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Abstract

Three recently introduced ethanol equivalent-based sustainability metrics i.e., the sustainability value of resource replace-
ment, the sustainability value of the fate of waste, and the sustainability indicator were used to assess the environmental
sustainability of the possible bioethanol-based chemical industry in the Visegrad countries: Czech Republic, Hungary,
Poland, and Slovakia. The production of basic chemicals such as ethylene, propylene, toluene, xylenes, styrene, and benzene
from bioethanol was evaluated. The theory is based on the utilization of cornstarch-based, first-generation bioethanol as
a feedstock to produce bio-ethylene, which could be subsequently used as a starting material of well-established chemical
technologies to synthesize the listed bulk chemicals. The analysis, which is a non-life-cycle assessment-based approach
enlightened that although the switch of the chemical industry from crude oil to bioethanol would be theoretically feasible,
the actual bioethanol production was far less than required to cover the raw material needs. Due to the high conversion and
selectivity of the reactions studied, the sustainability value of the fate of the waste approached the sustainable value in case of
ethylene production (i.e., 1), and the sustainability value of resource replacement acted as the limiting factor in sustainability
indicator calculation. We showed a possibility to replace fossil-fuel resources with bioethanol, though the actual bioethanol
volumes are not enough to cover the resource needs. Of the Visegrad countries, Slovakia shows the highest sustainability,
but none of them can reach the minimum sustainable value of 0.5 up to now.

Keywords Environmental sustainability index - Ethanol equivalent - Biomass-based chemical industry - Basic chemicals -
Visegrad countries

Introduction

While the unpredictable date of depletion of currently uti-
This work was presented at the 46th International Conference lized fossil resources has urged researchers and engineers to
of Slovak Society of Chemical Engineering held in Tatranské find and map the possible candidates for their replacement,

Matliare on May 20-23, 2019. there are still several open questions, for example, on the
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has been clearly demonstrated that fossil energy cannot be
replaced completely by renewables (Cséfalvay et al. 2015;
Cséfalvay and Horvath 2018); however, the raw material
Department of Energy Engineering, Faculty of Mechanical replacement in the chemical industry seems to be a more
Engineering, Budapest University of Technology realistic goal (Petersen 2004; Horvéth et al. 2017) by the
and Economics, Miiegyetem rkp. 3., Budapest 1111, A i ) .
Hungary use of bioethanol. The intensive research activity on the
. ) applications of bio-based chemicals started ca five decades
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were proposed (Petersen 2004). The successful production
of chemicals on biomass basis at laboratory scale served as
an economic driver to realize the production in a biorefinery
at industrial scale; though the question is still how to be
economic? Our recent review subjected to overview the con-
version of biomass to initial platform chemicals (IPCs) i.e.,
ethanol, 3-hydroxypropionic acid, propionic acid, succinic
acid, furfural, levulinic acid, isoprene, and 5-hydroxymeth-
ylfurfural (Scheme 1) focusing on industrial-scale realiza-
tions (Mika et al. 2018). It was concluded that the volume
had to be considered as a crucial factor of this purpose. In
addition, it should be noted that the first-generation bioetha-
nol has been produced at a million tons scale exclusively as
well as the production of the second-generation bioethanol
(i.e., cellulosic-ethanol), and other chemicals has been dem-
onstrated only at kilotons scale (Yang et al. 2017; Jansen
and van Gulik 2014; Mamman et al. 2008; Nghiem et al.
2017; Convay 2020). The production of basic chemicals at a
million tons scale on biomass basis could represent a break-
through for this global challenge.

Second-generation biorefinery could also be a possible
solution to replace fossil resources of the chemical industry.
Biorefinery operates similarly to crude oil refineries: it uti-
lizes every single carbon atom of the biomass constituents.
If the biomass contains carbohydrates which could be easily
withdrawn and further processed via simple fermentation
to produce bioethanol, this bioethanol could serve as a raw
material of the second generation biorefinery (Horvéth et al.
2017).

