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ARTICLE INFO ABSTRACT

Keywords: Biomass is one of the renewable resources with the greatest potential, not only because of the possibility of
Cheese Whe}’ energy recovery but also because of its content in components of interest. In this context, the regions of Galicia
Forestry residues and Portugal have large areas of land dedicated to forestry, agriculture and livestock, and the large amount of

Life cycle assessment

. . waste generated represents a cost for the producer. The importance of these facts has aroused great interest in
Techno-economic evaluation

society to focus its interest on improving the current situation while seeking a benefit, both environmental and
economic, from existing resources. That is why the integration of biotechnological processes and biorefinery for
their valorization are considered key aspects in the way of producing bioproducts and bioenergy. This research
article proposes a process for producing resveratrol from whey from the dairy industry and eucalyptus residues
from forestry exploitation. In order to evaluate its suitability, a techno-economic analysis and an environmental
assessment have been carried out using the Life Cycle Assessment (LCA) methodology. The results obtained show
the potential of these scenarios both from the economic point of view, by obtaining a minimum sale price of
resveratrol to ensure the viability of the process below the market average, and from the environmental point of
view, being eucalyptus residues those that result in a lower contribution to the environment per unit of
resveratrol produced. Future research should focus on increasing the throughput of the production process to
increase its profitability and on reducing energy requirements throughout the process, as these have been the
main critical points identified. In addition, following the sensitivity assessment, it has been concluded that opting
for renewable energy is the most sustainable option.

Resveratrol
Biorefinery

Salomon et al., 2020; Zandona et al., 2021). In fact, it has been reported
that the detrimental consequences of poorly treated cheese whey could
imply a pollution capacity of more than 100 times greater than that
caused by domestic wastewater (Rico et al., 2015). The first and most
direct approach to the management of this stream is the recovery of its
protein content (about 7 g / L), based on its fractionation through a
series of ultrafiltration units (Buchanan et al., 2023; Yadav et al., 2014).
However, as the lactose content is much higher (around 45 g/L), addi-
tional valorization alternatives to protein recovery can be proposed,
such as the approach to their management as a source of fermentable
sugars for the fermentation process. This fraction can be used to produce
compounds with high added value, such as bioactive materials, bio-
plastics, biofuels and/or enzymes, among others (Buchanan et al., 2023;
Guimaraes et al., 2010; Nayak and Pal, 2013; Zhou et al., 2019).
Regarding forest residues, about 46 % of the total forest biomass is

1. Introduction

The annual production of whey in the world amounts to 21,600
thousand tons, since 9 L of whey are obtained per kg of cheese produced.
66,990 tons of cheese were produced in Portugal on 2022, according to
the European database (EUROSTAT), a value that has been increased
since 2017 (61,950) and it is expected to be higher in the coming years.
And this amount of production has ended up on 18.7 M kg of cheese
whey produced in Portugal in 2020, according to TRIDGE database. This
stream presents a characteristic high concentration of lactose (Arias
etal., 2021; Carvalho et al., 2021; Lappa et al., 2019; Lopes et al., 2019).
Its biological oxygen demand (BOD) content, around 1200-1800 mg/L,
could result in significant impacts on aquatic ecosystems due to eutro-
phication caused by the direct discharge of the untreated stream (Cruz-
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Abbreviation

BC Base case

CW Cheese whey

ER Eucalyptus residues

FE Freshwater eutrophication
FET Freshwater ecotoxicity

FRS Fossil resource scarcity

GW Global warming

HCT Human carcinogenic toxicity
HNCT  Human non-carcinogenic toxicity
LU Land use

