table 2). The minimum value was assumed to be the BEP of the extract
calculated according to internal costs. The expected values corresponded to the BEP in
particular variants in the business models adopted for the analysis. The maximum prices
were assumed based on a study by Viganó et al. [57], who conducted an economic analysis
for supercritical fluid and pressurized liquid extractions of phytonutrients from passion
fruit byproducts. The standard deviation was calculated based on the standard deviation
achieved in marketing studies on the willingness to pay a higher price for a bio-product,
and the standard deviation was 16.199% [58]. The Monte Carlo analysis was performed
with the support of Invest for Excel (version 3.9) software, developed by the company
DataPartner.

Table 2. Data for Monte Carlo simulations.

Price (€ kg−1) BM I BM II BM I EU BM II EU

Minimum 159 158 159 159
Expected Value 359 313 267 265

Maximum 500 500 500 500
Standard Deviation 58.2 50.7 43.3 42.9

The second stage of the statistical analysis comprised an analysis of the significance of
the differences between the internal and total BEPs. The analyzed business models were
taken as research samples, which resulted in four replications. Considering the character of
this study (dependent samples) and lack of a normality of distribution, Friedman’s ANOVA
and Kendall’s concordance coefficients were selected as an analytical tool. Friedman’s
ANOVA is a non-parametric alternative to one-way repeated measures analysis of variance.
The test enabled us to determine whether the total BEP values were significantly higher
than the internal BEP values at a significance level of α = 0.05. Friedman’s ANOVA with
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Kendall’s concordance coefficients was conducted using the STATISTICA 13.3 package
(TIBCO Software, 2017).

3. Results and Discussion
3.1. Cost Analysis

The internal cost of the extract production, based on previous studies, was estimated
at €105,300 in the first year [55]. The external costs calculated in this manuscript for the
first business model (BM I), where the only marketable product was the extract, while the
pellets obtained in the process were used for the process itself, were estimated at €122,011
in the first year (Table 3). The inclusion of the pellets as a marketable product increased
the external costs to €130,408 in the first year in the second business model (BM II). The
highest costs, both internal and external, were in subsystem III, that is, the biorefinery
in which supercritical extraction was carried out. The costs incurred in subsystem I, that
is, the production of poplar chips, or in subsystem II, that is, the transport between the
subsystems and the cost of grinding poplar chips, corresponded to barely 2 and 1% of the
total costs, respectively. The LCCs of 1 kg of poplar extract containing bioactive substances
were €259 in BM I and €267 in BM II, depending whether the pellets were used for their
own energy purposes (BM I) or marketed (BM II). Of these costs, in BM I, a total of €146
corresponded to internal costs, while the external costs connected with the impact on the
environment were €113 in BM I and €121 in BM II. The analysis of the business models in
which supercritical extraction was carried out using the average electricity mix for 27 EU
member states, including BM I UE (where the extract was the only product for sale, while
the pellets were used for their own energy purposes) and BM II UE (where both the extract
and pellets were sold as marketable products), showed that the external costs could be
lowered considerably, by approximately 44% and 34%, respectively (Table 3).

Table 3. Cost estimation of extract production in the analyzed business models.

Cost Estimates Unit BM I BM II BM I EU BM II EU

Internal cost € year−1 105,300 105,300 105,300 105,300
External cost € year−1 122,011 130,408 78,231 86,629

Total cost € year−1 227,311 235,708 183,531 191,929
Internal cost—subsystem I € year−1 2515 2515 2515 2515
External cost—subsystem I € year−1 2399 2399 2399 2399

Total cost—subsystem I € year−1 4914 4914 4914 4914
Internal cost—subsystem II € year−1 1649 1649 1649 1649
External cost—subsystem II € year−1 1217 1217 1217 1217

Total cost—subsystem II € year−1 2866 2866 2866 2866
Internal cost—subsystem III € year−1 101,136 101,136 101,136 101,136
External cost—subsystem III € year−1 118,395 126,793 74,615 83,013

Total cost—subsystem III € year−1 222,676 231,074 178,897 187,295
LCC internal cost € kg−1 146 144 146 144
LCC external cost € kg−1 113 123 73 82

