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Chapter 1

CHAPTER 1. General introduction

Redrafted from:

Barrera, E.L., Spanjers, H., Dewulf, J., Romero, O. and Rosa, E., 2013. The sulfur
chain in biogas production from sulfate-rich liquid substrates: a review on dynamic
modeling with vinasse as model substrate. Journal of Chemical Technology and
Biotechnology 88, 1405-1420.

The last sections of the original article are related to the modeling of sulfide
removal processes. Since they were used for mass balance calculations in Chapter 4

only, they were placed in Appendix A for a proper balance of Chapter 1.
-1-



Chapter 1

1.1 Introduction

The global energetic panorama based on fossil fuels is characterized by a continuous growth
of energy demand, causing scarcity of resources and environmental pollution. To ensure
future sustainability, the use of renewable technologies has been increasing over the world.
One of the main renewable technologies is based on the anaerobic digestion of biodegradable
wastes to produce biogas, a versatile gas fuel that can replace fossil fuels in power and heat
production plants. The energetic value of biogas and its potential to achieve negative carbon
emissions (Budzianowski, 2011) together with the additional compost production and
chemical oxygen demand (COD) removal are the principal benefits of anaerobic digestion
(Contreras et al., 2009; Nandy et al., 2002).

Vinasse is a liquid waste that is very suitable for anaerobic digestion. Vinasse, also termed as
distillery wastewater, stillage, distillery slops, distillery spent wash and thin stillage, is an
aqueous by-product obtained after the distillation of fermented molasses to produce ethanol.
For example, Cuban vinasse is produced from the distillation of fermented cane molasses and
it possesses a high chemical oxygen demand (> 40 kg m™) that can serve as organic matter
source in anaerobic treatment.

However, during the fermentation of cane molasses in the ethanol production process in
Cuba, sulfuric acid is added to reduce pH to the range of 4.2 to 4.5. Although nitric and
phosphoric acids can be used as alternatives to sulfuric acid, they are considered expensive
and rarely used for the ethanol production process (see also Chapter 5) (Rojas-Sariol et al.,
2011). Besides, ammonium sulfate is added as a nutrient to provide the nitrogen required by
yeast. These additions (sulfuric acid and ammonium sulfate) provoke a high sulfate content
in Cuban vinasse (up to 15.8 kg m™), what makes it a sulfate-rich liquid substrate for
anaerobic digestion. From these high sulfate and organic matter contents of Cuban vinasse,
sulfate reducing bacteria (SRB) can grow to produce H.S, which is distributed between H,S,q
([H2S]free, HS™ and SZ'), insoluble metallic sulfides and H,Sgs. The HySgss is corrosive to
energy conversion systems and its removal is a necessity for any utilization of biogas
(Abatzoglou and Boivin, 2009) while HyS,q and [HzS]fee are inhibitory for the anaerobic
digestion and should be controlled to ensure process performance.

The production and characteristics of vinasse are variable and dependent on the feed stocks

and the ethanol production process. The variations in the COD and SO,* concentrations of

-2-



Chapter 1

the influent vinasse may cause dynamical responses in the sulfate reduction process during
the anaerobic treatment, influencing the biogas quality as well as the process performance.
Therefore, sulfate reduction in the anaerobic digestion of cane-molasses vinasse should be
studied to assist the energetic use of the biogas and the process performance by predicting
hydrogen sulfide concentrations in the gas and liquid phases, respectively.

Modeling and simulation are useful tools to predict the behavior and collect data of process
steps. Anaerobic Digestion Model No. 1 (ADM1) is the global consensus in anaerobic
digestion modeling (Batstone et al., 2002) but the sulfate reduction process was not included.
Some extensions of ADM1 have been proposed to model sulfate reduction. The simple
approach of Batstone (2006) is based on the oxidation of the available hydrogen only. This
has been used to model the anaerobic digestion of vinasse under dynamic conditions without
success (Hinken et al., 2013). The approach of Fedorovich et al. (2003) has been considered
as complex because of the inclusion of valerate/butyrate, propionate, acetate and hydrogen in
the sulfate degradation reactions (Batstone, 2006). In addition, this extension did not report
the agreement between model and experimental values for the concentrations of total
aqueous sulfide, free sulfides and gas phase sulfides. Likely because of these limitations, the
extension of Fedorovich et al. (2003) is not commonly used (Lauwers et al., 2013).
Consequently, an extension of ADM1 with sulfate reduction to model the anaerobic digestion
of a very high strength and sulfate rich vinasse is needed to overcome the existing limitations
of models (see also Chapter 3).

Although the anaerobic digestion of vinasse is widely accepted as the first treatment step in
distilleries, most of Cuban vinasses (=99%) are treated in lagoons where methane, carbon
dioxide and hydrogen sulfide emissions have been reported as a result of uncontrolled
anaerobic decomposition of the organic matter (Safley and Westerman, 1988; Toprak, 1995).
As methane is an important greenhouse gas that has a global warming potential of 34 CO,-
equivalents over a 100 year time horizon (IPCC, 2013), the principal environmental damage
reported for lagooning is the methane emission (Chen et al., 2013). If it is assumed that 1 m®
of vinasse produces 24 to 27 m® of biogas (60% methane) (Nandy et al., 2002: Salomon and
Silva, 2009), and 1 m® of methane produces 6.25 to 10 kWh of electricity and heat (Salomon
and Silva, 2009), then the emissions of 1.3 million cubic meters of vinasse reported by the

Cuban Ministry of the Cane Sugar Industry in 2009 could supply 117 to 211 GWh per year
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of renewable energy (electricity and heat). Thus, the use of vinasse to produce renewable
energy in anaerobic digestion power plants as alternative for lagooning can be advantageous
in the Cuban context from the environmental and energetic point of view. In order to
compare the environmental impacts and the process inefficiencies of alternatives, the
methodology of Life Cycle Assessment (LCA) and the exergy analysis (EA), respectively,
have been applied (Casas et al., 2011; Contreras et al., 2009; De Meester et al., 2012; Gil et
al., 2013).