ME Marine eutrophication

MET Marine ecotoxicity

MSP Minimum selling price

RS Renewable sources

SOD Stratospheric ozone depletion
TA Terrestrial acidification

TET Terrestrial ecotoxicity

managed as waste, representing 37.7 m® per hectare (Edzik et al., 2022;
Tripathi et al., 2019). According to the Instituto de Conservagao da
Natureza e das Florestas the total amount of Eucalyptus Globulus harvested
in the last campaigns amounts to 21,712,521, which corresponds,
considering also the previous harvesting areas, 672,000 ha of land
(Domingues et al., 2010) This represents about 47 % of the total Euca-
lyptus Globulus land harvested in the world (Teixeira et al., 2017). This
huge land occupied by Eucalyptus, and its subsequent management to
produce high added value products in the market, ends up in a high level
of residues produced. The amount of residues coming from Eucalyptus
harvesting and processing amounts to 0.7-4.3 Mg/ha/year (0.77-4,74
ton/ha/year), which appears as a significant management problem
because, if left on the forest land (unmanaged), it could increase fire
ignition and damage potential (Malico and Gongalves, 2021). The most
common practice for waste management is energy recovery, although its
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use has been considered for the production of particleboard, which
would be produced from 50 % virgin material and 50 % residual ma-
terial, complying with the requirements established in the EN 312
standard (Devasahayam et al., 2022; Iwakiri et al., 2017).

However, given the huge amount of wood products produced, new
valorization strategies are required to valorize the volume of annual
forest residues. Some studies have evaluated their valorization through
biofuel production, although improvements are needed to reduce pro-
cess costs, especially with regard to the pre-treatment of feedstocks
(Goswami et al., 2023; Karthik et al., 2023; Romani et al., 2019, 2016,
2014), others have relied on the fermentation process to produce
bioactive compounds (Arias et al., 2023; Gaspar et al., 2019; Tavares
et al., 2020) or even left directly on site in the forest area to favor the
maintenance of soil fertility (Pergola et al., 2022).

Therefore, this research report proposes the use of these two resi-
dues, cheese whey and eucalyptus residues, for the development of a
biotechnological process to produce resveratrol, an antioxidant with
interesting biological properties for the food, pharmaceutical, and
cosmetic sectors. It is a polyphenol with two phenolic rings linked
together by an ethylene bridge (Gambini et al., 2015; Salehi et al.,
2018). Briefly, microbial production of resveratrol is enabled by
employing genetic engineering strategies to a given microorganism to
express heterologous plant genes. Previously, a set of recombinant
Saccharomyces cerevisiae strains was engineered to produce resveratrol
from different carbon sources such as glucose (Costa et al., 2021),
lactose (Costa et al., 2022) and xylose (Costa et al., 2022), which
enabled the production of resveratrol using different agro-industrial
wastes, such as eucalyptus wood and cheese whey (Fig. 1A). Resvera-
trol’s market value is high, given its properties and multiple applica-
tions, so it is expected that the process of obtaining the valorization of
these flows will be economically viable. To verify this, a large-scale
techno-economic analysis of the process will be performed, through
process modeling using the SuperPro Designer tool. In addition, to assess
its environmental quality, a life cycle assessment (LCA) is also developed
in this report, to obtain the environmental profile as well, as well as the
contribution of each of the elements of the process to the environment.

Its market value is high, given its properties and multiple
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Fig. 1. Resveratrol production pathway (left figure) and process flow diagrams for eucalyptus residues (A) and cheese whey (B) valorization for resveratrol pro-

duction (right figure).
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applications, so it is expected that the process of obtaining the valori-
zation of these flows will be economically viable. To verify this, a large-
scale techno-economic analysis of the process will be performed,
through process modeling (Costa et al., 2021, 2022) using the SuperPro
Designer tool. In addition, to assess its environmental quality, a life cycle
assessment (LCA) is also developed in this report, to obtain the envi-
ronmental profile as well, as well as the contribution of each of the el-
ements of the process to the environment.

2. Process description and modelling

To have a previous flow diagram about the process scheme, Fig. 1A and
Figure 1B are included, in which the main stages are being defined for both
scenarios. Process modeling has been based on considering a production
capacity of 100 ton/batch of residual input material, given the values of
the waste produced annually, its availability is guaranteed to consider this
input production capacity. On the other hand, to consider the yields,
operating conditions, chemicals needed and process efficiency in the
production of resveratrol using these residues, the results of previous re-
ports have been taken into account (Costa et al., 2022, 2021).