LCC total cost € kg−1 259 267 219 226

The share of energy from renewable sources in electricity generation from all sources
was, on average, twice as high in the EU as in Poland (Table 4), which considerably
decreased the external costs. The total LCCs derived from the calculation of discounted
cash flows per 1 kg of extract were €259 in BM I UE and €267 in BM II EU, that is, in
the models where pellets were used for their own energy purposes or were a marketable
product, respectively. The LCC external costs would be €113 and €123, respectively. The
external LCCs for BM I EU and BM II EU are around 65% of the external LCC derived from
the total externalities generated by the impact on the environment in Poland, owing to the
high contribution from coal to the production of electricity. According to Lu et al. [59], the
transition to RES generates substantial social benefits for EU member states.
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Table 4. Share (%) of RES in electricity generation from all sources [60].

Region 2018 2019 2020 2021

Poland 13.03 14.36 16.24 17.17
European Union 32.13 34.09 37.41 37.51

The analysis of the externalities in the individual stages in the first year of production
was presented as undiscounted values. The highest external costs were connected with the
process of the supercritical extraction of 1 kg of extract and equaled €123 and €131 in BM I
and BM II, respectively (Figure 2). An increase in the share of RES in electricity generation
(that is, the use of electricity from the average EU mix) in that production stage would
have decreased the externalities to €75 and €85 in BM I EU and in BM II EU, respectively.
The influence of the extraction method was of key importance in the evaluation of the
external costs. Similar results were obtained by Carlqvist et al. [24], who found that an
increase in the share of RES in the production of energy used in the extraction process
considerably decreased the impact on the environment, thereby lowering the external
costs of the extract production. The average external costs of the generation of electricity
from coal (1 kWh) were estimated at US$0.145 (€0.123), while the average external costs
for producing electricity from biomass were assessed at US$0.059 (€0.050) [48]. The latter
was nearly 2.5-fold less than the former, which proves the significant effect of such an
energy-consuming process as supercritical extraction on the external costs.
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Figure 2. External costs of production of 1 kg of extract in individual production stages in the
analyzed business models.

The subsequent stages generated lower external costs, namely, €2–3 owing to the
drying of poplar chips, pellet production, and extract drying. Calculated per 1 Mg of pro-
duced pellets, the external costs reached about €36 at either of these stages. In their studies,
Saosee et al. [61] and Saosee et al. [51] estimated the internal and external costs of pellet pro-
duction from the biomass of fast-growing trees—Acacia (harvested every 5 years—yield
of 63 Mg ha−1 d.m. per 5 years, which used to be 12.6 Mg ha−1 year−1 d.m.) and Leu-
caena (harvested every year—yield of 19 Mg ha−1 year−1 d.m.). The authors determined
that the external costs were lower for the production of biomass chips, from $4.39 Mg−1

(€4.01 Mg−1) to $ 6.35 Mg−1 (€5.93 Mg−1), while those for pellet production were from
$1.93 Mg−1 (€1.80 Mg−1) to $12.73 Mg−1 (€11.89 Mg−1). However, it should be mentioned
that in our study, the extract was produced from perennial plants cultivated on marginal
land that was usually harvested for energy purposes in 3–4 year cycles and for which the
yield per hectare was, therefore, lower, i.e., 22.2 Mg ha−1 year f.m. and 8.75 Mg year−1 d.m.
In another study, the external costs of poplar production in a four-year cycle were, on
average, €15.67 Mg−1 d.m. (from €11.77 Mg−1 d.m. to €18.76 Mg−1 d.m., depending
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on the soil amendment scenario), and the yield ranged from 5.48 Mg ha−1 year−1 d.m.
to 10.49 Mg ha−1 year−1 d.m. [62]. The values of the externalities calculated for willow,
depending on the willow variety, were even higher, namely, €29.2 Mg−1 d.m. on average
(from €21.5 Mg−1 d.m. to €55 Mg−1 d.m.) [50], with a yield from 3.6 Mg ha−1 year−1 d.m.
to 18.5 ha−1 year−1 [5]. The remaining production stages generated external costs of less
than €1 (Figure 2).

