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Abstract
Fruit peels are a rich source of cellulose, hemicellulose, phenolic compounds, and terpenic compounds. Thus, they have the
potential to be a novel renewable, sustainable, and low-cost raw material (source) for the production of several value-added
products based on framework and concepts such as waste hierarchy that includes biofertilizers, dietary fiber, animal feed,
industrial enzymes, substrate for the bioactive compounds production, synthesis of nanomaterials, and clean energy (from
residual biomass). With a view of evaluating the environmental burden of biorefinery, a life cycle assessment (LCA) is performed
for a representative citrus waste (CW) biorefinery. The functional unit used for LCAwas set as 2500 kg of CW processed. The
overall GWP was observed to be 937.3 kg CO2 equivalent per 2500 kg of CW processed. On further analysis of the environ-
mental impact, it was found that different steps contributed significantly, as shown by the various environmental indicator values.
Alternative advanced process intensification technologies like microwave and ultrasound-assisted steps replacing the conven-
tional steps when implemented show considerable reduction in environmental indicator values. The variations in the contribution
to environmental indicators should be considered during the design and process selection of biorefineries.
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Introduction

The food-processing sector establishes a vital linkage and
synergy between the two pillars of the economy: Bindustry^
and Bagriculture.^ Fruit peel wastes (FPWs) are abundantly
generated from food-processing industries. Every fruit

consists of 15–50% of peel, which is discarded as a waste after
utilization of its fleshy part (i.e., mesocarp). In some cases, the
volume of waste obtained is larger than the product itself
(Wadhwa and Bakshi 2013, García et al. 2015, Pathak et al.
2015, 2017a, b).

Figure 1 presents an overview of contribution from differ-
ent countries to global fruit and vegetable waste generation.
Fruit and vegetable processing, packing, distribution, and con-
sumption generate a huge quantity of fruit and vegetable
wastes; for example, approximately 1.81, 6.53, 32.0, and
15.0 million tons of fruit and vegetable wastes (FVWs) are
generated in India, the Philippines, China, and the USA, re-
spectively, with the majority being disposed of either by
composting or dumping in the landfills/rivers, causing envi-
ronmental pollution (Wadhwa and Bakshi 2013).

Instead of using FPW for a single application, it would be
beneficial to develop an integrated approach for multiple ap-
plications which assures economic feasibility. This integrated
approach is summed up as Bbiorefinery.^ Thus, biorefinery
has become an emerging concept for solid waste management
studies advocating conversion of entire biomass into various
biofuels and chemicals (Ravindran and Jaiswal 2016).
Biorefineries are proposed keeping in mind that they would
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contribute to a more sustainable supply of resources by con-
serving the exhaustible resources. By 2020, it is anticipated
that a majority of chemicals produced through chemical
routes would shift to bio-based processing with agro-
industrial waste, municipal, and forestry waste as the pri-
mary feedstock (Gnansounou and Pandey 2016).
However, bio-based products are subjected to many envi-
ronmental drawbacks like increased land use, more reac-
tion time, and high eutrophication potentials. In addition,
the indirect emissions caused because of using auxiliary
processing units and chemicals for biorefinery also add up
to the total environmental burden (Uihlein and Schebek
2009). Hence, the environmental impacts resulting from
the various processing steps in a biorefinery should be
evaluated during the initial design phase itself using tools
like life cycle assessment (LCA).

Based on the earlier work on FPW of banana, pome-
granate, papaya, orange, pineapple, and mango (López
et al. 2010, Upadhyay et al. 2010, Puligundla et al. 2014,
Pathak et al. 2016a, b, 2018) and similar such studies re-
ported by others in the literature, a general scheme for
valorization of fruit peels and a generalized biorefinery
can be envisaged. In addition, the paper discusses the en-
vironmental impact study of a representative citrus waste
biorefinery (Pourbafrani et al. 2010), using literature data.
The analysis provides an estimate of the overall probable
environmental impacts and the contributions of each pro-
cessing step in the biorefinery to environmental indicator
value. The processing steps contributing in a relatively
larger measure are then identified and uses of alternative
advanced technologies to replace them are suggested.
Implementation of these advanced technologies does re-
duce the impacts and is evaluated for the sake of
comparison.