A summary of the process parameters and variables characterized by
large-scale modeling within an input stream of 100 tons/batch from each
of the side streams: ER (eucalyptus residues) and CW (cheese whey) is
represented in Table 1. The characteristic details of each stage of the
process are described below depending on the processed stream, consid-
ering that in the case of CW a first pretreatment is required for the recovery
of the protein content, while for the ER, the first step is based on a release
of fermentable sugars through a hydrothermal treatment followed by a
simultaneous step of saccharification and fermentation (SSF). It is worth
mentioning that both cellulose and hemicellulose fractions are considered
sources of glucose and xylose, which will be used simultaneously in the
fermentation process for the production of resveratrol.

The ER requires a pretreatment stage based on a hydrothermal pre-
treatment (considering a liquid-solid ratio of 8 kg water/kg ER) that takes
place in a plug flow reactor (PFR-101, Fig. 1SM). Subsequently, a filtration
stage is required for the separation of the solid and liquid fractions (BF-
101, Fig. 1SM). This stage is followed by a simultaneous enzymatic and
acidic saccharification (R-101, Fig. 1SM) (using Cellic CTec 2 as enzyme,
626 U/mL, 24 h, 45 °C and an acidic medium with sulfuric acid). The
development of these processes allows a greater release of fermentable
sugars, and therefore an improvement in the performance of the process.
After the pretreatment stage, the process fermenter (FR-101, Fig. 1SM)
operates in batch regime with 5 % solids, since this is the amount that gives
the highest efficiency of the process, room temperature, constant agitation
and 96 h. After the fermentation section, the fermentation broth is filtered
to remove the biomass (RVF-102, Fig. 1SM). In addition, to purify
resveratrol, ethanol is used as an extracting agent (V-103, Fig. 1SM). After
separation of the remaining components present in the product (S-134,
Fig. 1SM), the stream is treated in a spray drying stage (SDR-101,
Fig. 1SM) to obtain resveratrol at 95 % purity.

For the case of CW (Fig. 28M), an analogous process scheme is
proposed, considering a fermentation time of 57 h and a lactose con-
centration in the fermentation medium of 100 g/L, with a difference in
the pretreatment stage. In this case, the cheese whey is partially
deproteinized in an incubation stage at 90 °C for 15 min (V-101,
Fig. 2SM). This is an important pretreatment steam of CW valorization
as a source of fermentable sugars since the protein content in the
fermentation medium could imply a significant decrease in resveratrol

Table 1

Production capacity of the different scenarios assessed.
Process ER cw
Batch time (h) 99.25 60.25
Number of batches per year 79 131
Batch size (kg resveratrol) 183.19 16.87
Resveratrol production (kg/year) 14,163.85 2,210.50
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production yield. In addition, the use of a centrifuge can accomplish
protein separation (DC-101, Fig. 2SM) to perform the subsequent
fermentation, for which a previous pasteurization stage (PZ-101,
Fig. 2SM) at 60 °C for 1 h is required.

3. Environmental assessment following the LCA methodology

The international standards ISO 14040 and ISO 14044 (European
Commission, 2010; ISO, 2009) have been used as a guide for the
development of the life cycle assessment, based on the definition and
analysis of four methodological stages. For the first stage, the definition
of the goal and scope of the system under study is required. In this case,
the assessment of the environmental profile and potential impacts
related to the valorization of ER and CW for the production of resvera-
trol. Regarding the scope, a “cradle-to-gate” approach has been chosen,
covering all the stages from the extraction of raw materials to the pro-
duction of the final product(s) (Arias et al., 2020). Besides, regarding the
functional unit, as in the CW valorization scenario two products are
obtained, protein concentrate and resveratrol, one production batch has
been selected, in order to properly compare both scenarios.

Regarding the second stage of the methodology, it focuses on the
definition and development of life cycle inventories, which include all
the data related to the process scheme under evaluation. SuperPro
modeling, together with the bibliographic values used for the estimation
of large-scale reaction yields, has been used as the basis for acquiring all
the necessary data, both materials, energy, waste streams and emissions.
It should be noted that the data included in the inventories are compiled
on the basis of the selected functional unit.

