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Abstract
To date, first and second generation processes have been integrated by the adoption of
grassroots design methodologies while, in reality, their coupling is far more complex.
The integration of first and second generation biorefineries is a combined grassroots
retrofit design problem that hides endogenous symbiotic options and proves the
deficiency of present-day practices in proposing realistic designs for such mixed design
problems. This work studies the different symbiotic options in the integrated pair of first
and second generation biorefineries, scoping for the development of a new systematic
methodology which can combine different process systems engineering tools for the
integration of grassroots-retrofitted problems. Preliminary results indicate a significant
potential in internal trade-offs savings, both in operating and capital cost. The
framework advocated by this work can be applied to general applications with the use of
combined thermodynamic and mathematical programming methods.
Keywords: Biorefinery, Retrofit, Integration, Optimization, Endogenous Symbiosis.

1. Introduction
Second generation (2G) biorefineries can be used to upgrade, rather than eliminate
existing first generation (1G) plants. As they process different feedstock, the integration
of different generation biorefineries has attracted attention recently. Researchers have
integrated the two technologies by using conventional methods (Dias, 2008; Naik et al.,
2010; Palacios et al., 2012; Dias et al., 2014; Lennartsson et al. 2014). Nevertheless,
existing studies undertake the problem as a grassroots design problem. While first
generation installations are nascent plants, still possible to amend and modify, second
generation upgrades account for new technology and investment very flexible to adjust
so that the upgrades are best. An additional challenge with the particular integration is
that first and second generation technologies hide inner trade-offs. There is significant
potential to exchange (by-)products and not only to integrate energy. Bagasse can be
used as a feedstock in the second generation process, and, similarly, lignin can be used
as fuel for the co-generation unit. Moreover, the processes may utilize common
sections, like sharing the same dehydration section. Finally, the co-generation (CHP)
unit, after modifications, can support both plants. That implies a retrofit problem that is
much larger and complex than most conventional applications. A systematic retrofit
approach is possible to scale-up by using thermodynamics and mathematical
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Process Synthesis is used to systematically sift different options depending on different
Feedstock, Chemistries, and Endogenous Symbiosis. At this layer, the capacity, the raw
material, and the value chain are under evaluation. The Existing Plant has an entrenched
supply and distribution chain, but it is an opportunity to re-evaluate its position on the
market. Depending on the existing demand, it might be profitable to invest on a bigger
capacity and/or a new product. The case of the Installed Process, on the other hand,
stands an open challenge. Furthermore, it would be negligence not to search for internal
trade-offs. Are there any industrial sectors in common? Can the CHP be modified so as
to be adequate for both processes? Can they exchange (by-)products? Process Synthesis
can go through internal product exchange options. The great number of alternatives
imposes the use of a systematic screening tool that can treat complicated
interconnections. The use of graph tools proposed by Kokossis et al. (2015), is suitable
to systematically screen among numerous options.
Depending on the configuration selected at the Process Synthesis stage, Process
Integration also needs to systematically tackle with big data. One option is to handle the
two processes as one, fully integrating one to another. This approach uses process
integration analysis and is how this problem is managed, so far: combining any stream
of one process with any stream of the other, with no restrictions. Another option is to
integrate them as different processes by using Total Site Analysis (TSA) tool. TSA is
more appropriate for this case since the heat exchange between processes is indirect, by
exploitation of excess steam, allowing the consideration of the retrofit problem.
Modification options in the Existing Plant include changes for the reduction in the use
of utilities, appropriate structural modifications, number and type of equipment to be
purchased, changes in the installed heat transfer area, re-piping and reassignment of
streams. These decisions can be addressed by using thermodynamic-heuristic and
mathematical programming methods. (Briones & Kokossis, 1996; Smith et al. 2010).
Retrofit integration tries to eliminate the heat transfer crisscrossing by making the
maximum use of the existing equipment. If the integration imposes the replacement of a
heat exchanger, does the old equipment fit with a one foreseen for the new process?
In brief, the combined grassroots - retrofit problem imposes different handling than the
ordinary design problems. The proposed framework uses Process Synthesis to screen
decisions, Process Integration to combine TSA with combined process integration and
retrofit tools, and Process Design to evaluate the economic feasibility and the
environmental sustainability of the project. The first step of the framework studies
endogenous symbiosis, as illustrated in the next section.