Valorization of FPW

The authors have been exploring the use of FPW for produc-
ing various value-added products and so far have explored
valorization of banana peel (Pathak et al. 2016a, b), pome-
granate peel (Pathak et al. 2017a, b), papaya peel (Pathak
et al. 2018), orange peel (López et al. 2010), pineapple peel
(Upadhyay et al. 2010), and mango peel (Puligundla et al.
2014; Banerjee et al. 2018). Several value-added products
have been developed based on frameworks and concepts such
as waste hierarchy, sustainable consumption, and production
(Papargyropoulou et al. 2014).

Based on the valorization study of the aforementioned
FPWs, a generalized valorization scheme for FPW is present-
ed in Fig. 2.

Biorefinery approach

Economic feasibility of a biorefinery can be achieved by pro-
ducing a combination of low-volume high-value products
(e.g., essential oils, pectin, phenolic compounds) and low-
value high-volume products (e.g., compost, cattle feed, meth-
ane). Based on the available technology, irregular supply of
primary raw material, and considering the market demand, a
more generalized biorefinery can be prescribed, focusing on
biomaterials and biochemicals that include ethanol, essential
oils, phenolic compounds, methane, and syngas.

Process description

Figure 3 shows that the overall schematic for a biorefinery
able to process a variety of FPW. FPWs are dried and size-
reduced for further processing. Based on the type of FPW
available for processing, solvent extraction is carried out to
extract the phenolic compounds, which are used as antioxi-
dants. On further processing with steam and flashing, essential
oils are extracted. Hydrolysis is performed on the processed
FPW by adding acid and water to convert the non-reducing
sugars to reducing sugars. This process is necessary to en-
hance the yield of fermentation products. The hydrolysate is
filtered, and the solids are subjected to either gasification to
obtain syngas or anaerobic digestion to obtain methane and
carbon dioxide. The liquid part of hydrolysate is partially sent
for biochemical extraction and the rest is fermented. The fer-
mentation products are distilled in a regular distillation setup
to obtain purified ethanol. The stillage left after distillation can
be mixed with solids for anaerobic processing.

Table 1 discusses various unit operations/processes and
possible products derived from FPW. Economic feasibility
of the biorefinery is not in the scope of this paper; however,
there are a few studies carried out addressing the former

Fig. 1 Generation of fruit peel waste
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(Barrera et al. 2016; Wan et al. 2016; Giwa et al. 2018;
Martínez-Ruano et al. 2018).

It is evident from the above discussion that FPW can be
used as a good resource for generation of biofuels and bio-
chemicals. However, conversion of biomass into biofuel or
biochemical needs input and output of flows (utilities obtained
from fossil fuels, rawmaterial and its transportation, etc.). Such
input and output flows affect the overall environmental perfor-
mance of the biorefinery. Thus, evaluation of the environmen-
tal loading has to be considered for a sustainable design of a
biorefinery. Although the raw material is biodegradable, the
conversion process cannot be considered to be environment
benign. This study aims at thorough evaluation of environmen-
tal impacts of a representative citrus waste biorefinery.

Citrus waste biorefinery—LCA approach

Pourbafrani et al. (2010) proposed a new industrial approach
for treatment of citrus waste to obtain products such as ethanol,
limonene, and methane. The citrus waste is hydrolyzed with
dilute acid explosion process followed by expansion to sepa-
rate the limonene. The liquid hydrolysate is fermented to

obtain ethanol, whereas the remaining stillage along with solid
residue is sent to digester formethane production. Based on the
process simulation using Aspen Plus® and actual experimen-
tation, a detailed inventory analysis was performed to obtain
390 kg of ethanol, 558 Nm3 of Methane, and 125 kg of limo-
nene by treating 2.5 tons/h of CW (Pourbafrani et al. 2010).