Therefore, modeling sulfate reduction process in the anaerobic digestion of cane-molasses
vinasse can help to predict how the concentration of relevant sulfur compounds (in the gas
and liquid phases) change when the composition of the substrate and the process conditions
vary, assisting the energetic use of the biogas and the process performance, whereas LCA
and EA can quantify the environmental impacts and the process inefficiencies, respectively,

of anaerobic digestion power plants as alternative for lagooning Cuban vinasse.

1.2 Vinasse generation in the sugar sector: an overview

In order to illustrate the generation of vinasse, an overview of the process steps in the sugar
and ethanol factories is given within this section (Figure 1.1). The sugarcane is milled during
100 days (because sugarcane is only available for that period) to produce juice (70%) and
bagasse (30%) in the sugar factory (Casas, 2012; Romero Romero, 2005). During this period,
bagasse is traditionally incinerated to supply the heat and electricity demand of the sugar and
ethanol factories and the surplus of electricity (0-0.14 kWh/tcane) is delivered to the national
grid (Casas, 2012; Romero Romero, 2005). Sugar wastewaters (0.40 t/tcane) and filter cake
(0.03 t/tcane) are wasted during the juice clarification step, whereas sugar (0.14 t/tcane) and
molasses (0.04 t/tcae) are obtained as product and by-product, respectively, after
concentration, crystallization and centrifugation (Casas, 2012).

The molasses obtained from the sugar factory are used as feedstock for the ethanol
production process. Typically, sulfuric acid and ammonium sulfate are added during
fermentation (Rojas-Sariol et al., 2011). An amount of 2.4 HL of alcohol per ton of molasses
(Casas, 2012) and 13L of vinasse per 1L of ethanol can be obtained during distillation

(Salomon and Silva, 2009). Molasses from the nearby sugar factories are stored to guarantee
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the 300 operation days of the ethanol factory. The electricity and heat demanded during the

remaining 200 days in which the sugar factory is out of operation, are produced from fuel oil.

Sugar factory (100 days)

Fuel oil

- —— 1
1:( :
Sugarcane | <Preparation & milling |; Bagasse : Electricity surplus
I i| <Juice clarification generation ... |
P i Electricity & heat I
1 Juice | b 1
| » Sugar wastewater
e : 1
: -Concentration ] : : > Filter cake
1 i| *Crystallization : > Sugar
1 :| Centrifugation J |
(JEAN I
I Sasssssnsssnssduenannnnnnnnnnnnnnnnnnnnnnn I
Molasses Ethanol factory (300 days)
Pygtotionitond s imooonitostimiey S I
(NH,),SO0y, £ Electricity & heat |
—.:"[ Fermentation ] T L |
HSO, i 1
| lFermentedquuor |
: . ) L, Vinasse
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. e Ethanol
.......................................... |
1
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Figure 1.1. Overview of the process steps in sugar and ethanol factories

Therefore the anaerobic digestion of vinasse seems to be a good alternative for vinasse
treatment and renewable energy production in distilleries. The characteristics of vinasse as a

substrate for anaerobic digestion are discussed in the following section.

1.3 Anaerobic digestion of sulfate-rich liquid substrates: vinasse

1.3.1 Vinasse as a substrate

Most of the distillery wastewaters are highly polluted and considered to be medium-high
strength wastewaters (Ince et al., 2005). Vinasses are dark brown in color, with an acid
nature; they leave the ethanol distillation tower at high temperature (> 50 °C) and have a
chemical oxygen demand of typically above 60 kg COD m™. The anaerobic digestion of

vinasse can convert a significant portion of its COD into biogas (>50%), which can be used

-5-



Chapter 1

as an implant fuel in alcohol factories, reducing at the same time its detrimental impact on
the receiving environment (Pant and Adholeya, 2007).

Despite this, some factors can strongly inhibit the anaerobic digestion of vinasse, including
COD values over 100 kg m™ (Wilkie et al., 2000), and high levels of light metals (Na* and
Ca® over 8 kg m™, and K* over 12 kg m™) (Chen et al., 2008; Parkin and Owen, 1986). The
heavy metals (Fe?*) have been found non-toxic up to several hundreds of g m™ (Chen et al.,
2008). Direct inhibition by sulfates (SO4*) has hardly been reported. The decrease of the
maximum activity of aceticlastic methanogens at concentrations exceeding 5 kg SO,* m?,
has been attributed to the presence of Na' because of the use of Na,SO4 (Rinzema and
Lettinga, 1988). Regarding the sulfate concentrations, the anaerobic digestion inhibition is
particularly determined by the ratio SO44/COD in the substrate and the production of
hydrogen sulfide in the reactor bulk, which is discussed in the next section.

Characteristics of vinasses obtained from the distillation of sugar cane molasses in different
regions are shown in Table 1.1. Column A shows the maximum, minimum and average
values of 25 vinasses grouped by Wilkie et. al. (2000), whereas columns B, C and D show
vinasses from India, Brazil and Cuba respectively (Nandy et al., 2002; Obaya et al., 2004;
Salomon and Silva, 2009). The parameters depicted are: chemical oxygen demand (COD),
sulfate (SO4%), pH, temperature (T), volatile matter (VM), volatile fatty acids (VFAs), total
nitrogen (N), total organic carbon (TOC), heavy and light metals (Fe?*, Ca**, K* & Na"),
sulfides and chlorides (CI").

The use of vinasse as a substrate in anaerobic digestion is questionable if the concentration of
at least one parameter is above its corresponding inhibition concentration. For example,
based on the COD values, vinasses from India, Brazil and Cuba are good substrates for
anaerobic digestion (Table 1.1), whereas seven COD values in column A are above 100 kg
m™ and may cause inhibition of the anaerobic digestion. The content of volatile material
(VM) between 38.7 and 60 kg m™ indicates that vinasses possess the organic material to be
anaerobically degraded. Temperatures are between 71-100 °C and the pH is in the range of
3.5 to 5.5 (given the acid nature of vinasse), which lead to consider cooling and
neutralization pretreatment, respectively, before the anaerobic digestion (Table 1.1).