The shares of the internal costs and external costs in the total cost varied depending
on the production stage that was considered but were similar in all the business models,
including BM I (Figure 3) and BM II (Figure 4) and in BM I EU (Figure 5) and BM II EU
(Figure 6). The lowest share of the external cost was calculated for the biomass moistur-
ization and unloading–washing stages (ca. 1%), followed by extract drying and extract
packing (ca. 20%) and transport (ca. 25%). The highest share of the external cost occurred
in the stage of the supercritical extraction, i.e., ca. 67% in BM I, where pellets were used
for their own energy purposes, and in BM II, where pellets were a marketable product,
followed by ca. 56% in the models where the electricity used in supercritical extraction was
the average EU mix and in which pellets were used for their own energy purposes (BM I
EU) and where pellets were a marketable product (BM II EU).

Sovacool et al. [47] determined that the value of the levelized costs of energy (LCOEs)
for coal were in the range from $0.06 kWh−1 to $0.15 kWh−1 (from €0.05 kWh−1 to
€0.14 kWh−1), yet the mean externality was $0.14 kWh−1 (€0.13 kWh−1). Such a high
value for the external costs in comparison to the LCOE, which could be compared to the
internal cost of the supercritical extraction (where the main cost factor was the electric-
ity), explains the high share of the external costs in comparison to the internal costs in
this process.
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Figure 3. Internal and external costs and their shares in the cost of extract production per year in the
business model in which the extract was a marketable product and pellets were used for their own
energy purposes (BM I).
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Figure 4. Internal and external costs and their shares in the cost of extract production per year in the
business model in which the extract and pellets were both marketable products (BM II).
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Figure 5. Internal and external costs and their shares in the cost of extract production per year in the
business model in which the extract was a marketable product, pellets were used for their own energy
purposes, and the electricity used for supercritical extraction was the average EU mix (BM I EU).
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Figure 6. Internal and external costs and their shares in the cost of extract production per year in the
business model in which the extract and pellets were marketable products, and the electricity used
for supercritical extraction was the average EU mix (BM II EU).

Epstein et al. [63] determined that accounting for environmental damage doubles the
price of electricity generated from coal, which means that energy derived from renewable
sources becomes economically competitive. Moreover, the internalization of costs arising
from damage to the environment and public health in the prices of electricity would
increase the costs of energy generation from fossil fuels, which have a stronger impact on
the environment. This would be a useful measure to indicate the actual costs of energy, and
it would make energy derived from fossil fuels less competitive than energy derived from
renewable resources [45].

The highest external costs divided into impact categories were connected with the
category of global warming, where they reached €66 and €68 in BM I and in BM II, re-
spectively (Figure 7). The lowest external costs (about €20) were attainable by increasing
the contribution of RES to the energy generation, as shown by the results of our analysis.
The externalities due to global warming in the models where the electricity used in the
supercritical extraction was the EU mix and where pellets were used for their own energy
purposes (BM I EU) or where pellets were a marketable product (BM II EU) equaled €43
and €45. The share of the external costs associated with global warming corresponded to
around 50% of all the externalities.

The second category burdened with considerable external costs was fossil resource
scarcity. The value of the externalities in this category reached ca. €41 in BM I, where
pellets were used for their own energy purposes, and ca. €27 in the models where the
electricity used for the supercritical extraction was the EU mix and pellets were used for
their own energy purposes (BM I EU) or were a marketable product (BM II EU). The impact
on the environment in this category could also be diminished by raising the share of RES in
electricity generation. The use of pellets for their own energy purposes (in both business
models) enabled a benefit of around €2 to be obtained in BM I and €6 in BM I EU in the land
use category. The sale of pellets on the market in BM II and BM II EU generated additional
external costs of about €1 instead of benefits.
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Figure 7. External costs of the production of 1 kg of extract within the environmental impact categories
in the analyzed business models.