The chemical dehydration of ethanol to ethylene was
demonstrated in the 1950s. The reaction is endothermic
represented by conversion of 100% and selectivity of 99%.
Ethylene can undergo several well-known reactions such
as hydration, dimerization, hydroformylation, cyclization,
addition, alkylation, oxidation or metathesis; therefore,
the existing petrochemical technology can be used, and a
brunch of bulk chemicals can be produced. In this manner,
bio-based ethanol could replace the fossil-based raw mate-
rials of the chemical industry (Mika et al. 2018; Horvéth
et al. 2017). Horvéath and co-workers mapped the possible

Scheme 1 Biomass-based
initial platform chemicals

ethanol

(0]
~.-OH \)J\OH

propionic acid

reactions routes and showed how basic chemicals could be
produced on bioethanol and bio-ethylene bases. The scheme
of bioethanol-based chemical production is summarized in
Fig. 1.

Once the production of bulk chemicals on a biomass basis
is feasible, it worth assessing whether it is sustainable or not.
Although the life cycle assessment (LCA) is a commonly
utilized method to evaluate the environmental impacts of a
bio-based production of a selected compound, for example,
ethanol (Zhao et al. 2020; Guerrero and Mufioz 2018; Chang
et al. 2017), LCA cannot reveal any intrinsic properties of
sustainability by thermodynamic viewpoints. It has to be
emphasized that ethanol equivalent-based environmental
sustainability calculations, which stand on nature-defined
two pillars: resource reproduction and waste decomposition
(Cséfalvay et al. 2015) fundamentally differ from the LCA.
The calculations are based exclusively on thermodynamic
fundaments and technological data (conversion and selectiv-
ity of the corresponding process), which are independent of
any ecological, social, and even economic viewpoints. Thus,
the most “optimistic”” approach of biomass-based produc-
tion of selected compounds can be provided. If any addi-
tional issues i.e., transportation, pretreatment of raw mate-
rial, separation, product formulation, transportation, etc. are
considered, even worse picture can be depicted.

Both sustainability metrics for basic chemicals consumed
in the USA for 2008 and 2014 (Horvath et al. 2017) and
sustainability assessment of renewable energy in the USA,
Canada, China, and the Russian Federation were published
(Cséfalvay and Horvath 2018). While the USA as a mem-
ber of G7 countries has high chemical industrial potential
[Chemical sales 468 billion EUR in 2018 (CEFIC 2020)],
high consumption rates of basic bulk chemicals, no sus-
tainable analysis has been published for countries having
smaller-scale chemical industries. Therefore, Czech Repub-
lic, Hungary, Poland, and Slovakia, so-called the Visegrad
countries having old-established smaller-scale chemical
industries were selected as representative for this purpose.
Chemical sale in the USA and turnover values of chemical
industry in Visegrad countries (CEFIC 2020), as well as
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Fig. 1 Reaction routes of a bioethanol-based secondary biorefinery (chemicals in gray boxes show the intermediates, blue ones show the prod-
ucts evaluated in this study (except ethylene-oxide), orange represents syngas required for hydroformylation also produced on ethanol basis)

total and agricultural lands, which could be considered as a
current maximum for corn production, are summarized in
Table 1.

Herein, we report the environmental sustainability assess-
ment of the biomass-based chemical industries in the Viseg-
rad countries by using of sustainability indicator of ethyl-
ene, propylene, toluene, para-xylene, styrene, and benzene
as main resources of current chemical processes. Although
ethylene-oxide can be easily produced from ethylene via oxi-
dation, its evaluation is not considered here, because it is not
produced in the Visegrad countries.

Methodology of environmental
sustainability assessment

Ethanol equivalent-based (Cséfalvay et al. 2015) sustainabil-
ity metrics (SV ., and SV ) were selected for the assess-
ment. These metrics are the mathematical manifestation of
the two pillars of alternative definition of sustainability: “the
Earth’s natural resources, including energy, should be used
at a rate at which they can be replaced naturally” (envisioned
in SV,,;,) “and the generation of waste cannot be faster than
the rate of their remediation” (formulated in the equation of

Table 1 Turnover values of

o Turnover of chemical industry Area (1000 km?) Agricul-
chemical industry and area (2019, billion EUR) tural land
data of the USA and Visegrad (1000 km?)
countries