Vinasse alkalinity is not reported as inorganic carbon because of its low pH, where the

alkalinity is due to the volatile fatty acids. Banerjee and Biswas (2004) and Parnaudeau et. al.
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(2008) found that inorganic carbon in vinasse was negligible in comparison with the organic

carbon content (fixed carbon).

Table 1.1. Characteristics of vinasses obtained from distillation of sugar cane molasses in

different regions

Parameter A B C D Inhibition conc.
Countries Miscellaneous? India Brazil Cub -
COD (kg m™®) 22.5-130 (84.9)°  92-100 65 71.2 100
S0,4” (kg m®) 0.067-9.5(4.2)°  2.1-2.3 6.4 15.8 -

pH 3.5-5.5 (4.46)" 4.2-4.3 425 447 -

T (°C) - 71-81 80-100 - -

VM (kg m™) - - 60 38.7 -
VFA (kg COD m° - 2.3-2.4 - - -

N (kg m®) 0.2-25(1.23)°  1.6-1.8° 045-16 0.21 -

C (kg m™) - - 11.2-229 - -
Iron (Fe) (kg m™) - 15.5-18.0 - - -

K (kg m®K;0) 1.2-10.3(5.12)° 8797 3.74-7.83 - 12

Na (kg m™) - 0.4-0.5 - - 8

Ca (kg m®) - 0.75-0.82 - 0.55 8
Sulfides (kg m™) - 0.6-0.7 - - -

CI (kg m™) - 5.8-7.6 - - -
References (1) (2) (3) (4) (1) (5) (6)

2 Groups of 25 vinasses from different countries reviewed by Wilkie et. al., (2000) ® Average values
reported. © Kjeldahl nitrogen. (1) (Wilkie et al., 2000); (2) (Nandy et al., 2002); (3) (Salomon and
Silva, 2009); (4) (Obaya et al., 2004) (5) (Chen et al., 2008) (6) (Chen et al., 2008; Parkin and
Owen, 1986)

Iron concentrations between 15.5 and 18.0 kg m™ have been reported in Indian vinasse,
which is much higher than the several hundreds of g m™ considered as inhibitory. Even being
below those levels, the presence of iron in vinasse could affect the sulfate reduction process
by the precipitation of iron sulfides (particularly FeS and Fe,Ss) when S ions are present in
the bulk solution (Batstone et al., 2002).

Sulfate concentrations are above (5 kg SO m™) in three vinasses of column A, in column C
and D, being in the case of Cuba (column D) 1.66 times higher than the second highest value
reported (9.5 kg SO,> m™). In the anaerobic digestion processes, those sulfates can be
reduced to hydrogen sulfide by SRB using a carbon source and hydrogen, what affects

methane production.
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In general, vinasse can serve as a substrate in anaerobic digestion processes. However, the
existence of high COD and SO,* concentrations makes vinasse a very high strength and
sulfate rich liquid substrate for anaerobic digestion, being relevant the study of the sulfate

reduction process.

1.3.2 Sulfate reduction in vinasse

In the anaerobic treatment of sulfate-rich liquid substrates, as vinasse, sulfate is converted
into sulfide, which is distributed among H.S, HS and S% in solution, insoluble metallic
sulfides and H,S in the gas phase. However, at the neutral pH required for anaerobic
treatment (pH between 6.5-8), dissolved sulfides occur in the form of H,S and HS™ (Rinzema
and Lettinga, 1988), what makes the formation of metal sulfide precipitates less important.
Only the free form H,S in solution is considered to be toxic for microorganisms because it
can penetrate through the cell membrane (Annachhatre and Suktrakoolvait, 2001), causing
inhibition of the anaerobic systems in the 0.05 to 0.43 kg S m™ range (Parkin et al., 1990).
Hydrogen sulfide in the gas phase causes operational problems when the biogas is used as an
energy source. Hence, sulfate reduction processes in the anaerobic digestion of vinasse
should be focused on the estimation of both forms of hydrogen sulfide.

The inhibition by the free form of hydrogen sulfide is related to the ratio SO,*/ COD in the
fed substrate, being not severely below 0.1 (Rinzema and Lettinga, 1988). Even when high
sulfate concentration exists, if the ratio SO,%/COD is below 0.1, severe inhibition is not
found because of the existence of high COD values, which lead to higher biogas production
rates and a rapid removal of sulfide as it is formed (Wilkie et al., 2000).

The ratios SO,%/COD of vinasse in Table 1.1 are equal or below 0.1 for the references of the
columns A, B and C, being 0.04 (calculated from average values in column A), 0.023
(calculated from maximum values in column B) and 0.1, respectively. These ratios ensure no
severe inhibition by the presence of hydrogen sulfide. However, for the case of Cuban
vinasse (column D, Table 1.1) the ratio SO,*/COD was 0.22, which is above 0.1 where
inhibition problems due to free H,S concentrations above 0.2 kg S m™ can be found (Rinzema
and Lettinga, 1988). Hence, vinasse must be anaerobically treated with precautions even

when acceptable treatment capacities can be achieved (Rinzema and Lettinga, 1988).
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By using synthetic wastewater or a mixture of sulfate-containing wastewater and carbon-
containing wastewater as substrates, several authors (Alphenaar et al., 1993; Annachhatre
and Suktrakoolvait, 2001; Harada et al., 1994; Isa et al., 1986; Omil et al., 1997a; Omil et al.,
1996) have studied the interactions between sulfate reducing processes and methanogenesis.
However, no studies have been published for sulfate reduction processes in vinasse with
similar simultaneous high levels of COD and SO4* and lack of experimental data exists (e.g.,
Harada et. al. (1996)) to study its dynamical behavior in the SO,*/COD ratios reported.

1.4 Modeling sulfate reduction processes in the anaerobic digestion
Modeling approaches (based on sulfur conversion and transfer processes), usefulness and
limitations of sulfate reduction models for the prediction of anaerobic digestion of sulfate-

rich liquid substrates as vinasse are discussed in this section.

