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Abstract: Brewer’s spent grain (BSG) is one of the most important byproducts of the brewing industry
and its composition offers opportunities for developing value-added products. The objective of the
research was to investigate the application of the biorefinery approach for production of xylitol, ethanol
and polyhydroxybutyrate from BSG. The techno-economic and environmental aspects of two
biorefinery scenarios, with and without heat integration, were studied. Results indicated that a
standalone production of fuel ethanol from BSG was not feasible, the production of
polyhydroxybutyrate was feasible only with heat integration and that the production of xylitol was
feasible either with or without heat integration. Results indicated a calculated total production cost of
0.35, 3.63 and 3.36 USD/kg for xylitol, ethanol and polyhydroxybutyrate, respectively. Results
suggested that heat integration allowed reducing the energy consumption associated with
manufacturing all of the products in the biorefinery by 43%. Results of the environmental assessment
indicated that heat integration lowered the potential environmental impact of the BSG processing.
Results of the study thus indicated the superiority of a biorefinery for BSG processing that includes
heat integration, from both the techno-economic and environmental impact points of view.
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1. Introduction

Brewer’s spent grain (BSG) is generated from a series of unit operations where malt is processed
into wort [1] and accounts for about 85% of the total byproducts of the brewing industry [2]. BSG is
an attractive agro-industrial byproduct due to its availability around the year at no or at a very low
cost. BSG is produced in large quantities that accounts approximately to 31% of the original weight of
processed malt [2]. It has been established that 0.197 kg of BSG is generated for each kg of
manufactured beer [3]. The global production of beer from barley in 2011 was 184.89 million tonnes
and the principal manufacturing countries were China (25.9%), USA (12.2%) and Brazil (7.1%) [4].
This data suggests that the amount of BSG that was generated in 2011 was in excess of 36 million
tonnes. Colombia produces 2.26 million tonnes of beer per annum [4] and thus generates about 445,000
tonnes of BSG per year.

BSG is a lignocellulosic material containing approximately 25% holocellulose, 4% extractable
compounds and 15% lignin that can be processed into value-added compounds such as: alpha amylase,
activated carbon, lactic acid, xylitol and ethanol [5-9]. The feasibility of producing each of these value
added products in a standalone manufacturing plant configuration is likely to be adversely impacted
by challenges pertaining to the pretreatment of BSG, energy consumption and low production yield.
The application of a biorefinery concept for the production of value-added products from BSG can, in
potential, lead to a total production cost that is lower than the sum of costs associated with the
standalone plants. The biorefinery approach calls for fractionating the BSG biomass into different sub-
products consisting of biomolecules, bioenergy, biofuels and biomaterials, etc. The integrative
approach for processing a single raw material into different value-added products in a biorefinery has
been shown to allow enhancing the economic viability of the process [10,11].

Biomaterials are among the most important products that can be obtained from lignocellulosic
biomass. For example, the mechanical properties of polyhydroxybutyrate (PHB) are similar to those
of common plastics but its production cost, using conventional approaches, has been prohibitive;
however, utilization of agro-industrial wastes, such as BSG, as a potential raw material presents an
attractive route for manufacturing PHB [12]. Similarly, xylitol, that can be prepared from the
hemicellulose fraction of biomass is a natural alternative sweetener with sweetening power similar to
that of sucrose, has found many food and pharmaceutical applications [6]. Ethanol is yet another highly
sought after compound that can be produced from lignocellulosic biomass. These three components
thus present an attractive approach for utilization of BSG.

The objective of the research was to investigate the application of the biorefinery approach for
production of xylitol, ethanol and polyhydroxybutyrate (PHB) from BSG. The techno-economic and
environmental aspects of two biorefinery scenarios, with and without heat integration, were studied by
utilizing computer-aided process engineering tools. The simulation approach was carried out using
information and relevant data that are in the public domain.

