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Integrated facility for the use of oranges as a source for power, chemicals and juice
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In this work, we evaluate the integration opportunities within the juice production industry. The process begins with
the oranges reception and juice production. The peel is further processed for the production of limonene. Next, the waste
is digested to provide for the thermal and electrical energy required for the facility using a gas turbine. The process results
in a highly integrated facility that allows implementing the concept of circular economy within the fruit industry.
However, even though the facility is profitable, with a benefit after taxes of 56%, if higher added value products are to be
produced such as limonene, the utilities required by the process cannot be produced from the residues affecting the
sustainability of the process.
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INTRODUCTION
The concept of circular economy is a current
trends towards a more efficient production system
where waste is reused and recycled as raw material.
In particular, the food industry is characterized by
the production of large amounts of waste in the
processing of the raw material. To improve the
efficiency of these plants integrated design as a
chemical complex will allow reusing the waste into
valuable products and energy [1]. In the case of the
fruit industry, in the production of juice together
with the main product waste is produced [2]. This
residue is also part of the municipal solid waste that
is being treated for energy production. But before
that final use, it is important to notice that the peels
contain added value products. In particular, citrus
peels contain compounds such as pectin, limonene
[3-5] that can and should be recovered before waste
treatment. Anaerobic digestion (AD) has been
deemed as an efficient process to treat waste [6].
The main products from the AD of waste consist of
biogas, composed of CO2 and CH4 that can be an
interesting source for chemicals via dry reforming
[7], power [8] and a digestate rich in nutrients that
can be recovered in different forms [9]. Therefore,
a facility for the production of juice can become a
highly integrated chemical complex.
So far, the evaluation of the use and products
from the fruit industry has been addressed
separately. AD of waste has been studied towards
evaluating the yield to biogas [10]. The recovery of
added value products has been experimentally
studied as well as the pectin recovery [3]. Only
lately the last part of the process, from the waste
towards limonene and p-Cymene including the
possible use of the waste to produce power via
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gasification has been considered [11] However, the
large water content and the need to define the
synergies for the entire process, from the fruit
towards the multiproduct suggest the use of a
systematic approach
In this work we develop an integrated facility for
the production of juices, limonene and power from
oranges using a mathematical optimization
formulation in an integrated facility that uses the
exhaust gases from the gas turbine to produce steam
that eventually produces power in a steam turbine.
The rest of the paper is organized as follows: in
section 2 we provide a brief description of the
process; in section 3, the different units are
described and the modelling assumptions are
presented; in section 4, the results of the optimal
operation of the facility are shown together with an
economic evaluation; and finally, in section 5, we
draw some conclusions.
PROCESS DESCRIPTION
The process consists of fruit processing,
limonene extraction, biogas production, biogas
purification (biomethane generation), gas turbine
(Brayton cycle) and the use of the flue gas to
provide the energy within the process, see Figure 1.
Sweet oranges are washed using 2 L of water per
kg of oranges and squeezed. It is a mechanical step
where juice and the peels are obtained separately.
The pulp can be left in the juice or removed by
filtration. This pulp, if removed, can be used within
the peel residue in the AD step. The juice must be
thermally treated in two steps to remove
microorganisms and denaturalize enzymes. The
first stage consists of heating up the juice 368 K for
10-30 s. After that, and before bottling it up, the
juice is heated up again for 15 s ant 368 K [12] The
peels constitute 40-60% of the orange.
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Fig. 1. Flowsheet for the integrated production of
juices, limonene and power.

Limonene, d-limonene, can be recovered from
the peel by extraction. The peel must be milled to
increase the surface area. Next, n-hexane is used to
extract it, so that 0.55 dm3 are recovered per m3 of
hexane used [13]. The peel residue is separated by
filtration. Finally, the hexane is recovered by
distillation. The distillation column works under
vacuum to avoid decomposition of the limonene.
The peel residue is fed to a bioreactor where it is
anaerobically digested to produce biogas and a
decomposed substrate (digestate). The biogas is
composed of methane, carbon dioxide, nitrogen,
hydrogen sulphide, ammonia and moisture. It is sent
to purification to remove first the H2S in a fixed-bed
reactor and later the CO2 (and traces of NH3), using
Pressure Swing Adsorption (PSA). Once the biogas
is mainly methane, it is used in the Brayton cycle,
where the biomethane is compressed, burned with
air and expanded in a turbine, generating power.
The digestate can be processed to recover the
nutrients following different technologies. Struvite
production is recommended if it is to be transported
long distances, but if the facility is allocated close
to the harvesting point of the oranges it can be just
recovered as a cake.
MODELLING ISSUES
The models for each of the units involved in the
process, are formulated using mass and energy
balances, experimental yields, thermodynamics,
chemical and vapor-liquid equilibria to evaluate
their performance. Details of the modelling
approach can be seen in [14]. The process model is
written in terms of total mass flows, component
mass flows, component mass fractions,
temperatures and pressures of the streams in the
network. Table 1 summarizes the modelling
approach for each of the units involved in the
process.
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Table 1. Summary of modelling approach for the
integrated facility
Unit
Modelling approach
M&E Balances
Washing
Exp. Data
M&E Balances
Grinding
Exp. Data on Power
M&E Balances
Juice treatment
Exp. Data on T and time
M&E Balances
Peel milling
Exp. Data on power [18]
Limonene
M&E Balances
extraction
Exp. Data on extraction [13]
Fenske eqs
n-Hexane recovery
M&E Balances [16]
AD
M&E Balances [8]
H2S Removal
M&E Balances [8]
NH3 /CO2 Removal M&E Balances [8]
Thermodynamics
Brayton cycle
M&E Balances [8]
The facility is modelled and optimized for the optimal
operation producing the power and hot utilities required
for the operation of the entire integrated process
maximizing the profit obtained from the juice, the
limonene and minimizing the input of utilities. The
orange peels after pretreatment for limonene recovery
shows the composition given by Table 2.
Table 2. Orange peels composition for digestion [17]
Vbiogas (m3/kg)
0.35
WDM
0.21
WVS
0.85
WN
0.002
WNorg
0.010
WP
0.002
WK
0.009
RCN
15