1.4.1 Process and reactions involved

Sulfate reduction is an important process that has to be modeled for operational and technical
solutions in anaerobic digestion plants (Batstone, 2006). A simple method to model sulfate
reduction is the oxidation of available hydrogen only (Batstone et al., 2002). However in
systems with high sulfate concentrations all the reactions involving volatile fatty acids
(butyric, propionic and acetic) have to be included as electron donor (Batstone, 2006).
Several authors have been modeling the process following different pathways and
approaches. A generalized scheme of sulfate reduction processes in the anaerobic digestion
illustrating substrate competition between sulfate reducing bacteria, acetogenic bacteria and
methanogenic archea is shown in Figure 1.2. Sulfate reduction from sugars and amino acids
(monomers) are not depicted in the scheme because these processes play unimportant roles
(Batstone, 2006) and for that reason they are not considered in most models (Kalyuzhnyi et
al., 1998; Kalyuzhnyi and Fedorovich, 1998).

In general, substrate competition in anaerobic systems has been modeled in most cases on
three levels (1, Il and 111) (Figure 1.2) (Kalyuzhnyi et al., 1998; Kalyuzhnyi and Fedorovich,
1998; Ristow et al., 2002). Starting from the volatile fatty acids, butyrate and propionate
sulfate reducing bacteria (bSRB and pSRB respectively) compete with acetogenic bacteria

(AB) to form hydrogen sulfide, carbon dioxide, water and acetic acid (level I). From acetic
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acid, acetotrophic sulfate reducing bacteria (aSRB) compete with acetotrophic methanogenic
archea (aMA) to produce only hydrogen sulfide, water and carbon dioxide (level II).
Hydrogenotrophic sulfate reducing bacteria (hSRB) compete with hydrogenotrophic
methanogenic archea (hMA) for hydrogen to produce hydrogen sulfide and water (level I11)
(Kalyuzhnyi et al., 1998).

DISINTEGRATION
COMPOSITE MATERIALS

v

HYDROLISIS
POLYMERS

v

FERMENTATION
MONOMERS

v

VOLATILE FATTY ACIDS |-------ccmmmammman ,
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Figure 1.2. Scheme of the substrate competition between sulfate reducing bacteria,

acetogenic bacteria and methanogenic archea
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A summary of sulfate degradation reactions is shown in Table 1.2. The same reactions have
been represented by authors in a dissociated and undissociated form, inclusive and exclusive
of water production. Reactions 1.1-1.2 and 2.1-2.2 have been found to end up in acetate
(incomplete) or in carbon dioxide and sulfide (complete) (1.3 and 2.3) (Visser, 1995), but it
has not been modeled to reduce the number of reaction pathways and to avoid model
complexities (Kalyuzhnyi and Fedorovich, 1998). Reactions selected by each model define

the kinetic equations.

Table 1.2. Sulfate degradation reactions in the anaerobic digestion process

Sulfate degradation reactions References

1. Butyrate SRB

1.1 C3H,COOH + 0.5 H,S0, — 2CH;COOH + 0.5H,S 1),(2),(3)
1.2 C3H,C00™ + 0.5 SO~ — 2CH5CO0~ + 0.5HS™+0.5H* (4)
1.3 C3H,C00™ + 2.5 S02~ + 0.25H,0 — 4HCO3 + 2.5HS™+0.75H* + 0.250H" (4)

2. Propionate SRB

2.1 C,HsCOOH + 0.75 H,S0, — CH5COOH + CO, + H,0 + 0.75H,5S (1),(2),(3),(5),(6)
2.2 C,HsCOO™ + 0.75 SO2~ — CH5CO0™~ + HCO3 + 0.75HS~+0.25H+ (4)
2.3 C,HsCO0~ + 1.75 SO~ + 0.25H,0 — 3HCO3 + 1.75HS"+0.5H* + 0.250H- (4. (). (6)

3. Acetate SRB
3.1 CH3;COOH + H,S0, = 2C0O, + 2H,0 + H,S (1),(2),(5),(6)

3.2 CH;CO0~ + S02~ — 2HCO3 + HS™ (4)

4. Hydrogenotrophic SRB

4.2 4H, + SO3~ + H* — HS™ + 4H,0 (4)

1) (Fedorovich et al., 2003); (2) (Knobel and Lewis, 2002); (3) (Kalyuzhnyi et al., 1998); (4) (Visser,
1995); (5) (Kalyuzhnyi and Fedorovich, 1998); (6) (Poinapen and Ekama, 2010)

As no studies have been published for sulfate reduction processes in vinasse with similar
simultaneous high levels of COD and SO,%, where variations in the concentration of the

influent vinasse may cause dynamical responses during the anaerobic digestion process
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involving organic matter (butyric, propionic and acetic) and hydrogen degradation, the
sulfate degradation reactions 1, 2, 3 and 4 (Table 1.2) should be considered as a general

approach.

1.4.2 Kinetics of SRB: growth, inhibition and endogenous processes

Kinetics of sulfate reduction processes have been considered in different ways. A dual term
Monod type kinetic is commonly used (Eq. (1.1)) to represent the bacterial growth rate
(Pgrowtn,j) (Fedorovich et al., 2003; Kalyuzhnyi et al., 1998; Kalyuzhnyi and Fedorovich,
1998; Knobel and Lewis, 2002; Poinapen and Ekama, 2010; Ristow et al., 2002), with both
concentrations: sulfate (Ssg4) as electron acceptor and the electron donor (S;) (hydrogen or
organic matter) following the equations of Table 1.2. The expression is generally written in

the form of substrate uptake (p ].) by dividing the maximum specific growth rate (u,_ . )

uptake,

by the yield of biomass on the substrate (u__ /Y = kp,) to obtain Eq. (1.1°). Where, Kg; and

max

Ks,s04j are the half saturation coefficient of the component i and sulfates respectively.