The external costs in the other impact categories were much lower. For example,
in the fine particulate matter category, they ranged from €8 in BM I, where pellets were
used for their own energy purposes, to €7 in BM II, where pellets were a marketable
product, and even lower, down to €5 and €2 in the comparative business models, where
the electricity used for the supercritical extraction was the EU mix, i.e., BM I EU, where
pellets were used for their own energy purposes, and BM II EU, where pellets were a
marketable product. Although the externalities in the fine particulate matter category
were lower, the RES share still had a notable influence on lowering the external costs
in this category, which is important in view of its effect on the respiratory system and
the incidence of respiratory diseases in humans [20]. Although the positive influence
of RES on decreasing external costs was evident, the production of poplar (as well as
willow) generates external costs due to field emissions in the particulate matter formation
category [49,50]; however, research results show that these costs were much lower than the
ones generated using coal for producing electricity. Similar tendencies can be observed
when analyzing categories, such as human carcinogenic toxicity, human non-carcinogenic
toxicity, and terrestrial acidification, where external costs of €5–6 could be reduced to €2.
These results are important in the context of the findings reported by Treyer et al. [64],
who suggested that the consequences arising from climate change, toxicity to humans, and
formation of solid particles are the main factors influencing the overall health of the human
population. The other impact categories were loaded with externalities of less than €1.

Our analysis of the external costs in the individual impact categories at the consecutive
extract production stages showed that the external costs were the highest at the stage of the
supercritical extraction in the global warming category (€62 in BM I, where pellets were
used for their own energy purposes, and €64 in BM II, where pellets were a marketable
product) but were lower by around €20 in BM I EU and BM II EU, i.e., in the business
models where the electricity used for the supercritical extraction was the EU energy mix.
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High external costs were also detected in the fossil resource scarcity category (€38 and €37)
in BM II, where pellets were a marketable product, and in BM I, where pellets were used for
their own energy purposes, and €25 and €24 in the BM II EU and BM I EU models, where
the electricity was the EU mix and pellets were a marketable product (former) or used for
their own energy purposes (latter) (Figures 8–11). The contributions of the other categories
at the remaining production stages were marginal, less than €1. Special attention should be
given to the fact that the use of pellets produced from post-extraction biomass as the source
of heat for producing the extract enabled a further reduction in the external costs of the
supercritical extraction by €9 in BM I and €7 in BM I UE, particularly in the categories of
land use, global warming, fossil resource scarcity, and fine particulate matter formation. In
their LCA of the supercritical CO2 extraction of coffee beans, De Marco et al. [65] achieved
a substantial reduction in the impact on the environment in a model in which the electricity
for the extraction process was supplied from photovoltaic panels. It is worth noting that
supercritical extraction is a process that enables one to potentially avoid external costs
occurring in other extraction methods because it does not use toxic solvents [66] and limits
CO2 emissions by creating an alternative to CO2 [67,68].

3.2. Profitability Analysis

The profitability analysis was started by determining the break-even price (BEP)
(Figure 12). The highest BEP of €359 per 1 kg of extract was identified in BM I, where
pellets were used for their own energy purposes. Although the external costs in BM II
were higher, the income from the sale of the other product, that is, pellets, surpassed the
rise in the external costs resulting from the inclusion of pellets in the supply of energy
sources for their own needs. The income earned from selling pellets led to a decrease in
the BEP of the extract to €313. In BM I EU and BM II EU, that is, in the models where
the electricity used for the supercritical extraction was the EU energy mix, the external
costs were much lower, and the BEP values determined for BM II EU and BM I EU were
comparable, namely, €267 and €265. Another way to reduce production costs is to increase
the scale of the production, which has been verified in the research of Canabarro et al. [69].
An extraction plant possessing 2 × 100 dm3 extractor tanks becomes profitable at an extract
price as high as €500 kg−1. Viganó et al. [57] also demonstrated that a rise in the scale of
an installation leads to a reduction in the unit costs of extract production. The analyzed
extraction was carried out in an extraction plant equipped with two extractors, each having
a 250 dm3 capacity, but the cost of production was estimated based on the cost obtained in
a pilot plant equipped with two extractors, each having a capacity of 25 dm3.