The gate to gate LCA was performed according to ISO
14040:2006 (ISO14040:2006). The work is carried out in four
steps: goal and scope, life cycle inventory, life cycle assess-
ment method, and interpretation.

The processes available in the Indian database of GaBi
Education Software were used for process modeling.

Goal and scope

Figure 4 describes the goal and scope of CWbiorefinery LCA.
The scope includes the following processes:

1. Hydrolysis and flashing
2. Filtration
3. Fermentation and distillation
4. Anaerobic digestion

Fig. 2 A generalized scheme of valorization of fruit peel waste
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Besides these steps, production of utilities such as electric-
ity and steam and raw material such as sulfuric acid is consid-
ered in LCA. The functional unit used in the study is 2500 kg
of CW.

Assumptions and limitations

The following attributional LCA modeling approaches are
subjected to certain assumptions and limitations. The results
would obviously change with changes in assumptions.

1. Health impacts of the CWare not considered in the study.
2. Emissions pertaining to generation of CWare not a part of

the study.

3. To accommodate environmental emissions due to trans-
portation of raw material, all raw materials travel a dis-
tance of 100 km to reach the processing site.

4. The wastewater treatment plant is not within the scope of
this study. The unreacted raw materials carried along with
water are assumed to be emissions to freshwater.

5. CWis considered to have no environmental burden as it is
regarded as waste.

6. The geographical location of the processing setup is
assumed to be India, and hence an Indian data set is
used to model background processes such as thermal
energy from hard coal, electricity, and steam from
hard coal.

7. Water is assumed as a direct input to the process and
water-processing unit is out of the scope of this study.

8. With specific concentration to Indian subcontinent, the
Indian database is used for process modeling.

Functional unit

Functional unit plays a pivotal role for any LCA. The life
cycle inventory and the impacts are calculated based on func-
tional unit. The functional unit for this study is set as 2500 kg
of CW to enable us to evaluate the impact caused due to
processing of CW.

Table 1 Unit operation and processes of FPW biorefinery and products

Unit operation and processes Products

Steam distillation/flashing Essential oil

Hydrolysis Pectin and starch

Solvent extraction Polyphenols and antioxidants

Fermentation Organic acids and alcohols

Gasification/pyrolysis Syngas

Composting Biofertilizer

Size reduction and blending Cattle feed, dietary fiber

Fig. 3 Proposed generalized scheme for FPW biorefinery
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Life cycle inventory

Feedstock

The citrus waste generated after extraction of juice has 20%
dry matter with significant amounts of pectin 25%, hexosans
26%, and pectosans 7% (Pourbafrani et al. 2010). The CW
thus obtained is used for further processingwithout any drying
or grinding. Hence, drying and grinding processes are out of
the scope of this study. The feedstock is sourced from nearby
areas as it would decrease the cost of procurement and reduce
the chances of its degradation before processing. Hence, the
feedstock and other raw materials are assumed to travel a
distance of 100 km to reach the processing site to incorporate
the transportation emissions in the study.

Dilute acid hydrolysis and flashing

Hydrolysis is carried out in an autoclave using steam.
Two thousand five hundred kilograms of CW was mixed
with water, 1742 kg steam and 49 kg of sulfuric acid for
hydrolysis. The hydrolysis conditions were considered in
such a way so as to maximize the sugar content. The
power required for the agitator was calculated using
CheCalc software (https://www.checalc.com/solved/
agitator.html). The separation of limonene is generally
carried out by steam distillation. The CW is subjected to
boiling water or steam. The peels release the essential oil
through evaporation and condense to form two layers
(aqueous layer and organic layer) in a decanter (Bousbia
et al. 2009). Another method of removal of essential oil is
cold pressing of peels. The watery emulsion formed due

to cold pressing is centrifuged to separate out the essential
oil. The cold pressing of CW is not in the scope of this
study.

The obtained hydrolysate from hydrolysis section is
flashed in an expansion tank. The vapors thus produced con-
tain 99% limonene from the CWs. These vapors are con-
densed and limonene (100 kg) is separated from water using
a decanter. The residual hydrolysate from the expansion tank
is used for the next step. Table 2 shows the detailed inventory
for acid hydrolysis and flashing.