3. Endogenous Symbiosis: Opportunities in integrated first and second
generation biorefineries
It is selected to integrate a sugarcane bioethanol process with a lignocellulosic
biorefinery. Simulation models in Aspen Plus are produced for each case. The design of
the autonomous distillery (Figure 2a) is based on literature (Dias, 2008; Dias et al.,
2011) and follows four main steps. At first, sugarcane is cleaned upon reception in the
factory to remove part of the dirt. Extraction of sugars is done by using mills, where
sugarcane juice and bagasse are separated, driving the juice to fermentation. Finally,
fuel ethanol is produced. The design of the lignocellulosic process (Figure 2b) is based
on the organosolv biorefinery of CIMV ProcessTM (Delmas, 2008; Mountraki et al.,
2011) and is consisted of six major sections, which involve extraction and
delignification of the feedstock, de-acidification of the cellulosic pulp, concentration of
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In Reference Case, the individually integrated 1G ethanol process burns the exact
quantity of bagasse produced to cover its thermal requirements, while CIMV requires
the 85%. Even though 2G process requires more energy per tonne of dry biomass, it
produces the same amount of fuel ethanol (10 t/h) with less feedstock, by co-fermenting
the C5 and C6 sugars. In Scenario 1, both processes are thermally integrated by
unrestricted TSA. In that case, the amount of energy required per ton of dry biomass is
even lower than the stand alone integrated 1G plant. Furthermore, apart from fuel
ethanol, all three 2G key products are produced, which can be further valorised and
contribute to a fully developed multi-product biorefinery. In Scenario 2, the capacity of
1G ethanol is increased by fermenting the 2G glucose, while xylose and BioligninTM can
be differently valorized. The heating requirements in that case are a lower than the
summation of both processes. Finally, in Scenario 3, both processes are oriented
towards ethanol production, and, in that case, the profit of the TSA integration is not
obvious. On the other hand, capital investment is saved.
Table 1. Summarized Results
Reference Case

Scenario 1

Scenario 2

Scenario 3

1G

2G

1G - 2G

1G - 2G

1G - 2G

Heating [MW/t dB*]
Cooling [MW/t dB*]

2.5
2.0

4.2
3.8

2.3
1.5

2.8
1.9

3.0
2.1

Ethanol 99.5% [t/h]

10.0

10.0

10.0

16.8

20.0

Clucose 80.0% [t/h]

-

-

34.3

-

-

Xylose 80.0% [t/h]

-

-

9.3

9.3

-

BioligninTM dry [t/h]

-

11.1

11.1

11.1

11.1

99.9 %

85.4 %

140.5 %

172.7 %

192.0 %

Bagasse to CHP**

*dry Biomass/ **compared to 2G feed

4. Conclusions
To sum up, the integration of first and second generation biorefineries is not a straight
forward integration problem, but it hides endogenous symbiotic options. The
unconstrained results of symbiotic scenarios (Table 1) show that the integrated scheme
can be beneficial for both processes. The case of Scenario 3, which is actually the
summation of the individual processes, saves supply chain expenses the new process
and has lower energy consumption per ton of dry biomass compared to the autonomous
distillery. A step further, Scenario 2 increases the capacity of the conventional distillery
without the need of modifications in the pre-treatment section and keeps total energy
consumption low. Finally, Scenario 1 allows the lignocellulosic biorefinery to produce
other products by valorising its key products (glucose, xylose, and lignin). All three
scenarios save capital investment by sharing common sections. This study of internal
trade-offs unveils the complex nature of the integrated problem. The 1G process is a
retrofit while 2G is a grassroots case. The existing plant imposes minimum
modifications while the new technology has no limitations. The existing approaches are
not able to combine grassroots and retrofitted design. The framework proposed in this
paper lays the groundwork for coping systematically with complex design problems.
Process Synthesis can screen paths and symbiotic options, Process Integration combines
grassroots integration with retrofitted in a TSA approach, and finally Process Design

2186

A.D. Mountraki et al.

evaluates the project and provides all the necessary details for economic and
environmental evaluation. Future work includes the implementation of the systematic
steps described and the detailed economical investigation, scoping for the development
of a systematic methodology.
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