Si Sso4
.= . . - X 1.1
pgrOWthJ Hmax; (Ks;j+Si) (Kgs0aj+Ssos) (1.1)
Si Sso4
= K - - Xi 1.1°
puptake,] M) (Kgj+Si) (Ksso4j+Ssoa) ( )

However, some inhibitor compounds affect the growth rate of microorganisms and the

uptake of substrates, transforming Eq. (1.17) in (1.1°") by means of the inclusion of pH (I,y;)

and sulfide (Iy,2s ) inhibition functions.

— Si Sso4
c= Kk — X Loni* Inosi
Puptake, J (Ksj+S1)  (Ksgoaj+Ssos) 1 PHI - Th2s)]

(1.17)

Undissociated H,S (Sys free) iNhibition has been considered by Kalyuzhnyi and Fedorovich
(1998) according to first order inhibition kinetics (Eq. (1.2)), in agreement with some other
works (Fedorovich et al., 2003; Ristow et al., 2002). Where, Kjj,s; is 50% inhibitory

concentration of undissociated H,S.

IhZS,j =1- [ShZS,free/KI,hZS,j] (1-2)

A noncompetitive inhibition function (Eg. (1.3)) has been used by Knobel and Lewis (2002)
whereas Kalyuzhnyi et al. (1998) used the inhibition terms in the form of the so-called 2x2
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constants (Eq. (1.4)), which is a modification of noncompetitive functions (K, and K, are
the concentration of H,S at which the uptake rate is decreased twice or 100 times,

respectively).
Ih25,j =1/[1+ (ShZS,free/KI,hZS,j)] (1.3)

IhZS,j = F(ShZS,free ’ KZ ) K100) = 1/[1+(Sh25,free /KZ )1n99/(K100 /Xz )] (1-4)

Poinapen and Ekama (2010) assessed the first order inhibition function, finding
inconsistencies (negative values and instability of the inhibition function) when H,S
concentration (Spys free) Was above the Kjp,s; value (see Eqg. (1.2)). They proposed a more
stable function which approaches zero more gradually (Eq. (1.5)) with the increment of the
H,S concentration. The use of this inhibition function seems to be more reasonable when
high H,S concentrations are found.

2
IhZS,j = exp [_(ShZS,free/0-60056 ) KI,hZS,j) ] (1.5)

In addition to sulfide inhibition, inhibition effects of pH must be considered in the overall
rate equations (see Eq. (1.1°")). It has been included in the form of 2x2 constants (Eq. (1.6)
where, K, and K, are the pH values at which the uptake rate is decreased twice or 100
times, respectively) and as a function of lower (pHy;) and upper (pHy;) pH inhibition values
(Egs. (1.7) and (1.8)).

Ipnj = F(pH, K3, K100) = 1/(1+(pH/K; )In99/ (K100 /K2 ) (1.6)

Iomj = (1 + exp (—op,(pH — pHy))) ™t (1 4+ exp (—ay,(pH — pHy )™ (1.7)
Ipuj = [1 +2- 100-5(PHUL—pHLL)]/[1 + 10(PH-PHUL) 4 10(pHLL—PH)] (1.8)

Some of the models have not considered pH inhibition in order to reduce complexity
(Kalyuzhnyi and Fedorovich, 1998; Ristow et al., 2002), while others like Kalyuzhnyi et al.,
(1998); Knobel and Lewis (2002) and Fedorovich et al. (2003) have used Egs. (1.6), (1.7)
and (1.8), respectively, without consensus. Poinapen and Ekama (2010) considered the pH
effect by means of the multiplication of the appropriate half saturation values (Ks) by the
undissociated species to total species concentration ratio (this ratio changes as a function of

pH), considering this more appropriate and eliminating l,4 function from Eq. (1.1°°). This
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could be used to reduce complexity in pH inhibition modeling. However, pH inhibition also
occurs by the disruption of homeostasis affecting all organisms in some degree (Batstone et
al., 2002), depending on pH__ and pHy_ values of each microbial group. Therefore, pH
inhibition is better modeled by using the I, function of Eq. (1.7) or (1.8) in Eq. (1.17").

Table 1.3. Kinetic coefficients used in the modeling of sulfate reduction processes in the anaerobic

digestion
SRB Constants Unit A B C D
References
1.2 (3.4 3) (5)
bSRB T d* - - 022  0.45
Kin;j kg COD_S; kg COD_X; ™ d° 733 137
Ks, 10° kg COD_S; - m? - - 9 100
Ks,s04, 10°® kmol- m™ - - 0.104 0.21
Y, kg COD_X;- kg COD_S;* - - 0.03  0.0329
K hzs, 10 kmol- m*® - - 125 813
Kaec; d* 0.035 0.01
pSRB TR d? 0.81 0.583 029 0.414
Kin;j kg COD_S;- kg COD_X; *-d~ 23.1 21.5 9.6 12.6
Ks; 10° kg COD_S; - m? 295 295 15 110
Ks,s04, 10°* kmol- m™® 0.077 0.077 019 020
Y, kg COD_X;- kg COD_S;* 0.035 0.027 0.03 0.0329
Kinosj 10 kmol- m* 8.90 5.78 6.80  8.13
Kgec, d? 0.018  0.0185  0.035 0.01
aSRB Mia d’ 0.51 0.612  0.151 0.243
Kin;j kg COD_S;- kg COD_X;*- d* 124 18.5 4.19 7.1
Ks; 10° kg COD_S; - m? 24 24 25 220
Ks,s04, 10° kmol- m* 0.20 0.20 020 0.10
Y, kg COD_X;- kg COD_S;* 0.041 0.033 0.036 0.0342
Kinosj 10 kmol- m* 8.90 5.13 18.75 7.81
Kgec, d* 0.025  0.0275  0.044 0.015
hSRB Miax d’ 5 2.8 - 0.977
Kin;j ~ kg COD_S;- kg COD_X; ™ d"  64.9 56 26.7
Ks; 10° kg COD_S;- m? 0.05 0.07 - 0.1
Ks,s04, 10° kmol- m* 0.009 0.20 - 0.104
Y, kg COD_X; - kg COD_S;™* 0.077 0.05 - 0.0366
Kinasj 10 kmol- m* 17.1 17.1 - 7.8
Kdec, d* 0.03 0.0600 0.01