The development of the environmental assessment is the third step of
the methodology, based on the evaluation of the inventory data using
characterization factors for each impact category. For this study, two
methodologies have been considered: ReCiPe MidPoint (Huijbregts
et al., 2017), based on 18 impact categories of which 12 have been
selected, as they are considered as the most significant for the envi-
ronmental assessment, and ReCiPe EndPoint, which provides 3 damage
categories integrated in a single score (Table 1SM), which is useful for a
global comparison between the two proposed scenarios. The fourth
stage is the interpretation of the results obtained, as well as the identi-
fication of the main hotspots of the environmental profile, the main
contributors. In addition, it is at this stage where sensitivity evaluations
are also developed, with the objective of providing an improvement
scenario with reduced environmental loads.

4. Techno-economic analysis

The economic feasibility of the valorization of ER and CW for resver-
atrol production has been evaluated through the development of economic
analyses considering the associated costs of equipment purchase, mate-
rials, labor and utilities, in order to acquire the expected total direct and
indirect costs of the plant, the variable costs associated with the annual
production and the expected revenues obtained from the sale of resvera-
trol and/or other co-products obtained, such as protein concentrate in the
case of CW. In addition, in order to compare the scenarios under evalua-
tion, the minimum selling price of resveratrol has been estimated, ac-
cording to the unit production costs obtained, which takes into account all
the related monetary expenses of the whole process scheme.

To calculate equipment purchase costs, published equations based on
actual volume and major equipment characteristics have been consid-
ered (Smith, 2005; Towler and Sinnott, 2021), In addition, as these
tabulated values to be used in the equations are not updated to the year
of evaluation, 2023, the CEPCI (Chemical Engineering Plant Cost Index)
indexes have been taken into account to update the costs to the present
date. In addition, some other assumptions and considerations have been
evaluated for the development of the techno-economic evaluation: a
period for construction of 30 months and 4 months for start-up, a useful
life of the project of 30 years, an inflation of 4 % and an income tax of 25
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%. With respect to the operating capacity of the facility, it operates 11
months per year, using 1 month for the maintenance of the facilities.

5. Results
5.1. Process modelling

SuperPro Designer modelling has been used for obtaining the equip-
ment characteristics of the entire process scheme, considering a produc-
tion capacity of 100 ton/batch of input residual material. To this end, the
most important equipment characteristics are shown in Table 2SM, for the
case of using ER as residual input and when using CW as feedstock. As
previously mentioned, the ER require a more complex pretreatment than
in the case of CW. In fact, the pretreatment for the cheese whey is devel-
oped with the aim of co-producing WPC that could be sold, thus increasing
the functionality and potentiality of the proposed biotechnological pro-
cedure. Nevertheless, this required pretreatment for the ER implies a
certain benefit when comparing the two production schemes proposed, as
it is with this feedstock with which a higher amount of resveratrol is
produced per batch process, as it has been shown in Table 2SM

Just to remark, the main differences between the two scenarios are
that, firstly, the pretreatment stage, while in the case of the eucalyptus
residues a more intensive stage is required for the release of the
fermentable sugars, including hydrothermal and enzymatic hydrolysis, for
the cheese whey, the process is simpler, only requiring the filtration steps
for the separation of the protein and the concentration of the sugars for the
subsequent fermentation step. Secondly, in the case of the downstream
stage, while for the purification of the resveratrol the steps required are the
same, in the case of the eucalypts residues an additional step is included,
the anaerobic digestion, aiming to recover the energetic content from the
lignin available on the eucalyptus residues. This anaerobic digestion has
been modelled in SuperPro Designer tool, considering the equation pro-
vided by Achinas et al. (2016) and considering as conversion efficiency the
one determined in the research done by Klassen et al. (2017), 88 %, as
lignin is considered an appropriate substrate for energy valorization
(Achinas et al., 2016; Klassen et al., 2017). Besides, in order to evaluate
the input and output flows on the anaerobic digestion unit, mass and en-
ergy balance has been developed, estimating as theoretical biogas
composition 25.7 % of methane, 63.9 % of carbon dioxide and 10.41 % of
ammonia, as main compounds. Regarding the operational conditions, at-
mospheric pressure, and a temperature of 303.15 K have been considered,
with a heat efficiency of 45 %, a value selected based on the research
article developed by Mortier et al. (2016) (Mortier et al., 2016).