2. Materials and Methods

A biorefinery approach and scheme for processing BSG into xylitol, ethanol and PHB was
developed. Techno-economic procedure for assessing the biorefinery was developed and used to
evaluate the impact of heat integration (Scenario 1) on the total production cost in comparison to a
process configuration without heat integration (Scenario 2). An environmental assessment comparing
scenarios 1 and 2 was developed and carried out as well.
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The methodology that is outlined above was carried out in three steps, using different
computational tools. The first step, consisting of process simulation, was aimed at obtaining the energy
and mass balances of the process, using Aspen Plus V.8.0 (AspenTech, Cambridge, MA). The
physicochemical properties of all the compounds and materials that were included in the simulation
were obtained from the National Institute of Standards of Technology [13]. The Unifac Dortmund
model was used for calculating the properties of all the relevant compounds. The second step of the
research consisted of the economic analysis and was carried out using Aspen Process Economic
Analyzer (AspenTech, Cambridge, MA). A heat integration strategy, based on composite curves,
generated according to Pinch methodology [14], was applied, using the Aspen Energy Analyzer
(AspenTech, Cambridge, MA). The final step of the study focused on the environmental analysis and
was carried out using the Waste Algorithm Reduction (WAR) that had been developed by the U.S.
Environmental Protection Agency (EPA).

2.1. Raw material

The feedstock for the biorefinery consisted of 50 t/h of BSG. The chemical composition of BSG
(Table 1) was based on what has been previously reported [2].

Table 1. Chemical composition of BSG.

Component Proportion (%, w/w)
Cellulose 9.32

Hemicellulose 15.79

Lignin 15.43

Ash 2.6

Protein 8.47

Extractives 3.99

Water 44 4

2.2. Process simulation

The scheme for processing BSG into xylitol, ethanol and PHB, in a biorefinery, is depicted in
Figure 1. The designed biorefinery consists of seven plants: three for the production of the final value-
added products (xylitol, ethanol and PHB), a plant for pretreating the BSG biomass (Pretreatment), a
plant for producing glucose (glucose plant), a plant for generation of energy (gasification plant) and a
plant for water treatment. The objectives, assumptions, conditions and methods used for the principal
units in the simulation are summarized in Table 2.
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Figure 1. A schematic diagram of a biorefinery for production of xylitol, ethanol and

PHB from BSG.

Table 2. Purpose, conditions and methods used for the principal units in the simulation of BSG

biorefinery.

Unit Purpose Conditions and unit Method Assumptions
specifications

PRETREATMENT PLANT

Dryer Drying to 10% moisture 80 <C, 1 bar NRTL * No
Atmospheric dryer

Mill Size reduction to 0.45 1 bar, Jaw mill N.A. N.A.

mm
Acid hydrolysis  Enhancing the 120 <C, 1 bar, (1.25% w/v.  NRTL Low production of

efficiency of recovering  of H2S04)

cellulose and xylose

Agitated tank enclosed

glucose, HMF and acids
(Levunilic and formic)

Cellulose + water =

Glucose (Conversion=1%)

Hemicellulose + water =

xylose (Conversion=93%)
Glucose = HMF + 3 water
(Conversion=1%)
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HMF + 2 water = L.A +
F.A. (Conversion=1%)
Xylose = 3 water +

Furfural
(Conversion=20%)
Neutralization Neutralization of acid 120 <C, 1 bar NRTL N.A.
GLUCOSE PLANT
Delignification ~ Removing lignin 120 T, (2% wi/v) NRTL N.A.
Enzymatic Glucose production 45 <C, 1 bar, 7% (wt) User model Yield of 0.6 g/g from
hydrolysis enzyme/substrate of 45 (Yields from [8]
Agitated tank enclosed literature)
XYLITOL PLANT
Evaporation Removing part of the 121 <C, 1 bar (until 70 NRTL-HOC N.A.
water (Concentration of  gr/L)
xylose) Standard tube vertical
evaporator, one effect
Fermentation Production of Xylitol 30 C. Candida User model [15]
guilliermondii (Yields from
literature)
Crystallizer Xylitol crystallization 40 T, Ethanol at 95.3% NRTL N.A.
ETHANOL PLANT
Fermentation Ethanol production 30 T, Zymomonas User model [16]
mobilis (Yields from
literature)
Distillation Ethanol separation Distillation: 18 trays, 2.5 NRTL-HOC N.A.
columns reflux ratio, total
condenser
Rectification: 12 trays, 1.8
reflux ratio, total
condenser
PHB PLANT
Fermentation PHB production 30 <C. Cupriavidus User model Use of glucose content
necatur (Yields from in the stillage
literature)
Crystallization Solid PHB formation 30 €, 1 bar. NRTL N.A.
Evaporation PHB concentration 80 <C, 1 bar. NRTL N.A.
GASIFICATION PLANT
Gasifier Syngas generation 900 <C, 60 bar NRTL-HOC N.A.
Turbine Electricity generation 1 bar, 70% efficiency NRTL-HOC N.A.
WATER TREATMENT PLANT
Filter Removing particles 15 <C, 1 bar NRTL-HOC N.A.

