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Abstract. Ethanol production from non-edible feedstock has received significant attention
over the past two decades. The utilisation of agricultural residues within the biorefinery
concept can positively contribute to the renewable production of fuels. To this end, this study
proposes the utilisation of bagasse in a hybrid conversion route for ethanol production. The
main steps of the process are the gasification of the raw material followed by syngas
fermentation to ethanol. Aspen plus was utilised to rigorously design the biorefinery coupled
with Matlab to perform process optimisation. Based on the simulations, ethanol can be
produced at a rate of 283 L per dry tonne of bagasse, achieving energy efficiency of 43% and
according to the environmental analysis, is associated with low CO: emissions. In order to
achieve an internal rate of return of 15% the ethanol selling price was found to be 0.71 $ L, at
which rate a net economic return of M$ 40 is realised. The study concludes with multiobjective
optimisation setting as objective functions the conflictive concepts of total investment costs
and exergy efficiency. The total cost rate of the system is minimised whereas the exergy

efficiency is maximised by using a genetic algorithm. This way, various process configurations
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and trade-offs between the investigated criteria were analysed for the proposed biorefinery

system.

1. Introduction

Because of oil price volatility as well as environmental concerns, significant research has been
focused on the sustainable production of lignocellulose-based fuels and chemicals with the
aim of substituting existing petroleum-derived products. In developed countries, the
transport sector represents approximately 35% of the total energy consumption which even
now is still highly dependent on fossil sources (~98%) [1]. However, due to the inevitable
depletion of fossil reserves, the manufacture of bio-based fuels from renewable sources is
crucial for meeting increasing world demand for transportation fuels as an essential element
of the long term energy mix [2]. Production of biofuels commenced in the late 19th century,
when corn ethanol was produced for the very first time and Rudolf Diesel’s first engine
utilised peanut oil. Until the 1940s, biofuels were considered as feasible transportation fuels,
but the decrease in fossil fuel prices halted their further expansion [3]. It was not until the mid-
1970s that significant interest in commercial manufacture of biofuels rose again. At that time,
ethanol from sugar cane in Brazil and corn in USA were efficiently produced. However, in
most regions of the world the sharpest growth in biofuel manufacture has been observed
during the past 20 years, mainly due to government policies [4]. Nowadays, bio-ethanol is the
chief biofuel, and is swiftly escalating as a fuel additive along with its utilisation as a chemical
raw material. At present, it is, in principle, exploited in gasoline blends at 10% with the
potential to reach 85% in flexible fuel cars [5]. Even though the production of first generation
ethanol has raised concerns over its sustainability, the exploitation of lignocellulosic biomass
derived from forestry or agricultural residues, including bagasse, can positively contribute to
the renewable production of building block chemicals and biofuels without competing for

land and with the food supply chain [6].

There are currently three main process routes that can efficiently convert lignocellulosic
biomass into ethanol, i.e. the biochemical, the thermochemical and the hybrid [7]. In the
biochemical, there are two main steps: 1) hydrolysis in order to break down the physico-
chemical structure of the material and release the sugars, and 2) yeast fermentation of sugars

to ethanol. This route has received much attention from the research community mostly



because of its similarity with the existing production technology of ethanol and the
anticipated lower capital costs [8]. The main disadvantage of this route is that lignin cannot
be decomposed and as such does not contribute to ethanol production. The thermochemical
route consists of the transformation of biomass into syngas via gasification followed by mixed
alcohol catalytic synthesis. The drawbacks of this alternative are the high energy requirements
and low ethanol selectivity [9]. The hybrid route is, in fact, a combination of the other two
technologies. Biomass is gasified and then syngas is fermented by acetogenic bacteria to
ethanol. Several advantages accompany this technology including higher yields, higher
reaction specificity, lower energy demands, syngas composition versatility and higher
resistance to impurities [10]. In addition, it exploits the lignin content of the raw material and
the use of expensive enzymes is avoided. In spite of the large number of articles on the topic
of syngas fermentation [11], only a small number have conducted techno-economic analyses
of the hybrid gasification-fermentation (G-F) technology. Piccolo and Bezzo [12] have
compared the hydrolysis-fermentation route to the gasification-fermentation route and the
estimated production costs were 0.58 $ L and 0.85 $ L respectively. They also reported that
the main drawback of the G-F process was the low conversion of syngas to ethanol. In
addition, Wagner and Kaltschmitt [13] have tested and compared the three ethanol pathways
and concluded that the hybrid route is the most energy efficient. Finally, Roy et al. [14] have
tested several process configurations for the G-F technology and the production costs varied
from 0.78 to 0.9 $ L. It can also be concluded from the literature review that, so far, bagasse

utilisation in this hybrid process has not been tested.