5.2. Environmental evaluation

5.2.1. SO1-Eucalyptus residues

The life cycle inventory of the scenario for the ER valorization, S01-
ER, is included in Table 3SM. The large-scale modeling tool in SuperPro
Designer has been used to estimate all data related to mass and energy
balances, including emissions and waste streams.

Once the LCI has been developed, the ReCiPe Midpoint methodology
has been used to obtain the environmental profile of SO1-ER, depicted in
Fig. 2A. As can be seen, two main contributors could be identified, with
steam carrying the largest environmental load in the highest impact
categories evaluated. The reason behind this huge impact is the result of
the amount of steam required per procedure per batch (around 8.18 10°
MJ/batch), which is produced from fossil energy sources. To decrease
the steam requirements, the lignin content of ER and the biomass pro-
duced within the process are valorized through anaerobic digestion,
which allows to produce 3.25-10° MJ steam/batch. This recovery will
imply about 40 % reduction in external steam. Electricity requirements
also have some contribution to the toxicity-related impact categories,
namely GW, TET and FRS, while the use of enzymes for the pretreatment
section has certainly a significant burden on the ME, LU and SOD impact
categories. With respect to electricity, its production from fossil
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resources is the main reason for its contribution, while the related
background activities required for their production of enzymes (mainly
energy requirements) are the reason behind their environmental bur-
dens on the above-mentioned impact categories.

5.2.2. S02 - Cheese whey

The life cycle inventory data used of S02- CW is included in
Table 4SM, considering as a functional unit a complete batch process in
which not only resveratrol is produced, but also protein concentrate in
the form of 57 % w/w powder.

The environmental profile of the valorization of CW is depicted in
Fig. 2B. The energy requirements of the process are the major contrib-
utors in most of the impact categories, with steam being the main hot-
spot, contributing more than 50 % of the profile for the categories
related to GW, ecotoxicities, FRS and human health-related toxicities.
On the other hand, as previously mentioned, the impact derived from
whey is important given its organic matter content, promoting a sig-
nificant contribution in the eutrophication category, EM. In addition,
since whey is a co-product with commercial value, the associated pro-
duction process presents an associated impact, which also implies hav-
ing certain significant impacts in the SOD, LU and MRS categories. On
the other hand, as far as electricity is concerned, its contribution is lower
compared to the previous process. The reason for this fact has a double
justification: (1) the pretreatment stage with a lower number of equip-
ment and (2) the implementation of a pasteurization process using
steam.

For this reason, the sensitivity analyses to be developed subsequently
should focus on the reduction of steam consumption, or on replacing
fossil resources to obtain it, as well as on improving the productive yield
of the process, in order to obtain a greater volume of products per unit of
raw material that enters the production system.

5.3. Sensitivity assessments for reducing the environmental loads

In order to improve the environmental impact associated with the
scenarios evaluated, sensitivity analyses have been carried out in rela-
tion to the main critical points identified in the previous sections.
Accordingly, the sensitivity analyses to be developed subsequently
should focus on the reduction of steam consumption, or on the substi-
tution of fossil resources to obtain steam, as well as on improving the
productive yield of the process.

5.3.1. SO01 - Eucalyptus residues

The main hotspots identified for SO1-ER have been steam re-
quirements in the first place, followed by cheese whey in some impact
categories, such as ME, LU and SOD, and almost followed by electricity
requirements. Since major contributors on the environmental profile are
detected, a sensitivity assessment has been proposed with the objective
of providing improvement scenarios with reduced environmental loads.

In the case of steam requirements, the first scenario has been based
on the valorization of the lignin and the biomass from the fermentation
stage. This valorization is developed through the inclusion of an
anaerobic digestion unit, which allows to obtain 3.25-10° MJ steam/
batch, which is a significant amount that allows to reduce by almost half
the steam requirements based on fossil resources. As can be seen in
Fig. 3A, this valorization implies a reduction of about 8 % for ecotoxicity
categories, 13 % for GW and 26 % for FRS impact category, which is the
highest reduction value obtained when compared to the base scenario.
The other alternative to be evaluated is the use of steam from renewable
resources, thus avoiding the depletion and environmental consequences
of fossil fuel use. In this case, the reduction values increase, as expected,
with a reduction of about 25 % for the TA, FE and HCT impact cate-
gories, 53 % for GW and 61 % for the FRS impact category. On the other
hand, it is worth mentioning that the using steam coming from renew-
able resources could imply a greater impact on other impact categories,
such as LU, SOD and HCNT, given the associated production process,
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which involves more occupied land than the use of fossil sources and
certain emissions that could cause non-carcinogenic human health im-
pacts and ozone depletion. However, given the significant benefits
achieved by this modification in the production source, these certain
increased impacts are certainly offset.