(1) (Kalyuzhnyi and Fedorovich, 1998); (2) (Ristow et al., 2002) (3) (Kalyuzhnyi et al., 1998); (4) (Poinapen
and Ekama, 2010); (5) (Fedorovich et al., 2003)
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The endogenous processes are described as decay of SRB. It has been modeled following Eqg.
(1.9) for all bacteria groups, describing the rate of death (endogenous mass 10ss, pdecay,j) as a
function of the specific endogenous mass loss rate (Kgecj) and the particulate component
concentration (X;) (Fedorovich et al., 2003; Kalyuzhnyi et al., 1998; Kalyuzhnyi and
Fedorovich, 1998; Knobel and Lewis, 2002; Poinapen and Ekama, 2010).

Pdecay,j = kdec,j X (1.9

Calibration of models has to be done for any implementation depending on the kind of
substrate, component concentrations and bacterial behavior. A summary of the kinetic
coefficients used by different authors is shown in Table 1.3. These coefficients have shown
values in the same order of magnitude for the bacteria yield coefficient for all SRB,
demonstrating its low growing capacity in anaerobic environments. The fact that only the
sulfate reduction process using hydrogen as electron donor is modeled in low sulfate
containing substrates can be explained by the Monod parameter values (Umax and Ks) shown
in Table 1.3. In this table, pmax for hNSRB was higher (more than 4.5 times) in column A and
B (in which bSRB were not considered) than for aSRB and pSRB. However when all SRB
were considered, pmax Was distributed almost equally (column D); being for hSRB even the
double of the others (bSRB, pSRB and aSRB). At the same time, the half saturation
coefficient (Ks) reported for hSRB was lower than for the rest (bSRB, pSRB and aSRB) in
columns A, B, C and D, expecting faster bacterial growth and higher uptake rate of substrate
by hSRB. Hence, sulfate reduction process by hSRB can outcompete bSRB, pSRB and aSRB
when hydrogen is available as electron donor.

1.4.3 Acid-base equilibrium and gas-liquid transfer equation

The inclusion of sulfate reduction processes leads to a proper description of H,S/HS™ acid
base equilibrium, H,Sgy.s stripping, and the impact of S0,* on the charge balance (Batstone,
2006).

Kalyuzhnyi and Fedorovich (1998) included in the charge balance the effect of the ionized
compounds [SO,*], [HS] and [S*], based on the acid-base Eqgs. (1.11), (1.12) and (1.13).
However, [S*] is produced in small amounts at neutral pH and is negligible (Rinzema and

Lettinga, 1988). Fedorovich et al. (2003) proposed the inclusion of acid base equations, in the
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same form as Batstone et al. (2002) without information of included equations. In agreement
with Batstone (2006) the model of Poinapen and Ekama (2010) only adds Egs (1.11) and
(1.12) to describe the acid-base equilibrium of the sulfate reduction process in the anaerobic
digestion. This approach is because sulfuric acid (Eg. (1.10), pKa < - 2) is a strong acid and
can be considered completely dissociated into HSO; to follow Eq. (1.11); while sulfide ions
[S?] from Eq. (1.13) (pKa =14) exist in small amounts in the liquid phase of anaerobic
reactors where pH between 6 and 8 is required. The Van ‘t Hoff equation is used to describe
the temperature-dependent variation in the acid-base equilibrium.

Sulfuric acid (pK, and K, at 25 °C)

H,S0, s H* + HSO; PKar < -2 Ka1 > 100 (strong) (1.10)
HSO; S HY + 502~ pKaz = 1.99 Ka2 = 1.02 102 (1.12)
Hydrogen sulfide (pK, and K; at 25 °C)

H,S S HY + HS™ pKa = 7.01 Ka=9.610° (1.12)
HS™ S H* + §2- pKa = 13.88 Ka2=1.310™" (1.13)

The concentration of the dissociated species has been calculated starting from the acid-base
constant in the form of Eq. (1.14) for the equilibrium of Eq. (1.12). This Eq. (1.14), which is
written in the form recommended by Rosen and Jeppsson (2006), represents the change in
the HS™ concentration (S, ) due to changes in hydrogen sulfide total form (Sy (o) and pH
(Sy) in the liquid media. Values of the acid-base kinetic parameters (Ka,g) have been

usually adjusted from 108 m® kmol™ d™ and can be optimized for each acid-base reaction.
pj:KA/B,hZS(ShS_'(SH++Ka,h25)'Ka,h25'ShZS,total) (1.14)

The stripping of the produced hydrogen sulfide has been modeled following Eqg. (1.15)
(Fedorovich et al., 2003; Kalyuzhnyi et al., 1998; Kalyuzhnyi and Fedorovich, 1998; Knobel
and Lewis, 2002; Poinapen and Ekama, 2010), which is based on Henry’s law (where,
Pgasnzs 1S the partial pressure of H,S in the gas phase). Henry’s temperature-dependent
coefficient has been modeled using van ‘t Hoff equation with values of Ky(zs0c)h2s = 0.105
kmol m™ bar™ as in Batstone (2006) and Kysgecynzs = 0-09 kmol m™ bar™ as in Kalyuzhnyi

and Fedorovich (1998). The most common limitation of the mass transfer modeling is the
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assumption of a unique mass transfer coefficient (k a) for all biogas components, because of

their similar diffusivities in water as is recommended by Batstone et al. (2002).
pj = kLa ' (ShZS,free - KH,hZS ' Pgas,th) (1-15)

Batstone et al. (2002) proposed the use of k,a calculated from a relationship between O,
diffusivity in aerobic systems and gas diffusivities in water. Nevertheless, an appropriate
value of the mass transfer coefficient must be used to properly describe the inhibition effects
of undissociated hydrogen sulfide over microbial groups (Knobel and Lewis, 2002) and its

concentrations in the biogas streams.