Sugar cane bagasse was selected as feedstock for ethanol production for several reasons. It is
a major agro-industrial residue in many countries (such as Brazil, South Africa and Australia)
and despite its suitability for fuels and/or chemicals production [15], it is mainly utilised to
raise steam and generate electricity; nevertheless there is still some excess [16]. Furthermore,
if more efficient combustion boilers are implemented, it has been estimated that less bagasse
would be incinerated (approximately 36% reduction [16]). To this end, research has focused
on exploiting bagasse in biorefining technologies that are capable of producing saleable fuels
from sugars, pyrolysis oil and syngas [17]. In addition, the expected escalation in cane
production in order to satisfy the increase of global ethanol demand (from 70 to 130 million

m? between 2009 and 2025), will also give rise to further bagasse availability [18]. The



composition of bagasse chiefly comprises two polysaccharides (cellulose and hemicellulose)
as well as a polyphenolic macromolecule (lignin). Cellulose consists of a linear chain of
numerous highly structured 3(1—4)-linked D-glucose units that creates crystalline districts
and as a result it is more resistant to hydrolysis compared to hemicellulose. The latter
component is made of heteroxylans, with a prevalence of xylose sub-units, and along with
lignin (possesses a complex structure derived from aromatic alcohols polymerization), cover
the cellulosic matrix providing a barrier to enzymatic and chemical degradation [19]. Table 1
[20] presents the compositional analysis of bagasse. It has been reported that sugarcane
bagasse possesses the greatest positive net energy balance among the prevalent raw materials
considered nowadays [21]. Presently, the energy generated from sugarcane is seven times
more compared to that consumed in its creation. And when bagasse is counted in the
equation, it is projected that the number might rise to as much as 15 times [22]. It is, also,
believed that if bagasse is converted to ethanol the overall fuel yield can be increased by 30%
(mass basis) without the requirement of using extra land and with the additional advantage

of further decreasing the carbon footprint [23].

In view of these, the present study conducts a comprehensive techno-enviro-economic
analysis to assess the feasibility of utilising sugarcane bagasse via the G-F route. The research
incorporates 1) thermodynamic evaluation which comprises the calculation of the
energy/exergy efficiencies 2) economic evaluation which includes the calculation of several
financial indicators including net present value (NPV), internal rate of return (IRR), return on
investment (ROI), payback period (PP) and the biofuel production cost and 3) the estimation
of typical sustainability metrics. The analysis concludes with multiobjective optimization (by
using a genetic algorithm) of the best option setting as objective functions the conflictive
concepts of the total investment costs minimization and the exergy efficiency maximisation.
This perception nearly always provides, not a sole solution, but instead a group of solutions,
called the Pareto optimal set, allowing the user to choose the most suitable solution based on

the occasion.



Table 1. Typical bagasse Proximate and Ultimate analysis [20]

Proximate analysis

Parameters Mass fraction (%)

Moisture 50 (wet basis)

Ash 3.20 (dry basis)

Volatile matter 83.65 (dry basis)

Fixed Carbon 13.15 (dry basis)
Ultimate analysis

Element Dry Weight (%)

C 45.38

H 5.96

O 45.21

N 0.15

S 0.10

2. Process modelling

Bagasse is delivered at a rate of 100 dry tonnes per hour with a moisture content of 50% (wet
basis) and the design starts from the drying module and concludes with the ethanol storage
units (gate to gate analysis). Bagasse and ash can be defined by the user as non-conventional
solids. As a result, two Aspen physico-chemical models were assigned to these components:
one for the density (DCOALIGT) and the second one for the enthalpy (HCOALGEN). Both
require awareness of proximate and ultimate analysis of bagasse (see Table 1). The physical
properties of the conventional components were calculated by using the Redlich-Kwong-
Soave cubic equation of state with Boston-Mathias alpha function (RKS-BM). This technique
is appropriate for gas-processing, refinery and petrochemical applications including gas
plants, crude towers and ethylene plants [24].Aspen plus process simulator was utilised
aiming at solving the required material and energy balances. The G-F process consists of the
following steps: 1) Bagasse pre-treatment (drying and crushing), 2) gasification, 3) syngas

conditioning, 4) syngas fermentation, 5) ethanol recovery and 6) utilities section.