USA 468* 9834 40,586
Czech Republic 19.77° 78.866 34.890
Hungary 5.4¢ 93.030 52.830
Poland 62.15¢ 312.679 143.740
Slovakia 10.34¢ 49.035 18.860

2Chemical sale, turnover is not available for 2019

"Soucek (2020)
‘Budai (2020)
dZielinski (2020)
¢Surova (2020)
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SV ,aste)- Ethanol equivalent (EE) acts as a translational tool
because it has dual advantages: (1) it represents a renewable
carbon source and (2) it has a definite energy content that
can be used to cover the reaction enthalpies. The kinetics
of resource (i.e., material and energy) reproduction (SV,,)
was defined according to Eq. 1a (Horvéath et al. 2017) and
can be reformulated to gain two separate domains: the

material + energy domain and the time domain (Eq. 1b).

Natural decomposition times of the selected chemicals for
each recipient (lake, river, air, and soil) were collected from
(Pubchem 2020) and can be seen in supporting informa-
tion. The two pillars (SV,,, and SV ) are combined into
a single index according to Eq. 3 similarly to the equation
used to calculate the resultant resistance of resistances con-
nected parallel.

. . . . . EElrea!ed waste +EEumrealed waste
Although SV, is dimensionless, it should be emphasized 7 " —
rep . . SV _ ‘waste Irea!men[+ waste natural decomposmon
that all the parameters have to be substituted as follows: mil- waste — BB omeraed mae 2)
lion tons in case of EE, and year in case of time. Iyaste zeneration
ERoE  ERoOE
i 23 EEaaitable resources PEE ccondary resources
treplacemem SVrep ’ vaaSte
SV ep = (la)  SUSiy= qo—rev— 3)
EEHECCSS&F)’ resources SVrep + SVWaSte
tconsumplion
ERoE  ERoE
% 1+ERE 23 EEavailable resources T EEseconda.ry resources tconsumplion (1b)
rep EE 1

necessary resources

replacement

EROE represents the ethanol return on ethanol that reflects
the efficiency of bioethanol production created as a sustain-
able approach of ERol (Murphy and Hall 2010), when the
input energy is covered from bioethanol. 2.3 represents the
EROE of the reference industrial-scale ethanol production
technology practiced in 2008 in the USA (Shapouri et al.
2010). From 2016 on ERoE value of 4 could be applied due
to the improved ethanol production technology (Gallagher
et al. 2016). EE, jijable resource 15 the quantity of bioethanol
produced in a given year, and EE. ,nqary resource means if a
chemical is formed in another technology, it can be used as
raw material, so the sustainability of resource reproduction
could be increased. Certainly, it has to be expressed in EE
to have combinable values. EE, . .qary resource FEPrEsents the
material (including the gross yields of each reaction step)
and energy (gross reaction enthalpies) requirements of the
selected chemical on bioethanol basis. Time domain actu-
ally equals 1, if 1 year is assessed for chemical consumption,
and 1 year is calculated for first-generation bioethanol pro-
duction under continental climate (corn planting, growing,
harvesting, grain processing, fermentation, and purification
of fermentation broth to reach bioethanol).

The second pillar of sustainability lays on the kinetics
of waste formation and remediation. Its formulation can be
achieved by the value of SV ., which was defined by Eq. 2.
The generated waste during production has to be expressed
in EE as well, and it can be separated to treated or untreated
waste. Because carbon-based chemicals are assessed, gas-
eous-phase waste can easily be purged and burnt immedi-
ately. If untreated, it is released to the environment and the
longest natural decomposition time has to be accounted.

@ Springer

Data used for assessment

Group of four European countries Czech Republic, Hungary,
Poland, and Slovakia are called as Visegrad countries or V4
countries. V4 countries have been selected for the sustain-
ability assessment, since they are located close to each other
in Europe, having similar geography and same continental
climate, which proves the same conditions for corn produc-
tion to provide bioethanol. Bioethanol production can vary
from year to year according to actual sunshine hours, rain-
fall, soil cultivation, fertilizers, etc., and the annual bioeth-
anol production data in million tons for each country are
shown in Fig. 2.