from water

* NRTL corresponds to Non-Random Two Liquids model for activity coefficients calculation
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2.2.1. Pretreatment plant

The BSG is first dried to a moisture content of 10% and the dried mass is milled to a mean particle
size of 0.45 mm, thus preparing it for acid hydrolysis. The treated BSG is then subjected to acid
hydrolysis for 17 minutes, using a sulfuric acid solution (1.25%, w/v), at a 1-to-8 solid-to-liquid ratio
and 120 <C [16]. The acid hydrolysis is aimed at preparing the BSG for further treatment by obtaining
a xylose-rich mass and exposing its cellulose fraction.

2.2.2.  Glucose plant

This plant processes the cellulose and lignin-rich solid phase that leaves the pretreatment plant.
The mass is first subjected to a soda pulping process where it is treated with a 2% (w/v) soda solution
in order to adjust its pH to 12, using a solid-to-liquid ratio of 1-to-20 at 120 <C for 90 min, [17]. The
reaction mixture is then separated into black liquor and a cellulose-containing stream. The latter is
routed to the glucose production step where it is subjected to enzymatic hydrolysis using Trichoderma
reesei cellulase (Celluclast 1.5L, Novozymes, Copenhagen Denmark) at an enzyme/substrate ratio of
45 FPU/g (FPU, Filter Paper Unit). The enzymatic reaction is carried out in a pH 4.8 citrate buffer
solution at 45 <C, at a stirring rate of 100 rpm and at a solid-to-liquid ratio of 1-to-8, for 96 hours [18].
Finally, the glucose-rich hydrolysate (liquid phase, containing about 4.5% glucose) is separated from
the remaining BSG solids mass (consisting mostly of lignin) and is transferred to the ethanol plant.
The separated solid phase is routed to the gasification plant for generation of electricity.

2.2.3.  Xylitol plant

Xylose-rich hydrolysate (23 g/L) from the pretreatment plant is used to produce xylitol. The
hydrolysate is concentrated to a xylose concentration of 70 g/L by means of a flash evaporator at 121
<C and 1 bar of pressure and is then fermented, using Candida guilliermondii yeast at 30 <C and 200
rpm [9] to a yield of 0.78 g/g of xylose and 98.7% of conversion of xylose. The CO: that is generated
by the fermentation is separated and the liquid stream is filtered to recover the cell biomass. Finally,
the xylitol-containing liquid stream (0.58 g/L) is concentrated at 1 bar of pressure using a flash
evaporator (at 40 <C). The xylitol is crystallized out of the concentrate, after ethanol (at 95.3%, w/w)
has been added in order to lower solubility of xylitol and enhance the process efficiency [19]. The
recovered cell biomass is routed for utilization in the gasification plant and the recovered water is
directed to the water treatment plant.

2.2.4. Ethanol plant

Ethanol is produced from the glucose-rich stream leaving the glucose plant. The glucose is
fermented to ethanol, using Zymomonas mobilis, at 30 <C for 30 hours [20]. It has been stablished that
at these conditions, about 60% of the glucose content is converted into ethanol [20], therefore, the
remaining 40% of glucose is used for PHB production. Following distillation and rectification steps,
where the ethanol concentration is increased to 96%, the ethanol is dehydrated by means of molecular
sieves. The stillage that is obtained in the process is sent to the water treatment plant and the recovered
cell biomass is routed to the gasification plant.
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2.2.5. PHB plant

PHB is produced from the glucose that remains after the completion of the ethanol production
(40% of the original glucose content prior to the fermentation) by a fermentation process, using
Cupriavidus necatur (Ralstonia eutropha), at 30 <C, as previously described [21]. PHB content of 7.5
g/L is obtained at a 90% conversion of the glucose content. PHB is an intracellular compound and
therefore, following the fermentation the downstream process includes a heat-induced cell lysis step.
Then, the PHB-containing stream is separated by filtration and the PHB is crystallized (30 <C and 1
bar) [14]. The PHB crystals are then recovered by centrifugation and washed to remove impurities.
The remaining biomass is recovered and routed to the gasification plant and the recovered water is
sent to the water treatment plant.