Bagasse pretreatment was described in details in a previous paper [25] and the same approach
was adopted in this study. In short, an Aspen Plus crusher block has been employed to

simulate a gyratory crusher which chops bagasse to a final particle size of 2 mm. Afterwards,



bagasse enters a dryer (RStoic block) in order to reduce its moisture content to 10%. As heating
agent flue gas from the CHP unit is utilised. Dried and chopped biomass is then sent to the
gasifier. An oxygen blown circulated fluidised bed (CFB) reactor operating at 1173 K and 2
MPa was considered. A CFB gasifier is suitable for large scale biorefinery applications and the
utilisation of oxygen, instead of air, reduces the capital costs from smaller equipment sizes
and more effective processes [26]. The employment of oxygen as oxidising agent implies the
utilisation of an air separation unit (ASU). Several methods for air separation purposes are
currently available including cryogenic, membrane and separation by adsorption. A
cryogenic air separation process was chosen in this study since it is the most prevalent air
separation process, utilized commonly in medium to large scale plants. It is considered to be
the most efficient method for high productivity plants and the favoured option for nitrogen,
oxygen and argon production as gases and/or liquids. Initially air is filtered and compressed
which causes an increase to its temperature [27]. Therefore between each compression stage
air is cooled down in heat exchangers and water is also removed. Before entering the
distillation part of the process, air has to be purified from COz, which can be accomplished by
employing a molecular sieve unit. Subsequently, air has to be further cooled down in order to
meet the cryogenic process specifications (~ 100 K). The final step of the procedure consists of
two distillation units — one high and one low pressure. Purified air is sent to the HP distillation
column (7 bar) where pure nitrogen exits from the top and the bottom stream is oxygen-
enriched liquid air. The latter product enters the LP column where waste nitrogen leaves from
the top and high purity liquid oxygen is recovered from the bottom which afterwards is

heated and compressed 1281,

A common technique for modelling biomass gasification is by estimating thermodynamic
equilibrium composition through Gibbs free energy minimisation calculations for the C, H,
and O atoms of the fuel and the gasification agent mixture. This approach has been used
before in several studies [29, 30] and it is suitable for feasibility studies but not for reactor
design [29]. For simulation purposes, the gasifier was divided in two steps. The first step
employs a RYield reactor which decomposes bagasse to its constituent elements according to
the ultimate analysis. This way the non-conventional feedstock is converted to components
that the simulator can effectively handle. Afterwards, the elemental composition is fed to the

(RSTOIC) reactor where CH4 and tar are formed. The extent of methane formation was set to



use 5% of the elemental carbon in the biomass fuel and that of tar 0.1%. The purpose of the
addition of this step is that methane and tar compositions are underestimated under
equilibrium conditions [31]. Secondly, the remaining elemental biomass products along with
oxygen (air equivalence ratio equal to 0.4) enter a RGibbs reactor which simulates the
behaviour of the gasifier by means of minimising the Gibbs free energy. The hydrocarbons
stream (methane and tar) is then mixed with the equilibrium outlet to form the final producer
gas stream. The composition of the producer gas was validated against respective
experimental data [32] and showed good agreement (see Table 2). Furthermore, to avoid the
inclusion of a huge variety of tar compounds, toluene was selected to represent this group
[33]. Afterwards two cyclones were employed, the first one separates the unreacted char from
the producer gas and recycles it to the gasifier and the second distinguishes the ash from the
gas mixture. Light hydrocarbons (mainly methane) and tar are converted to syngas in a
catalytic tar reformer which operates at 1073 K and pressure of 1.7 MPa. Hot gases are then
cooled down, in a series of heat exchangers (six in total), to a final temperature of 323 K. This
can be achieved by raising medium pressure saturated steam (1 MPa) that serves as process
heating utility. Unlike other biofuel processes based on gasification (e.g. Fischer-Tropsch), the
adjustment of syngas ratio is not essential for the G-F process. On top of this, removal of CO:
is not necessary as it acts as carbon source for ethanol synthesis and the concentration of H2S
in the producer gas (120 ppm) is assumed to be too low to contaminate the fermentation [34].
Therefore, there is no need to add to the design any water-gas-shift reactors or acid gases
removal units.