To calculate SV, values, annual production data of each
basic chemical were collected for all the countries studied,
which are presented in Fig. 3. While ethylene and propyl-
ene production are dominant in Hungary and Poland, Czech
Republic and Slovakia rather produced benzene and tolu-
ene. Meta-xylene’s volume is also remarkable in Slovakia.
Although ethyl-benzene, ethylene-oxide, and styrene have
also been considered as basic chemicals, their production is
insignificant in the selected countries; therefore, they are not
included in this study.

Results and discussion
Analysis of sustainability of resource reproduction
When the production of these basic chemicals would be

based on bioethanol, the limited amount of bioethanol has
to be distributed proportionally for each chemical. This
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—a— Czechia —e— Hungary
—v— Slovakia

—a— Poland

Ethanol production [1000 barrels/day]

2012 2014 2016

Year

2008 2010

Fig.2 Bioethanol production in Czech Republic (Knoema 2020a),
Hungary (Knoema 2020b), Poland (Knoema 2020c), and Slovakia
(Knoema 2020d)

approach has been used during the assessment of SV ., in
each country. The simplest representative of this approach is

the SV, calculation in Czech Republic. 1.3 thousand barrel/

Fig.3 a Basic chemical produc-
tion in Czech Republic between 3.5

I 2008 77712009 [ 12010 [77]2011 [[1]2012

day bioethanol was produced in Czech Republic in 2008,
i.e., 0.06 million tons were produced annually. This small
amount of bioethanol has to be distributed between benzene
and toluene, because only these two basic chemicals of the
selected ones were produced in this country. Altogether,
0.71 million tons of ethanol would be needed to cover the
production of toluene and benzene, which is 10 times more
than the available bioethanol. Overviewing the available data
between 2008 and 2012, it can be stated that the produced
bioethanol is far below the amount would be needed result-
ing in SV, values lower than 0.12 (Fig. 4a). Even if the
total bioethanol would have been used to produce one of
the chemicals, the SV, value still remains far below the
sustainable value (SV,.,=1).

Similar calculations were performed for Hungary, Poland,
and Slovakia using the assumption of evenly distributed
bioethanol as a resource. In case of Hungary (Fig. 4b), a
significant difference can be seen between 2015 and 2016,
which can be explained by the increase in the ERoE value:
ERoE =2.3 (Shapouri, et al. 2010) was used from 2008
to 2015 and ERoE =4 (Gallagher et al. 2016) from 2016
onward. Although the bioethanol production was also grown
up to 7.2 from 7.09 thousand barrels/day, this increase alone
cannot result in a doubled SV, value. The remarkable
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Fig.4 Sustainability values of
resource reproduction of basic 0.12
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increase in ERoE was not conducted to significant growth
of SV, in Poland. Because the chemical industry in Poland
produces six different basic chemicals, and the bioethanol
has to be distributed proportionally, SV, values show a
moderate increase over the years (Fig. 4c). A significant
increase in SV ., can be seen in year 2016 in Slovakia
(Fig. 4d) due to both the significant increase in the chemi-
cal industry and the ERoE value. When enough bioethanol
would be available for the chemical reaction, moreover, the
energy requirements could be covered from bioethanol as
well, SV, value would reach one or increase beyond. As it
can be seen in Fig. 4, SV, values remain below 0.3 in all
cases, which is far away from the sustainable 1 and proves
the scarce volume of existing bioethanol. It should be noted
that the SV, value of ethylene, propylene, and toluene for

the USA in 2014 did not exceed 0.2, which also proves the
limited volume of bioethanol (Horvéath et al. 2017).

Analysis of sustainability of the fate of the waste
SV astc €quals one when all the generated waste is treated
during the chemical production and no wastes are released

to the environment. Incineration, chemical and/or biologi-
cal treatment, and disposal can be applied as treatment

@ Springer

methods, and their time requirements have to be applied as
treatment time. If no treatment is applied, then all wastes
are released to the environment and must be considered as
untreated waste, which possesses corresponding natural
decomposition times. Because the generated waste during
the production of the given chemical is either treated or
untreated, every single atom is accounted for. When the EE
of the waste is calculated, the situation is similar and mass
balance can be expressed according to Eq. 4.