Filtration

The residual hydrolysate is filtered to separate the soluble and
insoluble components. The insoluble component around
1500 kg is washed and sent to the anaerobic digester and the
soluble portion is sent to the fermenter for further processing.
The detailed inventory analysis is given in Table 2.

Fermentation and distillation

The liquid hydrolysate is sent to a fermenter in which 6 kg
Saccharomyces cerevisiae is used for fermentation under
anaerobic conditions. The power of agitator required for
fermentation was calculated using CheCalc software
(https://www.checalc.com). The ethanol (390 kg) is dis-
tilled out from the mother liquor. The stillage obtained
from the process is digested to obtain methane and carbon
dioxide. Table 2 shows the inventory for fermentation and
distillation.

Fig. 4 Process flow diagram for
CW biorefinery

Environ Sci Pollut Res (2019) 26:34713–34722 34717

https://www.checalc.com/solved/agitator.html
https://www.checalc.com/solved/agitator.html
https://www.checalc.com


Anaerobic digestion

The insoluble solids obtained by the filtration of hydrolysate
are mixed with the stillage obtained from the bottom of the
fermenter and the slurry is sent to the anaerobic digester to
produce methane (558 Nm3/h) and carbon dioxide (803 Nm3/
h). The detailed inventory analysis is given in Table 2.

Impact assessment method

The CML 2001 impact assessment method is used to evaluate
the environmental impacts of the CW biorefinery (Cherubini
and Jungmeier 2010). This method restricts quantitative
modeling to early stages in the cause–effect chain to limit

uncertainties. Results are grouped in midpoint categories ac-
cording to common mechanisms (e.g., climate change) or
commonly accepted groupings (e.g., ecotoxicity) (http://
www.gabi-software.com/support/gabi/gabi-6-lcia-
documentation/cml-2001-nov-2010/).

The results are reported in five different midpoint
indicators:

1. Global warming potential (kg CO2 equivalent) (GWP)
2. Acidification potential (kg SO2 equivalent) (AP)
3. Eutrophication potential (kg phosphate equivalent) (EP)
4. Ozone depletion potential (kg R11 equivalent) (ODP)
5. Photochemical ozone creation potential (kg ethene equiv-

alent) (POCP)

Table 2 Inventory analysis of
CW biorefinery Sr. no. Material Quantity Unit References

Acid hydrolysis and flashing

Input

1 Citrus waste 2.5 Ton Pourbafrani et al. (2010)
2 Water 10 Ton

3 Steam 1.742 Ton

4 Water for hydrolysis 4.1 Ton

5 Sulfuric acid 0.049 Ton

6 Heat 7.37 MJ Heat balance

Output

1 Limonene 0.125 Ton Pourbafrani et al. (2010)
2 Water 0.014 Ton

3 Hydrolysate 18.252 Ton

Filtration

Input

1 Hydrolysate 18.252 Ton Pourbafrani et al. (2010)

2 Electricity 11 kWh Ledcor Environmental Solutions

Output

1 Solids to digester 1.506 Ton Mass balance
2 Liquid hydrolysate to fermenter 16.76 Ton

Fermentation and distillation

Inputs

1 Hydrolysate 16.76 Ton Pourbafrani et al. (2010)
2 Yeast 0.006 Ton

3 Steam 0.738 Ton

4 Electricity 95.3 kWh Bernesson et al. (2006)

Outputs

1 Ethanol 0.390 Ton Pourbafrani et al. (2010)
2 Stillage 17.114 Ton

Anaerobic digestion

Inputs

1 Solids from filtration and stillage 18.62 Ton Pourbafrani et al. (2010)

Outputs

1 Methane 558 Nm3 Pourbafrani et al. (2010)
2 CO2 803 Nm3
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Interpretation

Table 3 shows the contribution of each process to the overall
environmental indicators for the production of 390 kg of eth-
anol and 558 m3 of methane from 2500 kg of CW. The GWP
of the CW biorefinery is found out to be 937.3 kg CO2 equiv-
alent. A high contribution of BAnaerobic digestion^ is attrib-
uted to a large amount of biogenic carbon dioxide emitted in
the process. The AP for CW biorefinery is observed to be
8.64 kg SO2 equivalent. The high contribution of the fermen-
tation and distillation step in AP, EP ODP, and POCP is attrib-
uted to the use of steam and electricity obtained by combus-
tion of fossil fuels.