Table 2. Comparison of prediction syngas composition with the corresponding experimental
values from [32]

Component Experimental This model

mol composition (% dry basis)

CcO 31.9 33.3
H: 25.5 26.2
CO: 27.3 26.8

CH: 3.8 3.8



The next step of the process is the syngas fermentation. The modelling of the bioreactor is
based on the experiments conducted by Arora et al. [35]. As so, syngas fermentation takes
place in a CSTR with operating conditions of temperature equal to 311 K and pressure of 0.15
MPa. Fermentation is catalysed by bacterium C. ljungdahlii and apart from ethanol acetic acid

is also produced. In the current model, the reactions that were taken under consideration are

as follows:

6CO + 3H,0 - CH;CH,0H + 4C0, (8)
2C0, + 6H, - CH3CH,0H + 3H,0 9)
4CO + 2H,0 - CH3;COOH + 2C0, (10)
2C0, + 4H, -» CH3;COOH + 2H,0 (11)

A conversion reactor block was used to simulate the bioreactor considering that 70% of CO is
converted to ethanol while 50% of Hz is converted to ethanol [35]. Furthermore, the proposed
design suggests that after distillation aqueous broth with dilute acetic acid is recycled back to
the inlet of the fermenter. This way, it reaches equilibrium conditions and its concentration
remain constant. As so, Eqs 10 and 11 were not considered in the model. Cells are, also,
recycled to the bioreactor after they are separated in a centrifugation unit (not simulated in
detail but considered for the economic analysis). The fermenter broth contains a significant
amount of unreacted gases which are separated from the liquid products in a flash drum
separator. This gas stream is recycled to the bioreactor but in order to avoid accumulation a
portion (~20%) is split and sent to a combined gas-steam turbine system to raise electricity
equal to 25.5 MW. Design specifications for the CHP unit can be found in the literature [36].
Briefly, the gases are compressed up to 0.7 MPa and enter a gas turbine where they are burned
with excess of pressurised oxygen derived from the ASU. Carbon dioxide produced from the
fermentation step is used as diluent instead of nitrogen [37] and in this way the employment
of energy and cost intensive CO: capture technologies is avoided. The exhaust gas from the
gas turbine is recovered from a heat recovery steam generation (HRSG) system and the
produced steam drives a typical steam turbine. A minor proportion of the unreacted gases

still remain in the liquid mixture and will separate in the first distillation column condenser



using a pressure relief valve. Also, the bottom stream is recycled to the fermentor (aqueous

broth).

Finally, the liquid fermentation product enters a series of two distillation columns which give
as output distillate with 95% wt. of ethanol — water mixture (azeotrope). This is fed to an
extractive distillation unit that comprises two more distillation columns: the extractive
distillation one and the solvent recovery unit where the entrainer is obtained. The entrainer
used in this technology should be non-volatile and have a high boiling point and essentially
does not form any azeotrope with either component of the original azeotropic mixture. A
compound that meets these requirements is ethylene-glycol. The distillate of the first column
(extractive) is pure ethanol and the bottom stream a mixture of water and the entrainer. The
latter stream is sent to the second column where pure ethylene-glycol is recovered from the
bottom and is returned to the extractive column. The main advantage of extractive distillation
compared to azeotropic is that the necessary amount of the entrainer is much lower which
leads to lower energy consumption and lower capital costs (due to lower volume of the
distillation units) [38]. Ethanol is produced at a rate of 22.5 t h-'. Figure 1 provides a simplified
schematic of the G-F process and Table 3 the main simulation results. The design suggests
that the process cannot be self-sufficient and both electricity and heating imports are essential.
The main reason behind this is the employment of the air separation unit which requires 28

MW of electricity while heating and cooling duties count for 9 and 21 MW respectively.
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Figure 1. Simplified process flow diagram for the G-F
Table 3. Simulation results
Parameter Energy flows Exergy flows Unit
Bagasse input flowrate 455 513 MW
Hot utilities demand 9 3.01 MW
Electricity consumption 30.7 30.7 MW
Electricity generated 25.5 25.5 MW
Ethanol productivity 185 188 MW
Efficiency 43 39 %




3. Techno-Enviro-Economic assessment

3.1 Energy/ Exergy analysis

In any chemical process, energy quantitative evaluation can be carried out by utilising the first
law of thermodynamics. In contrast, the direction of flow or work (qualitative evaluation) can
be realised by employing the second law of thermodynamics and it is known as exergy
analysis. In effect, it is equally significant to study both the quantity and the quality of energy
within a system. Nevertheless, exergy analysis is more valuable as it recognises the causes,
locations and magnitude of the system inefficiencies and incorporates irreversibility in the
thermodynamic assessment. By investigating the exergy destroyed by each component in a
process, it is feasible to spot the stages that have to be enhanced. Furthermore, exergy analysis
is often employed to compare systems and/ or components to assist in making well-versed
design decisions. Energy and exergy efficiencies (1 and vy respectively) are calculated by

utilizing the following equations [39]:

MeyelLHV pyels+Wout

n = (12)

MpagasseLHV pagassetQintWin

— EFuels"’VlQ/out (13)
Ebagasse +Ein+Win

Where 1ify,¢; and 11,4 gqsse are the mass flow rates of produced fuels and bagasse respectively,
E corresponds to exergy flows, W refers to electricity, Q symbolises heat streams and
subscripts in and out stand for energy/exergy import flows to the system and produced
energy/exergy flows respectively. All the necessary thermodynamic data were extracted from
Aspen plus process simulator. The energy and exergy content of bagasse was calculated in a
previous study [40], i.e. 16.5 M] kg and 18.6 M] kg™ respectively. Work is considered as pure

exergy while the exergy content of a heat stream is equal to:
Q= _r =
E¢=q(1 TO),TO = 298K (14)

Given the process technologies simulated, the G-F process achieves energy/exergy efficiencies
of 43%/39%. The bioreactor due to low conversion of syngas to ethanol is the major contributor
to the exergy losses as depicted in Figure 2. A 82% of the chemical exergy contained in bagasse

can be preserved after gasification in the chemical exergy of carbon monoxide, methane and



hydrogen. These losses count approximately for the one of third of the total losses of the
system. Other than these, losses associated with the purification zone are attributed to heating
imports and mechanical/isentropic efficiencies are mainly responsible for energy wastes

within the CHP unit.

45%

41%

33%

16%

9%

1%

Bioreactor Gasifier Purification zone CHP unit Pretreatment

Figure 2. Exergy losses per section for the G-F process
3.2 Profitability analysis

One of the most crucial factors in evaluating the attractiveness and commerciality of a project
is the profitability evaluation. This measures the financial impact of a project and in view of
that categorises investigated options according to their potential for reducing costs and
gaining profits. This assessment index is suitable for appraising the economic sustainability,
particularly, of novel process technologies. Typically, there are three bases used for the
evaluation of profitability: 1) Time, 2) Cash flow and 3) discount rate. In order to take into
consideration all the above criteria a discounted cash flow analysis was carried out. A crucial
step, when conducting economic evaluations, is the estimation of the equipment costs (EC).
There are several methods for this purpose including cost estimation based on historic data,

Bridgwater’s technique [41], which associates plant cost with number of processing stages, the



factorial method of cost estimation, via which the total capital cost is estimated as the sum of
the equipment cost multiplied by an installation factor (known as Lang factor) and cost
estimating based on recent data on actual prices paid for similar equipment. The latter method
is the most accurate one but access to large amounts of high quality data is required which is
possible only for international companies that carry out projects globally. Thus for this study
cost estimation is based on historic data coupled with relevant Lang factors. Therefore,

equipment cost were calculated by utilizing the following equation [39]:
S

¢ =Co) (15)
So

Where C is the estimated actual cost of the unit, Co the base cost of the unit, S the actual size
or capacity of the unit, So the base or capacity and f an empirical scaling factor. The values of
Co, So and f can be found in the literature [42, 43, 44, 45]. After the estimation of the equipment
cost it is possible to proceed in calculating the direct and indirect costs of the project by
following the methodology proposed by Peters et al. [46]. According to this method the direct
(DC) and indirect costs (IC) are calculated as a percentage of the EC and total capital
investment (TCI) is the sum of EC, DC and IC plus contingency and working capital. Table 4
presents the components of the TCI along with the respective Lang factors and Figure 3 the

breakdown of the EC.

Table 4. Total Capital Investment (TCI) estimation methodology

Cost component Lang factor
Purchased Equipment 1
Purchased Equipment Installation 0.39
Instrumentation and controls 0.26
Piping 0.31
Electrical Systems 0.1
Buildings(including services) 0.29
Yard Improvements 0.12
Direct costs (DC) 2.47
Engineering and Supervision 0.32
Construction Expenses 0.34




Legal Expenses 0.04
Contractor's Fee 0.19

Indirect costs (IC) 0.89
Contingency 0.2%(DC+IC)
Fixed Capital Investment (FCI) Contingency + IC + DC
Working Capital (WC) 0.15*FCI