2.2.6. Gasification plant

Gasification is a thermo-chemical conversion technology to produce heat and power of high
quality. Gasification allows obtaining a syngas containing both, H> and CO that can be used for other
applications in the biorefinery context [29]. The designed biorefinery included a gas turbine
gasification scheme. Gasification temperatures ranges from 875 to 1275 K and, depending on the
composition of the biomass, a mixture of gases consisting of CO, CO, H>O, H2 and CHa4, among other
constituents, can be obtained [22,23]. This technology is thus used to produce electricity from the
combined biomasses (cell biomass and lignin) that are recovered throughout the afore-detailed
processes. Gasification is carried out at 900 <C and 60 bars of pressure and the generated gases are
used by a turbine to produce electricity.

2.2.7. Water treatment plant

This plant receives all of the residual water from the constituent plants of the biorefinery. The
objective of this plant is to improve the quality of water leaving the biorefinery as well as to generate
water at quality that allows its utilization in the mass integration operations of the biorefinery [24]. In
this plant, the heavy matter content is separated by filtration. The end result is water effluent of higher
quality.

2.3. Techno-economic analysis

The economic analysis was developed based on the mass and energy balances obtained from the
process simulation. The total production cost was calculated for xylitol, ethanol and PHB, considering
cost of: raw material, utilities, operating labor, maintenance, operating charges, plant overhead as well
as general and administrative costs [15]. This analysis was carried out using costs and other parameters
that are relevant to the Colombian context, such as 25% tax and 17% interest rates, respectively. The
economic analysis was carried out according to the costs that are depicted in Table 3.

AIMS Agriculture and Food Volume 1, Issue 1, 52-66.
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Table 3. Costs of raw materials and services to the biorefinery.

Item Price Unit
BSG* 21 USD/t
Water ° 1.25 USD/m?
Sulfuric acid © 0.094 USD/kg
Sodium hydroxide ° 0.098 USD/kg
Enzyme ¢ 10 USD/kg
Operator labor cost ® 2.14 USD/h
Supervisor labor cost ® 4.19 USD/h
Electricity cost ® 0.1 USD/kWh
*Fuel © 7.28 USD/MMBTU
Ethanol at 99.5% 0.94 USD/L

* MMBTU means one million BTU

2 Calculated for transportation over a distance of 140 km with a truck of three axes.
b Typical price in Colombia.

¢ Taken from ICIS Prices [25]

d Prices based on Alibaba International Prices [26]

¢ Estimated cost of Gas for the years 2015-2035 [27]

f National price in Colombia [28]

2.4. Environmental analysis

The environmental analysis was carried out using WAR that evaluates eight environmental impact
categories: human toxicity potential by ingestion (HTPI), human toxicity potential by dermal and
inhalation exposure (HTPE), terrestrial toxicity potential (TTP), aquatic toxicity potential (ATP),
global warming potential (GWP), ozone depletion potential (ODP), photochemical oxidation potential
(PCOP) and acidification potential (AP). The Potential Environmental Impact (PEI) of the process was
calculated per kilogram of products. Natural gas was used as fuel to meet the heat requirements in the
biorefinery.

3. Results and Discussion
3.1. Techno-economic assessment of the biorefinery

Table 4 depicts the streams and target compounds composition for all plants in the biorefinery.
According to these results, the target products from each plant are obtained in the expected yields
described in the process simulation description section. Some of the waste streams that are obtained,
for example, CO», sulphate (NaxSOs), molasses (protein-rich stream) and residual water have a
potential to be used for some other applications. For instance, the molasses obtained from the xylitol
plant can be used as animal feed, making use of its protein content [24]. The gases produced (COz2) in
the entire biorefinery can be captured and used as substrate for microalgae growth [29] and the residual
water can be treated for enhancing its quality.

AIMS Agriculture and Food Volume 1, Issue 1, 52-66.