EE = EE, + EEuntreated waste (4)

generated waste treated waste

Consequently, sustainability of the fate of the waste depends
on exclusively on the waste treatment and waste natural
decomposition times, so Eq. 2 can be simplified to formula
of Eq. 5.

twaste generation
SV yaste = -
wase = — 5)

waste treatemen waste natural decomposition

Production and consumption data represent annual volumes,
and waste is generated during the whole year, thus waste
generation time must equal 1 year. Waste can be divided into
two parts: treated or untreated and treatment methods could
include incineration, chemical and/or biological treatment,
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and disposal. In the case of the selected chemicals treat-
ment is narrowed to combustion, which is a prompt reaction
and takes place immediately after purge. Therefore, waste
treatment time equals 1 year. Although combustion does not
require additional time, natural decomposition of chemical
if released to the environment does. So, all the wastes have
to be identified first, then their half-lives in the different
environment have to be determined. The detailed chemi-
cal reactions from ethanol to the named chemicals includ-
ing conversion, selectivity, and identified waste compounds
are summarized in our previous work (Horvéth et al. 2017).
Wastes formed during each reaction step with corresponding
natural decomposition times for ethylene, propylene, ben-
zene, toluene, xylenes, and styrene are summarized in Sup-
porting Information Table S1. When waste is released to
the environment, natural decomposition occurs and the time
requirement must include the generation time i.e., 1 year in
our case. Additionally, the time needed to reach the local
governments’ regulation level in the environment based on
its natural half-life. Applying the rule of thumb, concentra-
tion reduced to 0.1% of the initial concentration may have
a negligible effect on the environment, so we calculated the
time required to reach 0.1% of the annual volume of waste.

Multistep technologies are used during propylene, ben-
zene, toluene, xylenes, and styrene production, and wastes
are generated almost in each step. In these cases, the long-
est time of natural decomposition should be used for the
overall process. To cover all occasions of contamination of
air, water, or soil, the longest time of natural decomposi-
tion should be used (Table 2). When calculating SV .
treated wastes have to be considered, which are incinerated

immediately during the chemical production, therefore,
1 year of waste treatment is used in the calculations. Table 2
and Fig. 5 show that the chemical production technology
governs the value of SV .., which is close to sustainable in
the case of ethylene production (SV . =0.957). Because
the other basic chemicals can be produced via 3, 4, 7, 8, and
6 steps (propylene, benzene, toluene, xylenes, and styrene,
respectively), and the conversion and or/selectivity of the
reactions are lower than 100%, wastes form that are either

treated or untreated but worsen the overall SV . value.
1.0 0.957
0.8+
T2 06+
>§ 0476 0489  0.489
2
0.4 1 0.362 0.362
0.2+
0.0 T T T T T T
(4 (J < < =3 (J
e® e® e e N e
é«\\;\ QxOQ\‘\ 03(\1/ NS =S

Fig. 5 Sustainability values of the fate of the waste for ethylene, pro-
pylene, benzene, toluene, xylenes, and styrene determined by the
chemical technology

Table 2 Representatives of wastes formed during the production of basic chemicals: untreated wastes having the longest natural decomposition

times and incinerated wastes

Compound Untreated waste having the long- Released to Natural Time of natural Incinerated waste Time of
est natural decomposition time decomposi-  decomposition® incineration
tion time (year)
Ethylene  Oxygenates represented by etha-  Lake 39h 1.045 n.a. n.a.
nol (step 1)
Propylene  Hexene-1 (step 2) Lake 87h 1.099 Butene (step 3) 1
Benzene 3-Methyl-pentane (step 4) Air 28 days 1.764 Decene-1 (step 2) 1
Toluene Oxygenates represented by etha-  Lake 39h 1.045 Decene-1 (step 2), C;H,,0,, 1
nol (step 1) represented by Amyl Acetate
(C;H,,40,) (step 4), di-heptyl
ether (step 5), (step 8)
Xylenes®  Oxygenates represented by etha-  Lake 39h 1.045 Decene-1 (step 2), C;H,,0,, 1
nol (step 1) represented by Amyl Acetate
(C;H,,40,) (step 4), di-heptyl
ether (step 5)
Styrene 3-Methyl-pentane (step 4) Air 28 days 1.764 Decene-1 (step 2) 1