The income that must be generated to obtain a zero NPV (calculated based on the total
costs) resulted from the sales’ break-even price. The highest income, at the threshold of
profitability, resulting from the highest BEP, was obtained in BM I, where pellets were used
for their own energy purposes and in the first year of the analysis, it was determined to
amount to €328,767; in turn, the income at the threshold of profitability in BM II, where
pellets were a marketable product, should reach the value of €296,908. In the analogous
models, BM I EU and BM II EU, where the electricity used for the supercritical extraction
originated from the EU mix, the expected annual income was around €250,000 owing to the
lower BEP values. The income generated from selling pellets made up just 4% of the total
income, but it was sufficient for this business model (i.e., BM II) to be more profitable than
BM I, where pellets were used for their own energy purposes. The most profitable business
model, however, comprised the use of the EU energy mix at the stage of the supercritical
extraction. If it was possible to obtain a price of €359 kg−1 for the extract (i.e., the BEP in
BM I), then the revenue in BM I would be zero, while in BM II it would be €31,859 year −1;
even higher revenues could be achieved in BM I EU and BM II EU (Figure 12). These results
clearly demonstrate that the use of RES is justified not only for the sake of the natural
environment but also from the economic standpoint (if the external cost was internalized
in the price). Liu et al. [70] drew attention to the fact that for years, the prices of energy
generated from fossil fuels on the energy markets used to be lower than those of energy
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obtained from RES because those market prices did not take into account the environmental
or social costs of energy and ignored any negative external consequences for public health
and the environment.
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Figure 8. External costs in the environmental impact categories divided into stages of extract produc-
tion in BM I, where pellets were used for their own energy purposes.
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Figure 9. External costs in the environmental impact categories divided into stages of extract produc-
tion in BM II, where pellets were a marketable product.
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Figure 10. External costs in the environmental impact categories divided into stages of extract
production in BM I EU, where pellets were used for their own energy purposes and the electricity
used for the supercritical extraction was the EU energy mix.
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Figure 11. External costs in the environmental impact categories divided into stages of extract
production in BM I EU, where pellets were a marketable product and the electricity used for the
supercritical extraction was the EU energy mix.
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Figure 12. Incomes, revenues, and break-even prices depending on business models.

3.3. Sensitivity Analysis

The shift in the electricity supplied for the supercritical extraction to the average EU
energy mix was evaluated progressively at the consecutive elements of the analysis, which
indicated some possibilities for reducing the external costs considerably, especially in the
categories of global warming, particulate matter formation, human carcinogenic toxicity,
and human non-carcinogenic toxicity. These are the key categories. The first category is
especially important at a time of advancing climate change [18]. The remaining categories
are associated with human health, particularly the formation of particulate matter, which
has been confirmed to influence the morbidity rate of respiratory diseases [19]. Also of
importance is a chance to limit the risk of the exposure of people to toxic factors, which
influence the general health status of the human population [64].

The one-way sensitivity analysis of the impacts of changes in the discount rates,
incomes, and costs on the NPV indicated that all the business models were the most
sensitive to changes in income (Table 5). A change in income within the range of ±20%
affected the NPV within the range from €−896,344 to €817,569. Among the analyzed
models, BM II was most sensitive, while BM I EU was the least sensitive to a change in
income and, consequently, in selling prices. The impact of a change in OPEX on the NPV
was also high, within approximately ±€600,000 in the BM I and BM II models but less in
the models that had lower external costs, in which the impact equaled about ±€500,000.
The analyzed business models were the least sensitive to a change in the discount rate, and
its impact on the NPV was the same in all the models.