With respect to electricity, a similar approach has been considered,
as the use of renewable resources for its production is analyzed. In this
regard, significant reduction loads are obtained in all the impact cate-
gories when comparing to the base case. The range of improvement goes
from an 8 % of reduction of the ME impact category to 60 % on the HCT
category, with a 34 % of improvement over the GW, a mean reduction of
38 % over the ecotoxicity-related categories and a 31 % for the case of
the fossil resources consumption (FRS). Given these values, it could be
also concluded that the replacement of the use of fossil resources by the
use of renewable resources implies a substantial improvement in the
environmental profile of the process. For this reason, in order to observe
the improvement from the point of view of both electricity and heat
consumption, we have chosen to show the reduction profile when both
utilities are obtained from renewable resources, thus observing the best
environmental profile, i.e. the one with the lowest impact, among all
those evaluated, with the only exception in the LU category, where the
renewable base is expected to involve a greater land occupation. It is
thus demonstrated that betting on renewable resources should be
considered as a direct practice in the search for a more sustainable
production profile.

5.3.2. S02 - Cheese whey

The hotspots for the S02-CW scenario are the electricity re-
quirements and to a lesser extent, the cheese whey. To this end the
sensitivity analysis has been based on (1) the reduction on the electricity
requirements by 20 %, (2) the use of renewable resources for electricity
production, (3) the reduction in the amount of raw material per unit of
product produced by 20 % (the fact that it is based on a laboratory scale
process actually implies a significant improvement when scaling up to
an industrial process capacity) and (4) the combined use of renewable
resources for electricity production and the reduction of the cheese whey
input flow.

As expected, the use of electricity from renewable resources implies
the lowest environmental loads, in all impact categories, with the
exception of the TET and LU impact categories, where the scores ob-
tained are not as low compared to the others (Fig. 3B). The range of
environmental impact reduction ranges from 6 % for the ME category to
84 % for HCT, with respect to the baseline scenario, when renewable
resources are used. The percentage decrease is significantly reduced for
the case of reducing the amount of electricity requirements by 20 %,
going from 1 % to 18 % for the ME and HCT impact categories,
respectively. A sensitivity assessment of cheese whey has also been
considered, evaluating a reduction of its input by 20 %, based on the fact
that a higher productivity and efficiency of the process could be ob-
tained so that a lower amount of cheese whey input will be necessary to
obtain the same amount of product as in the base scenario. In this sense,
significantly reduced impacts are obtained for the SOD, ME and LU
impact categories, for which a reduction of 11 %, 13 % and 17 %,
respectively, is achieved.

When considering all the improved sensitivity scenarios, an opti-
mized one has been evaluated, for which impact reductions are obtained
in a range from 10 % for the FRS impact category to 30 % for the impact
categories related to human toxicity, namely HCT and HNCT. The latter
sensitivity scenario is the one with the best environmental profile.

5.4. Techno-economic analysis

The techno-economic scores obtained for the two proposed valori-
zation scenarios are represented in Table 2, including equipment costs,
fixed capital, variable operating costs, expected revenues and estimated
minimum sales prices of the main product to guarantee the viability of
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Table 2

Economic parameters obtained by performing the economic evaluation of the
biotechnological production process of resveratrol using ER and CW as
substrates.