Figure 5 shows the percent contribution of each process to
the overall midpoint indicators of the process. It is observed
from Fig. 5 that Bhydrolysis and flashing,^ which contribute
only 14.3% to ODP of CW biorefinery, are one of the major

contributors to other environmental indicators of CW
biorefinery. BHydrolysis and flashing^ contribute to around
60% of the overall AP and EP of the CW biorefinery. A high
contribution of the Bfermentation and distillation^ step (77%)
to overall ODP is attributed to the use of electricity and pro-
cess steam obtained from fossil fuels.

Recommendations

It is evident from Fig. 5 that all the steps considered contribute
significantly to different environmental indicators. With pro-
cess intensification, the contribution of the steps can be de-
creased significantly.

The overall GWP is 937.3 kg CO2 equivalent for 2500 kg
of CW processed. Such an evaluation would help in calculat-
ing the overall sustainability of the process. Steps/measures
should be directed towards decreasing the overall

Table 3 Environmental indicators for CW biorefinery

Processes environmental indicators Hydrolysis and
flashing

Filtration and
washing

Fermentation and
distillation

Total

Global warming potential (kg CO2 eq./2500 kg of CW processed) 565 15.3 357 937.3

Acidification potential (kg SO2 eq./2500 kg of CW processed) 4.95 0.18 3.51 8.64

Eutrophication potential (kg phosphate eq./2500 kg of CW processed) 0.30 0.01 0.19 0.50

Ozone depletion potential (kg R11 eq./2500 kg of CW processed) 0.53E−09 0.32E−09 2.89E−09 3.74E−09

Photochemical ozone creation potential (kg ethene eq./2500 kg of CW
processed)

0.22 0.01 0.17 0.40

Fig. 5 Percent contribution of
processes in overall
environmental impacts

Environ Sci Pollut Res (2019) 26:34713–34722 34719



environmental indicator value. A high contribution of
Bhydrolysis and flashing^ is attributed to the use of process
steam obtained from hard coal.

During the design phase of a biorefinery, it is important to
identify the steps that contribute significantly to overall envi-
ronmental impacts. The use of LCA as a tool helps in identi-
fying such environmental hotspots of the process. Such envi-
ronmental hotspots can be worked upon from process intensi-
fication viewpoint to decrease the environmental loading of
the process. Process intensification offers a number of avenues
to enhance the energy utilization efficiency and thereby the
associated environmental impacts (Reay 2008). To elucidate
the reduction in environmental impacts due to process inten-
sification, processes such as microwave-assisted essential oil
extraction, microwave and ultrasound-assisted extraction of
pectin and phenolic compounds respectively are compared
with the conventional methods. The use of microwave-
assisted technologies for hydrolysis and essential oil extrac-
tion not only avoids the use of steam but also has a better
efficiency and processing time than the conventional setup
like steam distillation. The use of more sophisticated technol-
ogiesmight appear as an environmentally benign option; how-
ever, such technologies often have significant indirect emis-
sion associated with it. One such microwave-assisted essential
oil extraction method, microwave hydrodiffusion and gravity
(MHG) apparatus, was presented in the literature (Boukroufa
et al. 2015). The functional unit used for environmental im-
pact evaluation was set to 400 g of orange peel collected after
extraction of juice. The scope of the study is limited to

processing of orange peels. Detailed inventory can be sought
from Boukroufa et al. (2015). Table 4 shows a rough compar-
ison of environmental indicators for the processing of 400 g of
CW for specified conditions to obtain essential oil.