Table 4. Streams and target compounds compositions for all plants in the biorefinery.

Plant Outlet streams Target product and composition

Stream Flow

(kg/h)
Pretreatment plant Xylose 103,011 Xylose at 6.8%

Residual water 78,047 Water at 99.6%

Solid to pulping 15,849 Solid containing 32% of cellulose

Sulphate 3584.8 NaSO4 at 99%

Pulping plant Cellulose 8133.5 Solid containing 68% of cellulose

Liquor 309,216 Residual water, diluted lignin and
NaOH at 95.4, 2.5 and 2.1%,
respectively.

Xylitol plant Xylitol 5186.3 Xylitol at 97.8%

Residual CO2 890.5 Stream containing CO; at 100%

Residual 950.3 Residual biomass (Candida

biomass guilliermondii yeast)

Residual water 91,199.5 Residual water at 99.8%

Molasses 4780.9 Residual stream containing 86.6% of
protein, 2.4% of organic acids, 7.8% of
xylitol and 3.1% of xylose

Glucose plant Glucose 93,732.3  Stream containing 4.5% of glucose

Solids 4450.8 Stream containing 11.9, 18, 23.6% of
cellulose, hemicellulose and lignin,
respectively

Ethanol plant Ethanol 1636.6 Ethanol at 99.95%

Remaining 87,869 Remaining glucose at 1.9%

glucose

Residual 1447.6 Residual biomass (Zymomonas mobilis

biomass yeast)

Residual CO2 88.97 Stream containing CO, at 100%

Residual water 3363.4 Residual water at 98.4%

PHB plant PHB 526.6 PHB at 99%

Residual water 86,173 Residual water at 99.92%

Residual 1173.1 Residual biomass (Cupriavidus necatur

biomass yeast)

Water plant Treated water 258,177 Filtered water (99.94%)

Solids 606.2 Separated solids containing 38.7 and
61.2% of organic acids and protein
respectively

Gasification plant Gases 7668.1 Gases containing 3.9, 23.7, 71.1 and
0.7% of CO,, methane, CO and
nitrogen, respectively

Ash 353.7 Streams containing ash (100%)

AIMS Agriculture and Food
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The production capacity and yields obtained from the simulation of the biorefinery to produce
xylitol, ethanol and PHB are presented in Table 5. Ethanol was obtained at 99.5% (anhydrous ethanol)
while xylitol and PHB were obtained at 97.8 and 99%, respectively. The purity of xylitol is governed
by its solubility in ethanol that allows obtaining efficiency of up to 92%, as not all the xylitol can be
crystallized [19]. It has to be noted that the above-stated yield could be reached because the use of
alkaline treatment that released cellulose fibers through delignification (lignin removal) without
degrading or removing the main cell wall polysaccharide constituents [17]. Yet additionally, the
alkaline process was also effective in removing up to 54% of the hemicellulose from the pretreated
material (BSG) [17].

Table 5. Productivity and yields of the proposed biorefinery.

Product Production rate Processing yield
Value Unit Value Unit

Xylitol 121.8 t/day 101.53 kg Xylitol/t BSG
974,400 t/year

Ethanol 39.26 t/day 32.73 kg Ethanol/t BSG
314,080 t/year

PHB 12.64 t/day 10.53 kg PHB/t BSG
101,120 t/year

Results shown in Table 5 indicated that xylitol has a high production capacity in comparison to
those of ethanol and PHB. This can be attributed to the relatively high holocellulose content of BSG
that accounts for about 48.65% of its dry mass [2]. Additionally, 1996 kWh of electricity that is
generated in the gasification plant can meet the electricity demand of the biorefinery (1238 kWh).
Results of the analysis indicates that, the gasification plant can cover all energy requirements of the
biorefinery and produce a surplus of 37.97% that can be either utilized in other processes or sold to
the grid. This fact clearly demonstrates the potential use of biomass that can be recovered from
biorefinery operations as a good source of electricity, as previously suggested [30].