Total Capital Investment (TCI) FCI+WC

M Pretreatment

M Gasification

m Fermentation

M Ethanol recovery

H Waste water treatment
m CHP unit

H ASU

Figure 3. Breakdown of the equipment cost

Subsequent to the estimation of total capital investment, operating costs, including feedstock
price ($44 per dry tonne [47]) utilities costs, maintenance and labour expenditures, were
calculated and finally the estimation of net cash flows (CF) has been conducted. The cost of
capital was set equal to 10% per annum, straight line depreciation was assumed (assets
depreciated over 10 years), the annual operating hours were taken as 8000, project lifetime
was 25 years, reference year is 2014 (all the costs were updated by utilising Chemical
Engineering Plant Cost Indices) and the tax rate was selected as 30%. In addition, any kind of
subsidies associated with the production of renewable value products was not taken into

account. Several economic indicators, such as net present value (NPV), IRR, ROI, annualised



capital cost (ACC) and payback period (PP), are estimated in order to measure the economic

performance of the project.

20 CF

NPV = —TCI + Y22, T (16)
SO )
ROI = e eomen X 100% (18)
ACC = TCI % % (19)

The total annual cost (TAC) derives from the sum of the ACC and the annual operating costs.
Subsequently, it is conceivable to compute a vital economic factor, the cost of production. The
production cost is extremely useful when the value of a product cannot be determined clearly,
for instance when a known product is produced from a nonconventional feedstock (such as

bagasse).

TAC

Production Cost = ———
Production rate

(20)

The ethanol production cost is equal to 0.67 $ L' and for a selling price of 0.5 $ L' [48] the NPV
value is negative. Thus, a minimum fuel selling price (MFSP) of 0.69 $ L' was calculated for
NPV break-even (NPV =0 or IRR = cost of capital). Considering an IRR of 15%, the ethanol
selling price is 0.71 $ L and the net profits equal to M$ 40. Table 5 summarises the economic
results for the G-F process. In addition, financial risk analysis was carried out in order to
investigate the effect of TCI and ethanol selling price on the NPV. The estimation of capital
investments comes usually with an uncertainty of ¥30% while to take into account price
volatilities a ¥20% range was considered for ethanol price (MESP). Figure 4 depicts the
resultant histogram derived from 10,000 Monte Carlo iterations (triangular distribution was

assumed for both variables). The mean value of NPV was positive and equal to M$ 8.5.
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Table 5. Economic outputs

Economic parameter

Value

Equipment cost

Total Capital Investment
Annualised capital cost
Operating cost

Total annual cost
Production cost

MESP

Selling price

NPV

IRR

ROI

Payback period

130 M$
603 M$
84.5 M$
67.8 M$
110 M$
0.67 $ L
0.69$ L1
0.71$ L~
40 M$
15%
17%

8 years

250



3.3 Sensitivity analysis

Parametric analysis on the ethanol production cost was carried out so as to identify the key
process variables for the G-F process. As depicted in Figure 5, it was observed that the most
vital process variables are the carbon monoxide conversion and the air equivalence ratio
(AER). The higher ethanol productivity related to increased CO conversion lead to lower
production costs, while by increasing the AER not only higher costs associated with the ASU

unit are calculated but also the CO concentration at the exit of gasifier is reduced.

0.71 1~
== CO conversion =fll=AER H2 conversion =s=Gasifier Temperature

0.7 |
0.69 4

0.68 -

0.67 1

Production Cost ($ L)

0.65 -~

0.64

0-63 T T T T T T T 1
60.0% 70.0% 80.0% 90.0% 100.0% 110.0% 120.0% 130.0% 140.0%

Input Value as % of Base Case

Figure 5. Sensitivities on ethanol production cost

3.4 Environmental Sustainability Metrics

Sustainability is a cross-cutting element for the establishment of novel biorefineries systems.
The Bioenergy Technologies Office (BETO) has developed an initial set of significant

sustainability metrics for the conversion stage of the biofuel life cycle: CO: emissions, fossil