Economic Parameters SO1-ER S02-CW

1. Total Plant Direct Cost (TDC) [€] 21,923,000 12,984,000
2. Total Plant Indirect Cost (TIC) [€] 12,058,000 7,141,000
Fixed Capital (FC = TDC + TIC) [€] 33,981,000 20,135,000
Equipment cost (EC) [€] 8,780,000 5,220,000
Total Investment (EC + FC) [€] 42,761,000 25,355,000
Labor Cost [€/year] 1,154,533 787,229
Material Cost [€/year] 74,435 22,661
Utilities Cost [€/year] 1,967,994 275,094
Annual Operation Cost [€/year] 7,886,000 3,862,000
Revenues [€/year] 13,363,691 2,263,660
MSP [€/kg resveratrol] 531.12 1,747.22

the process. As can be seen, the total capital investment of the euca-
lyptus waste valorization scenario is almost double compared to that of
cheese whey. The rationale behind this is mostly given the higher
amount of equipment required for the pretreatment section, which in-
creases the total equipment costs, having an important effect over the
total capital costs. Besides, the need to include high temperature and
pressure operating conditions, such as the case of hydrothermal pre-
treatment of eucalyptus residues prior to their enzymatic and acid hy-
drolysis, implies a higher need for labor costs, that is almost two times
higher for the eucalyptus residues in comparison to the score obtained
for the cheese whey valorization scheme. On the other hand, with
respect to revenues, just as with eucalyptus residues a higher amount of
resveratrol is obtained per process per batch, a higher profit is obtained
when compared to the cheese whey scenario, whose revenues from the
sale of both protein concentrate and resveratrol produced are almost ten
times lower. These facts imply that the minimum selling price of
resveratrol by using CW as raw material is more than twice that of the ER
valorization scheme, so as to categorize the scenario as feasible in eco-
nomic terms.

On the other hand, when comparing the minimum selling prices
obtained with the actual selling prices of resveratrol in the market ac-
cording to values reported by BOCSCI Inc., BULK and Sigma-Aldrich, the
selling price ranges from 750 €/kg to 4,677 €/kg. Taking into account
the average value between those (2713 €/kg), the estimates for both
valorization scenarios are clearly below, which allows forecasting their
economic viability.

5.5. Comparison between scenarios

Besides the techno-economic analysis, also a comparison has been
developed considering the environmental loads and scores obtained for
each process alternative, considering both MidPoint and EndPoint
calculation methodologies. It is worth mentioning that for this

Table 3

Environmental parameters obtained by performing the ReCiPe MidPoint meth-
odology of the biotechnological production process of resveratrol using ER and
CW as substrates, allocated to kg of resveratrol produced.

Impact category Unit SO01-ER S02-CW
GW kg CO, eq 7.95.102 1.89-10°
SOD kg CFCy; eq 4.58.10* 1.51.10°
TA kg SO eq 2.93 5.63

FE kg P eq 0.19 0.31

ME kg N eq 7.55-102 0.22
TET kg 1.4-DCB 9.74.10% 2.49.10%
FET kg 1.4-DCB 6.42 8.78
MET kg 1.4-DCB 7.77 12.24
HCT kg 1.4-DCB 10.54 16.67
HNCT kg 1.4-DCB 3.09-10% 4.17-10%
LU m?2a crop eq 70.20 7.58-102
FRS kg oil eq 2.48-10% 5.94.10%
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Fig. 2. Environmental profile of resveratrol production using ER as substrate (A) and cheese whey as substrate (B).

comparison several functional units have been considered, in order to be
aware of the potential environmental impacts depending on the (1)
complete batch process, (2) amount of products obtained per process
and (3) total resveratrol obtained per batch process.

Table 3 show the environmental scores of the base case scenarios
considering the entire batch process as a functional unit with a raw
material input of 100 tons/batch. The alternative leading to the highest
environmental load for each of the assessed impact categories is high-
lighted in bold. In this first approximation, for all categories, the cheese
whey valorization scenario leads to the highest environmental loads,
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given the lower resveratrol production by batch process, compared to
the eucalyptus waste valorization scheme. It is thus demonstrated that
the pre-treatment stage of the eucalyptus waste does not have a major
impact on the environmental loads obtained, thus making this valori-
zation scenario the best alternative from an environmental point of
view.