The yield obtained for xylitol (101.5 kg xylitol/t of BSG) is in agreement with a yield of 103.8
kg of xylitol/t of BSG that has been reported earlier [24]. A yield of about 31.5 kg of PHB/t of banana
processing was reported [31] and is higher than that obtained in the present study from BSG (10.53 kg
of PHB/t of BSG). The latter could be attributed to the high starch content of banana [31]. The yield
of ethanol production that was obtained in the present study (32.73 kg ethanol/t BSG) is lower than
those reported for utilization of other agro-industrial wastes, such as sugarcane bagasse and rice husk
that yield 58.38 and 177.5 kg of ethanol/t of agro-industrial waste, respectively [10]. The difference
can be attributed to the relatively low cellulose content of BSG (9.32 %) in comparison to 34.8 and
26% in sugarcane bagasse and rice husk, respectively.

The distribution of the considered cost, for each one of the constituent plants, according to the
economic analysis is presented in Table 6. The costs associated with pretreatment, glucose, gasification
and water treatment plants were calculated for xylitol, ethanol and PHB plants and charged to them

based on the chemical composition aspects and flow rates relevant to each of these plants as depicted
in Table 7.
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Table 6. Cost distribution for each one of the products considered.

Item Xylitol plant Ethanol plant PHB plant
Share  Cost (Million Share Cost (Million  Share Cost (Million
(%) USD/year) (%) USD/year) (%) USD/year)
General and 10.88  6.311 0.01 0.001 10.73 6.212
administrative costs
Plant overhead 0.23 0.134 0.12 0.219 0.23 0.132
Operating charges 0.02 0.010 0.01 0.016 0.02 0.010
Maintenance costs 0.39 0.228 0.20 0.371 0.39 0.224
Operating labor costs  0.07 0.041 0.04 0.067 0.07 0.040
Total utilities costs 55.37  32.140 86.04 160.040 59.71 34.581
Total raw material 30.90 17.940 12.49 23.227 26.74 15.485
costs
Depreciation expense  2.14 1.242 1.09 2.021 2.11 1.223
Total 100 58.046 100 185.962 100 57.907

Table 7. Distribution cost associated to pretreatment, glucose, gasification and water treatment

plants.
Plant Plant that assume % Reason
the cost Assumed
Pretreatment Xylitol plant 16 For hemicellulose fraction used for xylose
production and subsequent xylitol production
Ethanol plant 26 For cellulose and lignin fractions that are processed
for the glucose plant and later for the ethanol plant
Both, xylitol and 58 For the remaining fraction (ash, protein, extractives
ethanol plants and moisture)
Glucose Ethanol plant 60 For the fraction of glucose used by ethanol plant
PHB plant 40 For the remaining fraction of glucose used by PHB
plant
Gasification Xylitol plant 30 Because this plants consumes around 30% of the
total energy requirements
Ethanol plant 40 Because this plant consumes around 40% of the
total energy requirements
PHB plant 30 Because this plants consumes around 30% of the
total energy requirements
Water treatment ~ Xylitol, ethanol 100 The cost of water treatment plant was assumed for

and PHB plants

the three plants in the same percentage because all
of these generate residual water

Results indicated that cost of utilities consumption ranges from 55 to 86% of the overall
production cost of the investigated products and is therefore the most significant impacting parameter.
The latter highlights the need to consider heat integration as a strategy that is aimed at reducing the
total production cost. This strategy is inherent to the Pinch methodology, which uses the composite
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curves diagram to integrate cold and hot streams in the biorefinery [14]. This approach is reflected in
the two scenarios that were analyzed, one with and the other without heat integration (scenarios 1 and
2 respectively). Figure 2 shows the total production cost for both scenarios in comparison to market
prices [12,26,28].

UsD 8.00
USD 6.00 m \Vithout Heat
. integration
UsSD 4.00 With Heat
~ s Integration
USD 2.00 S e 4 | .
¢ = A= Market prices
USD 0.00 | M , |

Xylitol Ethanol PHB

Figure 2. Total production cost (USD/kg) for each product of the biorefinery. Market
prices taken from [12,26,28].

Results from Figure 2 indicated that, the fuel ethanol production plant is not economically viable,
regardless of heat integration. The cost of fuel ethanol production in a process that includes heat
integration is 3.62 USD/kg (2.39 USD/L) and is significantly higher than the typical sale price of this
product 0.94 USD/L [28]. This result is in accord with the fact that large-scale commercial production
of fuel bioethanol from lignocellulosic materials has not been implemented yet due to economic
challenges [32]. However, it has to be noted that the ethanol production cost in scenario 2 is 43% lower
than that without heat integration (scenario 1), thus indicating that heat integration has an important
impact on the final production cost of fuel ethanol. The effect of heat integration on the overall cost of
production reflects the large impact of the energy-consuming units operations, separation and
purification on the production cost [33].