The calculated SWwaste values are presented in Fig. 5

*Time required to reach 0.1% of initial volume of waste including the 1 year of waste generation (year)

"Benzene formed during the disproportion reaction (step 8), which is a product and not waste

@ Springer
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Fig.6 Sustainability indices
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The same chemical production technology is assumed in
all countries, consequently, SV,,,.. values are the same
thus environmental sustainability is governed by the repro-
duction. It was also revealed that the same industrial-scale
chemical technology, chemical reactions (moreover equip-
ment) can be used for the synthesis of each chemical in all
countries on the one hand; and due to the simplification of
the waste formula (see Eq. 5), waste generation, waste treat-
ment, and waste natural decomposition times influence the
value of SV, . on the other hand; consequently, SV .
values of a chemical are the same in each country. It should
be noted that the SV, values do not differ from data cal-
culated for the USA and depends exclusively on the decom-
position of the chemicals.

Analysis of environmental sustainability:
sustainability indicator

According to the calculation methodology and Eq. 3, SUS; 4
is governed by the smaller parameter, in our assessment
always SV, ., because the same chemical production tech-
nologies having the same SV . values can be used in each
country. Due to the limited amount of bioethanol and its pro-

portional distribution between the chemicals the low SV,

@ Springer

values result in SUS; ,; values lower than 0.09, 0.18, 0.05,
and 0.25 in Czech Republic, Hungary, Poland, and Slovakia,
respectively (Fig. 6). If SV ., is sustainable its value reaches
or overcomes 1, similarly to SV,,., consequently SUS; 4
must be at least 0.5 or even higher to reach sustainability.
Of the countries studied the ethylene production in 2017 in
Slovakia shows the highest SUS; 4 value (0.226), but it is
far below 0.5.

In comparison with the data calculated for the USA in
2008 and 2014 (Horvath et al. 2017), the SUS;,, values
shows same order of magnitude verifying the fact that the
sustainable production of these basic chemicals is not feasi-
ble at the current stage and primarily depends on the SV
values.

rep

Conclusions and outlook

It was demonstrated that a transition from fossil resources
to bioethanol as a raw material of the chemical industry
could be viable but actually could not be realistic due to
the limited amount of bioethanol. It was pointed out that
industrial-scale technology exists that uses bioethanol with
100% conversion and 99% selectivity to produce ethylene.
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Ethylene then can be further used in well-known chemi-
cal processes to produce basic chemicals such as propylene,
toluene, xylenes, styrene, and benzene. We have assessed
the environmental sustainability of chemical industry in the
Visegrad countries by using three ethanol equivalent-based
sustainability metrics, namely the sustainability value of
resource replacement, the sustainability value of the fate
of waste, and sustainability indicator. It was revealed that
the current bioethanol production in each country—in spite
of the continuous increase in ethanol production—cannot
cover the feedstock needs of the chemical industry, and the
sustainability value of resource replacement determines the
low value of the sustainability indicator. The same chemical
technology can be used in Czech Republic, Hungary, Poland,
and Slovakia—therefore—the sustainability values of the
fate of waste of the selected chemicals are the same, thus
strengthening our previous conclusion: i.e., environmental
sustainability greatly depends on bioethanol production. The
low values of SV, in each country could be increased when
second-generation bioethanol would be added to the primary
resources. It should be noted that although cellulosic ethanol
production has been started in the V4-countries its volume is
one order of magnitude lower than starch-based first-genera-
tion bioethanol (see further details on cellulosic ethanol pro-
vided by the European Technology and Innovation Platform
(Cellulosic Ethanol 2020). Our assessment is simple one,
but enlightened dual conclusions: (1) basic chemicals can
be produced on bioethanol basis and the chemical industry
may be switched to biomass basis instead of fossil fuels (2)
the current bioethanol production is far below the industrial
requirements and its volume has to be increased by one order
of magnitude.
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