energy consumption, fuel yield, biomass carbon-to-fuel efficiency and wastewater generation.
Table 6 illustrates the calculated values for the above-mentioned metrics for the G-F process.
These values were compared with a biochemical ethanol production system utilising as
feedstock corn stover. The study was conducted by the National Renewable Energy
Laboratory (NREL) [49]. The aim of the section is to compare the hybrid ethanol route with
the conventional one on a sustainability basis. Furthermore, corn stover, like bagasse, is an
agricultural lignocellulosic residue, and due to limited biomass availabilities and restrictions
associated with overall supply chains, the identification of conversion biorefineries that lead
to a specific product (e.g. ethanol) and establishment of optimal biofuel value chains (e.g. one
conversion route for lignocellulosics) are of high importance. The comparison shows that the
biochemical route outplays the G-F process in all metrics apart from the wastewater
generation. Both processes attain relatively low CO: emissions compared to other
biorefineries (e.g. hydrocarbons from wood pyrolysis emit 18.9 gCO2 MJ! [50]). It should be
noted here that, in the calculations, the emissions related with producing steam and electricity
from conventional sources were also included. Typical values are 0.201 kg-CO2 kWh! for
raising steam and 0.537 kg-CO2 kWh for generating electricity [40]. The CHP unit of the G-F
emits less CO: than the respective of the biochemical pathway but these savings are
counterbalanced from the energy imports mainly associated with the air separation unit.
Moreover, syngas conversion to ethanol is still challenging and as so productivities and
carbon efficiencies for the G-F process are lower compared well-established biochemical
conversion routes. A common drawback of any bioprocess is the usage (in almost every
process step) and disposal of high amounts of bulk water. On the other hand, in the hybrid
route wastewater is mostly generated in the purification zone (distillation columns). Overall,
the G-F process attains moderately low carbon footprint but at the current technological status

biochemical ethanol provides more benefits.



Table 6. Sustainability metrics for the G-F process

Sustainability Metric NREL model  Present study
[49]

CO:2 emissions (gCO: per MJ fuel) 9.5 11.5

Fossil Energy Consumption (M] fossil energy per MJ fuel product) 0.08 0.15

Total Fuel Yield (m? per dry tonne feedstock) 0.33 0.28

Biomass Carbon-to-Fuel Efficiency (C in fuel per C in biomass) 29 27

Wastewater Generation (m? per day) 3,100 1,555

3.5 Learning effect

The technoeconomic analysis reported here uses what are known as “n th-plant” economics.
The key assumption implied by n th-plant economics is that the analysis does not describe a
pioneer plant; instead, several plants using the same technology have already been built and
are operating. In other words, it reflects a mature future in which a successful industry of n
plants has been established. Because the technoeconomic model is primarily a tool for
studying new process technologies or integration schemes the cost of the pioneer plant is also
presented. The latter is calculated by dividing the TCI with a cost growth factor. Typical
values are in the range of 0.4-0.6 for second generation biofuels [51] and in this study a value
of 0.5 was assumed by considering that biomass gasification is an established technology
while syngas fermentation is still at a premature level; consequently, the TCI increases to M$
1206. Nevertheless, the cost of emerging technologies drops as more plants are constructed
and productivity increases because of more experience gained by organisations. This effect is
known as a learning curve or experience curve or progress curve or learning by doing effect. The

trend of the learning curve can be described by Eq. (22).
y=ax"? (22)

Where y is the capital cost of the x unit, a is the capital cost of the first unit, x is the cumulative
number of units and b is a parameter (calculated as b = log (progress ratio)/log 2 and Learning
rate = 1 — (Progress ratio)[43]). For a learning rate of 20% (reported mean value for biomass

utilisation [52]), the value of b is 0.32. Figure 6 illustrates the learning effect on the pioneer



capital cost of the proposed biomass conversion system. It can be observed that capital costs

of the pioneer plant can be reduced to the initial estimate (~50%) for the 8% plant.
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Figure 6. Learning curve effect for the G-F process

3.6 Multiobjective optimisation

Multi-objective optimization was applied to the G-F process setting as objective functions the
competing priorities of TAC minimization and exergy efficiency maximization. In general, the
higher the investment cost the higher the efficiency of a process. The decision variables that
were examined in the present research are CO and Hz conversion to ethanol and are presented
along with their bounds in Table 7. By increasing these conversions, higher efficiencies (due
to higher ethanol production) can be achieved but at higher costs as larger volumes have to

be implemented and higher energy supplies would be demanded throughout the entire



process (mainly in the purification section). This trade-off between exergy efficiency and total
cost has been previously reported as well in [53]. As formerly discussed, the TAC (first
objective function) is calculated as the sum of ACC and OC while the exergy efficiency (second
objective function) as the ratio of the exergy content of the ethanol produced (ethanol mass

flow rate is needed) over the exergy input to the process (bagasse, heat and electricity duties).