1.5 Sulfate reduction models as alternatives or extension to Anaerobic Digestion Model
No. 1 (ADM1): usefulness and limitations

Anaerobic digestion is a series of complex biochemical processes that are not easy to
understand and predict. Scientists have developed a number of models with the purpose of
better understanding the anaerobic digestion process, but because of the wide range of
existing models, a generalized simple model was proposed by the International Water
Association (IWA). This model, the Anaerobic Digestion Model No. 1 (ADM1) (Batstone et
al., 2002), was developed to increase its applicability in full-scale design, the operation and
optimization for direct implementation, the creation of common basis for further modeling
and validation studies, as well as to assist a technology transfer from research to industry.
The model uses substrate uptake Monod type kinetics for intracellular biochemical reactions
(i.e., acidogenesis including fermentation of monomers, acetogenesis and methanogenesis)
and first order extracellular disintegration and hydrolysis. Besides, ADM1 includes physical
and chemical processes including the acid-base equilibrium and gas-liquid rate transfer.
However, some disadvantages have been observed in the original ADM1 as reported by
Fuentes et al., (2008). Its shortcomings to model the anaerobic digestion of vinasse are the
omission of processes related to sulfate reduction and the associated sulfide inhibition, and
prediction of H,S in the biogas.

Some studies have been carried out to include sulfate reduction in anaerobic digestion
modeling as was discussed. All these models (Fedorovich et al., 2003; Kalyuzhnyi et al.,
1998; Kalyuzhnyi and Fedorovich, 1998; Knobel and Lewis, 2002; Poinapen and Ekama,
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2010; Ristow et al., 2002) have been developed and calibrated for specific purposes and
substrates (see section 1.5.1), and for the prediction of a number of variables. The usefulness
and limitations of these models are discussed in the next section, classified as “alternatives to
ADM1" -model that follow a different principle in its conception with respect to ADM1 to
model sulfate reduction processes (e.g., conception of processes rate equations, stoichiometry
and units)- or “extension of ADM1" -model that follow the same concepts as the ADML1 to

model sulfate reduction processes.

1.5.1 Sulfate reduction models “alternatives to ADM1"

As an alternative to ADM1, Kalyuzhnyi and Fedorovich (1998) used the results of Alphenaar
(1993) obtained from a synthetic high sulfate containing wastewater treated in a UASB
reactor, to evaluate the competition between SRB and methanogens (M). The model agreed
well with the experimental data, giving special attention to the competition for acetate,
because the consumption of propionate and hydrogen by methanogens was negligible in
comparison with SRB (propionate and hydrogen were 100 % converted by SRB). The
modeling results were obtained under variations of hydraulic retention time (HRT), SO4*
/CQOD ratio, initial proportion of SRB/M, efficiency of retention of SRB, and sludge quality.
However, the influence of these variables in the hydrogen sulfide concentrations of the
biogas as well as the substrate uptake in the sulfate degradation reaction of bSRB, were not
simulated.

Based on similar considerations, Kalyuzhnyi et al. (1998) developed a dispersed plug flow
model of a sulfate fed UASB reactor and assessed the competition between methanogens and
SRB specifically for the UASB reactor configuration. Data to calibrate the model was taken
from Alphenaar (1993) and Omil et al. (1997a; 1996). Good agreement was also
demonstrated between observation and model simulation, and special emphasis was put on
the acetate competition. The model was able to predict system performance with regard to
variations in the liquid upward velocity as an important control parameter, and in the butyrate
and propionate influent concentrations. However, when pH changes occurred the results were
not correctly predicted.

Moreover, the model of Knobel and Lewis (2002) was calibrated for a number of reactor

configurations (packed bed, UASB and fed gas lift reactor) under steady state and dynamic
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conditions in three simulation tests. The first two simulation tests (fed gas lift reactor is
beyond the scope of this review) using molasses (carbon source) and acid mine drainage
(sulfate containing wastewater) were able to predict COD and sulfate concentrations in the
effluent, but the prediction of the biogas composition was not reported although the mass
transfer equations and mass transfer coefficient of the gas components were discussed.
Ristow et al. (2002) used AQUASIM software to simulate the anaerobic digestion process
including sulfate reduction in a recycling sludge bed reactor (RSBR) for acid mine drainage
(sulfate containing wastewater) and primary sludge (carbon source). The model calculations
agreed well with experimental data obtained from the pilot plant, showing influences of
various operational variables (sludge recycle ratio, SO,*/COD ratio and HRT) on the sulfate
reduction process. This and the other models have a common limitation: the biogas
composition and its variation as a function of operational parameters were not predicted.
Poinapen and Ekama (2010) used a kinetic model with the inclusion of sulfate reduction
processes. The kinetic model, calibrated with experimental data starting from different SO,*
/COD ratios (Poinapen et al., 2009b; Poinapen et al., 2009c), shows good agreements with
respect to the simulated results in the effluent variables of the liquid phase (COD and sulfate
concentrations, ratio H,S/HS", pH and alkalinities) when a carbon deficient influent was fed
into the reactor. To predict the gas phase compositions, only hydrogen sulfide gas-liquid
equilibrium equation was included. Carbon dioxide concentration was negligible due to the
use of a carbon deficient substrate and methane was considered to be produced directly to the
gas phase because of its low solubility. However, the hydrogen sulfide concentrations in the
gas phase were set to zero in the model results to fit with the experimental data, because in
those experiments, H,S was completely removed by bubbling the biogas through a ferric
solution to close the sulfur mass balance. That is why the real hydrogen sulfide concentration
in the gas phase with respect to the variation of the SO,>/COD ratios in the experimental data
was not predicted by the kinetic model.