Given the results obtained, it has been considered to evaluate the
environmental loads by modifying the functional unit, considering the
comparison between both recovery scenarios considering the amount of
resveratrol produced by batch process (Fig. 4(A)). As excepted, a similar
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trend is obtained, given the significant contribution of the resveratrol
production capacity on the profile. For all impact categories, CW still has
a higher impact, with the SOD, ME, TET, LU and FRS categories showing
a large difference, with impacts increasing by more than 60 % compared
to the ER scenario. The only categories where impact loads are closer are
FET and HCNT, with a difference of -around 30 % between the scenarios,

A

MRS

LU@
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but still a significant variation.

On the other hand, it should be noted that the cheese whey valori-
zation process also provides another product. Fig. 4(B) includes the
comparison evaluating the process scenarios considering as functional
unit the total products obtained, only resveratrol in the case of ER
valorization and resveratrol and protein for the CW scenario. As the

Base Case
O~ Steam RS

B

HNCT

HCT

== 4== Electricity RS u

Lignin valorization

® Renewable energy

FET

Base Case

O~ Cheese whey -20%

== i== Electricity RS m— Electricity -20%
®  Optimized scenario

Fig. 3. Sensitivity assessment of the environmental profile of ER valorization for resveratrol production considering the use of renewable resources for the pro-
duction of electricity and steam (A) and sensitivity assessment of the environmental profile of CW valorization for resveratrol production considering a reduction in
the use of electricity by 20%, the use of renewable resources for electricity production, and on cheese whey input by 20% (B).
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Fig. 4. Comparison of the environmental loads of the assessed scenarios using the ReCiPe MidPoint methodology (A) per batch (B) per kg of resveratrol and (C)

comparing alternative scenarios.

amount of protein achieved within the pre-treatment stage of cheese
whey valorization is very high, the environmental loads will be reduced
per kg of production obtained. As it could be observed that this fact
affects significantly on the comparison in the scenarios, as for this case,
it is the eucalyptus waste that carries the highest environmental loads.

This assessment has demonstrated the importance on the selection of
the functional unit for evaluating the environmental profiles of the al-
ternatives under evaluation. For these case scenarios, as various prod-
ucts are obtained, considering resveratrol production as functional unit,
or the amount of products obtained per batch process as functional unit,
as previously assessed, are the best options for assessing the environ-
mental profiles, in order to be accurate on the comparison of the
scenarios.

Finally, the ReCiPe Endpoint methodology has also been used to
compare the two alternatives, providing 3 damage categories (human
health, resources and ecosystems), which allows a global view of the
impacts related to each scenario. To this end, Fig. 4(C) provides the
endpoint results obtained for the eucalyptus (SO 1) and cheese whey
(S02) waste valorization scenarios. As could be seen, the base scenario
(BC) for both alternatives leads to the highest impact on the damage
categories, with the variation being more significant with the optimized
alternatives for SO 1-ER valorization than for S02-CW.

Furthermore, as identified for the mid-point characterization model,
the fact that renewable resources are used to produce energy re-
quirements, both steam and electricity, implies an improvement on the
profile, with impact reductions in the range of 10-50 % for the human
health damage category, 18 %-40 % for ecosystems one and 21 % to 85
% for the resource category in the case of SO1 -ER valorization. In the
case of cheese whey (S02), the variations between the base case and the
optimized scenarios are not as significant in the case of the human
health and ecosystem damage categories, while for resources the vari-
ations are significant, demonstrating once again that renewability in the
use of energy resources is the most appropriate improvement.

6. Conclusions

This study has considered the biotechnological valorization of
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eucalyptus and cheese whey residues for the production of resveratrol,
and, in the case of cheese whey, a protein concentrate is also obtained.
Process modeling has been used to propose a large-scale production
model of the two alternatives for techno-economic and environmental
evaluation. In this regard, it has been shown that both scenarios are
feasible in economic terms, since the minimum selling price obtained for
the products is lower than the real average market price. However, en-
ergy requirements are the hot spots of the environmental profiles of both
alternatives. Future research should encourage the use of renewable
energy sources and also the improvement of process performance and
yield. When comparing the two alternative scenarios, it could be
concluded that the use of cheese whey as a raw material leads to reduced
environmental burdens and increased profits. However, it should be
noted that a lower amount of resveratrol is obtained compared to the
valorization of eucalyptus residues. Therefore, both options have ad-
vantages and disadvantages that must be considered in the decision-
making process.
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