Another example elucidating the use of sophisticated
methods was further discussed by Boukroufa et al. (2015)
wherein maximum extraction of pectin and total phenolic
compounds was achieved using microwave and ultrasound-
assisted technologies respectively. A major advantage of
these processes included the reduction in the processing
time with increase in yield. Microwave-assisted extraction
yielded 24% pectin in just 3 min as compared to conven-
tional method giving 18.32% in 120 min. Thus, environ-
mental impacts per rate of production are higher for con-
ventional extraction process compared to microwave-
assisted. Table 5 shows a qualitative estimate for the envi-
ronmental impacts for pectin extraction using the said
methods. Also, the author sourced (Boukroufa et al.
2015) and generated the inventory for evaluation.

Similar results were obtained for ultrasound-assisted phe-
nolic compound extraction. Higher values of environmental
indicator for conventional extraction of phenolic compounds
are attributed to relatively higher amount of energy consump-
tion. Table 6 shows a qualitative comparison of environmental
indicator for ultrasound-assisted and conventional method for
extraction of phenolic compounds.

It is evident from Tables 5 and 6 that it is necessary to
consider the yield and the production rate while deciding on
the use of new technologies.

Table 4 Comparison of
environmental indicator for MHG
and steam distillation

Processing setup Microwave hydrodiffusion and
gravity (MHG)

Steam
distillation

%
Reduction

Global warming potential (kg CO2 eq.) 0.174 1.17 85.12

Acidification potential (kg SO2 eq.) 2.05E−03 0.0101 79.7

Eutrophication potential (kg phosphate
eq.)

9.28E−05 6.40E−04 85.5

Ozone depletion potential (kg R11 eq.) 3.67E−12 5.82E−13 − 84.14
Photochemical ozone creation potential

(kg ethene eq.)
9.73E−05 4.91E−04 80.18

Table 5 Comparison of
environmental impact per rate of
pectin production

Impact category (per rate of pectin
production)

Microwave-assisted pectin
production

Conventional pectin
production

%
Reduction

Global warming potential (kg CO2 eq.) 0.0043 0.1742 97.53

Acidification potential (kg SO2 eq.) 5.09504E−05 0.0021 97.52

Eutrophication potential (kg phosphate
eq.)

2.30579E−06 9.3E−05 97.52

Ozone depletion potential (kg R11 eq.) 9.08678E−14 3.67E−12 97.53

Photochemical ozone creation potential
(kg ethene eq.)

2.41736E−06 9.3E−05 97.40
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Another step of CW biorefinery is Banaerobic digestion^
wherein a significant amount of biogenic CO2 is emitted.
Hence, its impacts are not considered in the study. However,
the carbon dioxide can be sequestrated biologically.
Biological sequestration of CO2 not only avoids the use of
energy intensive processes but also offers a variety of bio-
based products (Mohan et al. n.d.). Moreover the methane
produced can be used as an alternative fuel source for the
production of steam which is used for distillation and as a heat
source.

Conclusion

In the biorefinery approach, FPW can be used to produce a
varied range of biomaterials, biochemicals, and bioenergy. A
representative biorefinery of CW was chosen to evaluate en-
vironmental impacts and to identify environmental hotspots.
The processes evaluated are generally common with other
biorefineries proposed worldwide, thus extending the applica-
bility of results. The overall GWP of the CW biorefinery was
found to be 937.3 kg CO2 equivalent with Bhydrolysis and
flashing^ contributing to around 60% to midpoint indicators
(AP, EP, and POCP). However, the contribution of
Bhydrolysis and flashing^ was 14% only to ODP. It can be
concluded that individual contribution of various processing
steps may vary for different indicators. Therefore, more atten-
tion should be paid on the use of such processing steps or
decreasing the environmental loading of processing during
the process development of such biorefineries. The use of
modern technologies is often associated with an indirect im-
pact; however, parameters like production rate and land re-
quired have to be considered before choosing a particular
technology. Also, it is clear that a significant order of magni-
tude reduction in environmental indicator values can be
achieved with the use of modern advanced technologies.

With conventional resources dwindling, FPWs hold prom-
ise that should be converted into realities and LCA can help in
designing a sustainable product.
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