Table 7 - Decision variables and their bounds for the multi-objective optimization problem

Variable Studied range Units
CO conversion 40-95 %
H: conversion 30-95 %

Typically, deterministic approaches to solve optimisation problems require problem’s
analytical properties (e.g. convexity of the objective function) to be employed in order to
generate a deterministic sequence of solutions within the search space. In addition, in all
chemical processes, including biorefineries, complex mass and energy constraints are
involved in the optimisation problem. If a deterministic method is to be utilised to solve these
large scale non-linear problems, constraint equations should be integrated into the objective
function (Lagrangian relaxation) [53]. Nevertheless, in this study, Aspen Plus is employed to
simulate the biorefinery. This way, it is possible to take advantage of the nested mass and
energy balances of Aspen Plus unit operations and, additionally, any constraints are satisfied
when simulation is successfully converged. Moreover, as the process model consists of non-
convex functions, most deterministic optimization techniques shall fail to find global optima.
To this direction, a stochastic algorithm was applied to optimise the biorefinery. In fact,
stochastic global optimisation techniques find the optimum point based on input-output data
of the problem. Unlike deterministic methods, these methods are not based on rigorous
mathematical formulations and they do not have need of manipulating the mathematical
structure of the objective function and the constraints. In effect, the process model is treated
by the optimizer as a black box. In view of these, the nested Matlab function ‘gamultiobj” (based
on genetic algorithms) was used to solve the optimization problem. An initial population of

100 cases was considered, and 2000 maximum evaluations were set as stopping criterion. The



optimised decision variable values from Matlab are transferred to Aspen Plus where the
process is simulated for these values (by utilising Microsoft's COM technology for software
interaction). The simulated results are then sent back to the optimiser to re-solve the objective
function (see Figure 7). The mathematical formulation of the problem is depicted in Eq. (22-

26). The generated Pareto front for the bioethanol production process is depicted in Figure 8.

max Exergy Ef ficiency (22)
mXin Total Annual Costs (23)
Subject to

h(X)=0 (24)
gX) <0 (25)
XL<x<xV (26)

Where X is the vector of the decision variables, h(X) equality constraints (mass and energy
balances), g(X) inequality constrains while X" and XY are the lower and upper bounds for the
decision variables. The only inequality constraint set in this problem is that the minimum

temperature approach for heat exchanger design should not be lower than 8 K (ATmin > 8).
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Figure 7. General diagrammatic representation of the multi-objective optimisation
methodology



The correlation of exergy efficiency and TAC is, initially, somewhat linear but after some point
the increase in the investments does not really affect the efficiency of the process. The higher
ethanol productivities are compensated by the increased capital expenditures as well as
operating costs associated with covering the energy duties of the procedure. Hence, it can be

observed that the maximum efficiency that can be achieved is in the range of 44-46%.
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Figure 8. Pareto front for TAC and exergy efficiency

As depicted in Figure 8, a reduction to investment costs approximately equal to 3.2 M$ y-!
(from point B to point A) is possible by slightly decreasing the overall efficiency from 45.7%
to 44.95%. Furthermore, for points A and B the respective NPV and CO: emissions were also
calculated. It was observed that from case A to case B, NPV increased from M$ 44.37 to M$
44.94 while the emissions increased from 14.1 gCO: MJ! to 14.9 gCO: MJ. Thus, a 5.4%
reduction to the emissions can be achieved by decreasing NPV by only 1.3%. In summary,
multiobjective optimisation provides flexibility to the user and the selection of the best

solution depends on the user and the goals of the undertaken project.



4. Concluding remarks

A sustainability analysis was carried out regarding ethanol production in a hybrid
gasification-fermentation process. Since the investment in unproven ventures carries high
risk, technoeconomic analyses of up-and-coming technologies are essential to providing
improved prediction of the associated expenditures and potential profits. For the base case
scenario, an exergy efficiency of 39% is achieved and total profits of M$ 40 can be realised.
Furthermore, the study proposes a multiobjective optimisation methodology where a set of
optimum solutions is generated and the selection of the best depends on user preferences and
criteria (e.g. economic, environmental or technical). According to the present design, a 5.4%
reduction to the CO: emissions can be accomplished by decreasing NPV by only 1.3%.
Environmental analysis suggest that COz emissions and fossil energy imports are higher
compared to established ethanol biorefineries and carbon efficiency is, also, poor due to low
CO conversion. Indeed, the main disadvantage of the G-F process is the low ethanol yields
due to low solubility and mass transfer limitations of the CO and Hz gaseous substrates [54].
Nevertheless, recent advances, in this direction, include two stage continuous fermentation
[55] that can achieve yields of 300-330 L t! of lignocellulosic biomass. In this way, syngas
fermentation has the potential to match or even exceed the biochemical ethanol rates, i.e. 305

L t1[46].
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