Our analysis of the tornado diagrams enabled us to identify the production stages that
had the strongest effect on the profitability of production for the total LCC (Figures 13–16).
The strongest impact on the profitability of the poplar extract production in all the business
models was generated by the external costs of the supercritical extraction. The second most
significant cost was the internal cost of the supercritical extraction. However, the effect of
this cost was lower by over 1% in the analyzed models. A substantial effect on the IRR in the
profitability analysis was also produced by the internal cost of the biomass moisturization
and the internal cost of extract drying. The remaining costs, both internal and external,
starting from the internal cost of the pellet production to the uploading–washing stage, had
marginal importance for the profitability of the extract production. BM II, where pellets
were a marketable product, was the model that was the most sensitive to changes in costs
because a change in the cost by ±10% induced a change in the IRR of ±3%. The second
most sensitive model was BM I, where pellets were used for their own energy purposes,
because a ±10% change in the cost caused a change in the IRR of ±2.5%. The third most
sensitive model was BM II EU, where the electricity used for the supercritical extraction
originated from the EU energy mix and pellets were a marketable product, because a
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change in the cost (±10%) in this model led to a change in the IRR of ±2%. The least
sensitive model was BM I EU, where the electricity used for the supercritical extraction
originated from the EU mix and pellets were used for their own energy purposes, because
a change in the cost by 10% resulted in a change in the IRR of ±1.5%.

Table 5. One-way sensitivity analysis of the impacts of changes in the discount rates, incomes, and
costs on the NPV in the analyzed business models.

Items Net Present Value (€)
Changing, % −20 −10 0 10 20

Change in discount rate

BM I

76,796 37,148 0 −34,834 −67,525
Change in income −857,492 −393,353 0 392,836 785,673
Change in CAPEX 159,082 79,541 0 −79,541 −159,082
Change in OPEX 635,363 317,682 0 −317,682 −683,949

Change in discount rate

BM II

76,780 37,140 0 −34,827 −67,511
Change in income −896,334 −409,988 0 408 785 817,569
Change in CAPEX 159,082 79,541 0 −79,541 −159,082
Change in OPEX 626,591 313,296 0 −313,296 −663,817

Change in discount rate

BM I EU

76,780 37,140 0 −34,827 −67,511
Change in income −721,404 −336,947 0 336,947 673,893
Change in CAPEX 159,082 79,541 0 −79,541 −159,082
Change in OPEX 514,812 257,406 0 −257,406 −528,056

Change in discount rate

BM II EU

76,780 37,140 0 −34,827 −67,511
Change in income −749,559 −348,509 0 348,509 697,018
Change in CAPEX 159,082 79,541 0 −79,541 −159,082
Change in OPEX 537,936 268,968 0 −268,968 −555,885
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Figure 13. Tornado diagram of the effects of internal and external costs on the change in the IRR in
business model BM I.
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Figure 14. Tornado diagram of the effects of internal and external costs on the change in the IRR in
business model BM II.
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Figure 15. Tornado diagram of the effects of internal and external costs on the change in the IRR in
business model BM I EU.

The results of the analysis of the impacts of particular costs on the Net Present Value
were characterized by the same structure as the ones concerning the IRR but also demon-
strated the extent of the change in the NPV (Figures 17–20). The highest NPV variation
resulting from a change in the external costs due to the electric power at a level of ±10%
was identified in model BM II, where the NPV variation reached ±€166,132 (Figure 18),
and the second most sensitive model was BM I, where the impact value was ±€154,570
(Figure 17). The use of electricity, which generated lower costs in models BM I EU and BM
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II, decreased the range of sensitivities of the NPV by about 1/3, i.e., to ±€94,294 for BM I
EU and ±€105,856 for BM II (Figures 19 and 20, respectively).
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Figure 18. Tornado diagram of the effects of internal and external costs on the change in the NPV in
business model BM II.
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Figure 19. Tornado diagram of the effects of internal and external costs on the change in the NPV in
business model BM I EU.
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Figure 20. Tornado diagram of the effects of internal and external costs on the change in the NPV in
business model BM II EU.

3.4. Statistical Analysis

Monte Carlo simulations enabled us to assess the conditions underlying the prof-
itability of the extract production, including both external costs and environmental costs.
The standard deviation value assumed in the study approximated the values gathered by
Miškolci [71], where the standard deviations of the WTP were 10.96%, 13.18%, and 16.92%,
depending on the study. The highest value of the expected mean NPV, and the only positive
one, was achieved for BM II EU (Table 6). The values of the 68% NPV confidence interval
were from €−568,084 to €568,502, indicating a high probability of the lack of profitability
in this model. Our analysis of the remaining models generated negative values for the
expected mean NPVs, which, under the analyzed market conditions, would prevent the
building of a profitable business model in which the environmental costs would be included
in the market price of the extract. Hence, further studies and comparative analyses are
needed to determine new market conditions for the bioeconomy. The results of the business
models analyzed in our study implicate that the most profitable models are developed
based on the cascade use of the biomass and a greater share of RES in the generation of the
electricity used in technological processes.