Total production cost for xylitol (0.35 USD/kg with heat integration) was lower than its market
price 2.95 USD/kg [26], regardless of heat integration scenario. Similar to what was observed with the
ethanol plant, the heat integration scenario resulted in 43% cost reduction. Similarly, the total
production cost of PHB according to scenario 2 (3.36 USD/kg) was lower than the market price of this
product 4.4 USD/kg [12]. However, production cost of PHB according to scenario 1 (5.89 USD/kg)
was higher than the market price of PHB, thus rendering the process economically not feasible.

Other studies have demonstrated that an integration of a cogeneration system such as gasification
can lower the utilities cost of a process [29]. It has been reported that generation of electricity in ethanol
plant can lower the cost of ethanol production from lignocellulosic biomass [10]. It has been
demonstrated that the cost of ethanol production from coffee cut-stems requires, due to the high utilities
cost, a cogeneration system in order to meet the energy consumption in the process [10,20]. Overall,
results of the analysis suggested that even with low cost of lignocellulosic material (BSG), ethanol
production would require subsidies or an integrated cogeneration system in order to achieve an
economic viability.
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3.2. Environmental assessment of the biorefinery

Table 8 shows the leaving Potential Environmental Impact (PEI) per kg of each product, for both
heat-related scenarios. When heat integration was included (Scenario 1) it was possible to mitigate all
environmental impact categories in comparison to scenario without heat integration (Scenario 2). Some
environmental categories such as human toxicity potential by ingestion (HTPI), human toxicity
potential by exposure (HTPE) and toxicity terrestrial potential (TTP) were affected by the generated
solid and liquid wastes, such as Na;SO4 from neutralization in pretreatment plant and black liquor
from the glucose plant. These categories were affected equally for both scenarios. This suggests that
without mass integration in a biorefinery, the PEI cannot be reduced [14].

Results indicated that the acidification potential (AP) category was affected significantly by the
gases leaving the biorefinery. This is because the acidification potential (AP) is influenced mainly by
the energy requirements which are related to external fuels [24]. However, the CO> produced from
fermentation processes in the ethanol, xylitol and PHB plants contribute significantly to the
acidification potential (AP) category therefore, it is necessary to consider capturing and adequately
using of this gas, for example by integrating the CO; in a microalgae production process [29]. As a
consequence of the heat integration, a minimization on the total PEI was accomplished and
highlighted the value of heat integration approach in lowering the overall energy consumption in the
biorefinery [14,24]. Although scenario 1 did not allow mitigating the total PEI completely, it was
effective in lowering the total PEIL. Results thus demonstrated the contribution of heat integration
approach to a better environmental development.

Table 8. Leaving PEI from the biorefinery.

Impact category PEl/kg of product

Scenario 1 Scenario 2
HTPE 1.26 x 1072 1.26 x 1072
HTPE 5.52 %1073 5.52 %1073
TTP 1.26 x 1072 1.26 x 1072
ATP 1.59 x 107 2.69 x 107
GWP 5.51 <107 6.93 x 10
ODP 1.66 x 1071 2.59 x 107
PCOP 1.30 x 107 1.35x 107
AP 4.54 x 10 7.07 x 1073
TOTAL 3.14 <107 8.88 x 1072

Results indicated that heat integration strategy had both environmental and economic implications.
It allowed (in the investigated configurations) significantly lowering the PEIL and contributed to a
significant reduction (by 43%) of the total production cost for all proposed products.

4. Conclusions

Results from this study revealed that a heat integration strategy has to be applied for a biorefinery
based on BSG to produce xylitol, ethanol and polyhydroxybutyrate. It has been demonstrated that
possible reduction of 43% of the total production cost. Results demonstrated that both ethanol and
xylitol are not economically feasible in standalone manner but when a biorefinery approach is applied;
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those compounds become attractive products from an economic point of view. The application of heat
integration also provided opportunities to improve the environmental development of the biorefinery
by reducing the external fuels.
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