WDM: Dry matter weight percentage; WVS: Volatile weight
percentage; WC: Carbon weight percentage; WN Inorganic
nitrogen weight percentage; WNorg: organic nitrogen weight
percentage; WP: Phosphorous weight percentage; WK:
Potassium weight percentage; RCN: Carbon to Nitrogen ratio

The investment cost of the facility is based on
the factorial method [15] where the cost for the
different units has been estimated based on [16]
updating of the units when required. For the
production cost, again, the factorial method is used.
The cost of the oranges for juice is taken to be 0.1
€/kg [19], the cost of steam 0.019 €/kg [20] and that
of cooling water 0.00057 €/kg [21] while the fresh
hexane is taken to be 1.5 €/kg [22]
RESULTS
The mass and energy balances result in the
values reported in Table 3 where the major ratios are
reported for a facility that processes 5kg/s of
oranges. In the results it is possible to see that the
facility can provide its own power for running the

A. Criado and M. Martín: Integrated facility for the use of oranges as a source for power, chemicals and juice

grinding, milling and centrifuges. However, the
extraction of limonene requires a large amount of
energy for the recovery of the solvent, resulting in a
deficit that must the provided from external
resources. The thermal energy available is enough
for the production of the juice and its pasteurization,
though, but not enough for the facility to be
selfsustained. Fertilizers and limonene are also
produced a part from the juice that can be further
used to obtain credit and/or reduce the needs of
nutrients in the following growing period.
Table 3. Major results of the flowsheet operation

Production of
Juice
Peels
Hexane added
Biogas produced
Fertilizer
NPK index
Limonene
produced
Air excess (Gas
turbine)
Power produced
Power consumed
Thermal Energy
available
Thermal Energy
required

0.5 kg /kg of Oranges
0.5 kg /kg of Oranges
0.1209 kg/kg of peel
0.0464 kg /kg of peel
0.1696 kg dry /kg of peel
0.17/0.1/0.24
0.00924 kg /kg Peel
21%
280 kJe/kg of Peel
3.6 kJe /kg Peel (Milling) [18]
350 kJt/kg of Peel
150 kJ / kg peel ( Pasteurization)
5400 kJ /kg peel ( Solvent recovery)

The economic analysis can be summarized in the
following values. For a facility that processes 5kg/s
of oranges (155kt/yr), the integrated facility
investment cost adds up to 59 M€ with a production
cost of 41.7 M€/yr to produce 77760 m3 of juice per
year, 519 ton/yr of limonene and 5.83 GWh of
power. The facility requires steam, around 6kg/s
and cooling water, 304 kg/s. the profitability of the
facility highly depends on the juice cost per litter.
For the products prices of 1 €/L of juice, the
limonene costs at 15 €/kg and 0.06 €/kWh obtained
from the excess of power, without considering any
credit out of the digestate, the benefit after taxes is
56%. Out of the digestate additional income can be
obtained depending on the market and its form at the
processing cost of each alternative [9] unless is
internally used for the next harvest in which case it
is expected to decrease the price of the oranges.
Figure 2 shows the breakdown of the production
cost (a), and the investment cost (b). almost 40% of
the production cost goes to the raw material, another
34% corresponds to chemicals while utilities and
equipment amortization reach 10% each. In terms of
the investment, the section for the production of
limonene represents 50% of the cost of the facility,
while that of the waste treatment adds up to 30%.

Juice production and pasteurization reaches 10%,
since it includes the HXs.

Fig. 2. Breakdown of the investment (a) and
production costs (b).

CONCLUSION
In this work the concept of an integrated facility
for the production of juices, limonene and power
from oranges is evaluated using a mathematical
optimization formulation. Waste is used to produce
utilities for the operation of the plant, power and
heat, required by the facility including juice
pasteurization and limonene extraction.
The facility can provide its own electricity, as
well as thermal energy for juice production, but the
production of limonene requires a large amount of
energy for solvent recovery. The process is
economically interesting, with a benefit after taxes
of 56%, but it is highly energy intense. More
efficient limonene production paths and recovery
technologies must be addressed for a cleaner
production process. Furthermore, scale up studies
are required to evaluate the effect of the exploitation
size on its economics.
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