Table 6. Results of Monte Carlo simulations.

NPV (€) BM I BM II BM I EU BM II EU

Expected Mean −3823 −114,895 −73,281 209

68% Confidence Interval −57,750 50,105 −770,309 540,519 −641,641 495,079 −568,084 568,502

95% Confidence Interval −111,677 104,032 −1,425,724 1,195,934 −1,210,000 1,063,798 −1,135,376 1,136,794

Our study also included a test on the significance of the differences between the BEP
profitability threshold determined based on internal costs and the profitability threshold
in which both internal and external costs were taken into account. The p-value obtained
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in Friedman’s ANOVA with Kendall’s concordance coefficients was p = 0.04550. This
result attested to the validity of the research hypothesis, indicating that the inclusion of the
environmental external costs of poplar extract production with the supercritical extraction
method has a significant effect on elevating the profitability threshold of the poplar extract
production. The BEP values are shown in Figure 21.
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Figure 21. BEPs’ descriptive statistics.

4. Conclusions

The analysis of the production of poplar extract containing bioactive substances cov-
ered all the production stages and all the production costs, which enabled us to determine
the external costs in a life cycle. Among the environmental impact categories, the highest
external costs were associated with global warming and fossil resource scarcity.

The highest external costs and the strongest impact on the profitability of the pro-
duction were identified at the supercritical extraction stage. The sensitivity analysis let us
identify the source of such high costs in the electricity produced from coal. Models in which
electricity was replaced with the EU energy mix, generated with a greater contribution of
RES, enabled the reduction of external costs at this and other production stages. A con-
siderable reduction in the external costs at the supercritical extraction stage was reflected
in the lower values of the total cost, life cycle cost, and break-even price of the extract
production. Supercritical extraction carried out with the use of electricity produced from
coal generated high external costs due to the resource used for electricity generation rather
than the amount of energy consumed by the process. Moreover, supercritical extraction is a
process that potentially enables one to avoid external costs incurred by other methods as it
does not use toxic solvents and reduces the emission of CO2, which can be reused.

The analysis of the business model in which pellets were another marketable product
showed that the BEP of the extract was decreased but the external costs and LCC value rose
considerably. Of the analyzed main business models, lower externalities and, therefore,
lower total costs were achieved in BM I. The external costs were lowered using pellets for
their own energy purposes, thus reducing the demand for heat generated from fossil fuels.
However, the profitability analysis showed that BM II was a more profitable model than
BM I. The income generated from selling pellets surpassed the higher external costs in
BM II in comparison with BM I, where the external costs were lower. Raising the share of
RES in the generation of energy, both electricity (confirmed by the lower external costs in
BM I EU and BM II EU) and heat (which led to a reduction in the external costs in BM I)
results in the lowering of external costs in the production of bioproducts, which means less
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damage to the natural environment. The most profitable models entailed the cascade use
of the biomass and the highest share of RES in energy generation. The study confirmed
that the inclusion of the environmental external costs of the poplar extract production with
supercritical extraction had a significant effect on elevating the production profitability
threshold. The external costs of the production should be taken into account in the price of
a product. This value should be allocated to measures taken to protect the environment
and its restoration to the natural state. Our study has demonstrated the need to undertake
further research to determine new market conditions because a detailed analysis of one
product can lead to erroneous conclusions about the unprofitability of making bioproducts.
The detailed scope and method for conducting such investigations is beyond the objective
of this paper and will require further research.

An analysis of external costs can serve as a method for assessing various types of
production technologies.

The authors are aware that an assessment of external costs from the viewpoint of
society is equally important, and this is partly reflected in some of the impact categories,
e.g., human health, human carcinogenic toxicity, human non-carcinogenic toxicity, and,
indirectly, in the category of fine particulate matter formation, but social life cycle costs
were not the subject of this study.
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