Hence, models “alternatives to ADM1” have been calibrated to predict the influence of
operational parameters and influent concentrations (efficiency of retention of SRB, HRT,
S0,%/COD and SRB/M ratio, and liquid upward velocity) on the uptake of substrates
(butyrate, propionate, acetate) and removal -efficiencies (COD, SO4*). Nevertheless,

hydrogen sulfide concentrations in the gas phase have not been correctly predicted.
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1.5.2 Sulfate reduction model as an extension of ADM1

Fedorovich et al. (2003) described sulfate reduction processes as an extension of ADM1. The
model was calibrated against experimental data from literature (Omil et al., 1997a; Omil et
al., 1996) and it was able to predict sulfate removal in the anaerobic digestion process and
concentrations of butyrate, propionate and acetate, as well as methane and biomass
production. Although the model of Fedorovich et al. (2003) is reported today as the most
appropriate extension of ADM1 when sulfate removal efficiencies are of primary interest, it
was not calibrated to predict the concentrations of total aqueous sulfide (Spys), free sulfides

(Shas free) and gas phase sulfides (Sgas hzs).

Process rate
S Ss04
= k.. . ' AU SU
Puptake; ™ (Ksj+Si) (Kssoaj+Ssoa) ~ PHI 028
Decay rate

Pdecay,j = kdec,j - X

Acid-based rates

Pj :KA/B,hZ S(Shs_ '(SH++Ka,h25) 'Ka,h2s ’ ShZS,total)
Pi=Ka/B 504 (804 total SH+-Ss0 * (K, 504 + Spiv)

Gas transfer rates

Pj = kLa ' (ShZS,free - KH,th ' 1:)gas,hZS)
Process inhibition

e Sulfides

2
IhZS,j = €exp [_(ShZS,free/0-60056K[,h25,j) ]
IhZS,j =1/[1+ (ShZS,free/KI,hZS,j)]
IhZS,j = F(ShZS,free ’ Kz ) KlOO) = 1/[1+(Sh25,free /KZ )ln99/(K100 /Ke )]
e pH
Ipuj = F(pH, K3, Kq00) = 1/(1+(pH/K, Y199/ (Kaoo /K2y
Ipnj = (1 + exp (—ap,(pH — pH))) ™! - (1 + exp (—ay,(pH — pHyp))) ™!

Ipnj = [1 +2- 100-5(pHUL—pHLL)]/[1 + 10(PPH-PHyL) 10(pHLL—pH)]

Figure 1.3. Summary of the equations used to model sulfate reduction processes in the
anaerobic digestion of sulfate-rich liquid substrates
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A summary of equations to model the sulfate reduction processes in the anaerobic digestion
of sulfate-rich liquid substrates, as vinasse, is provided in Figure 1.3. As simultaneous
degradation of organic matter and hydrogen by SRB ought to occur during the anaerobic
digestion of vinasse, the most complete approach to model sulfate reduction could
correspond to Fedorovich et al. (2003) which involves organic matter (butyric, propionic and
acetic) and hydrogen degradation reactions. However, it should be noted that a more stable
sulfide inhibition function (see section 1.4.2) following Poinapen and Ekama (2010) could be
used instead of the first order inhibition function (Figure 1.3).

Therefore it can be concluded that:

e Vinasse has been reported over the world as a typical sulfate-rich liquid substrate for
anaerobic digestion with SO,/COD ratios in the range of 0.04 to 0.22.

e Further studies are needed to investigate the sulfate reduction processes in vinasses
with similar simultaneous high levels of COD and SO.*, thereby generating
experimental data to support the modeling of the dynamic behavior of sulfur
compounds.

e The most comprehensive approach to model sulfate reduction in the anaerobic
digestion is the ADML1 extension reported by Fedorovich et al. (2003).

e Although the model equations are available in literature no results have been shown
(as an extension of ADM1) to predict the concentrations of total aqueous sulfide
(Shas), free sulfides (Shas free) and gas phase sulfides (Sgas hzs)-

e Kinetic coefficients to model sulfate reduction in the anaerobic digestion of vinasse
have not been reported in literature and this fact is limiting the prediction of the
sulfides in the gas and liquid phases to assist the energetic use of the biogas and the

process performance.

1.6 Environmental assessment tools

The concept of sustainability is conceived in three dimensions: social, economic and
environmental (Prosuite, 2013). The social sustainable development aims at maintaining the
stability of social and cultural systems, the economic sustainability considers the attaining of
the maximum incomes whereas the environmental sustainability refers to preserving the

ability of ‘natural’ to adapt. In order to assess the impact of resources and emissions on the
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natural environment for alternative technologies or products, the environmental sustainability
concept is commonly applied by using life cycle assessment and exergy analysis tools
(Contreras, 2007; Contreras et al., 2013; De Meester et al., 2012; Nzila et al., 2012). This

approach was assumed as sustainability assessment in the present work.

1.6.1 Environmental Life Cycle Assessment

Life cycle assessment (LCA) has been used in the academic world and industry to evaluate
the overall impact on the environment of the whole life cycle of processes and products
(Azapagic, 1999). It can assist the identification of opportunities to improve the
environmental profiles of products and services at several stages of their life cycle, informing
decision-makers in industry, governmental or non-governmental organizations (e.g. for the
purpose of strategic planning, priority setting, product or process design or redesign)
(1SO14040; 1S014044). Consequently, its application to the treatment of cane molasses
vinasse can generate useful information about the environmental profiles of different
scenarios for the Cuban context.

The LCA methodology contains four phases (Figure 1.4) which are subsequently discussed

in detail:

g N

Goal and Scope
Definition

T U

Inventory Analysis

M 1 1

(LCI) Interpretation
T &
Impact Assessment

(LCIA)

Figure 1.4 Phases of Life Cycle Assessment Methodology (LCA) (Guinee et al., 2002)

1.Goal and scope definition: As a first step of an LCA study, it is recommended to give a

clear definition of the goal and scope, being consistent with the intended application
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(1SO14044). In defining the goal of an LCA, the following items should be stated: the
intended application; the reasons for carrying out the study; the intended stakeholders (i.e. to
whom the results of the study are intended to be communicated) and whether the results are
intended to be used in comparative assertions intended to be disclosed to the public
(1SO14040; 1S0O14044). Further, in defining the scope of an LCA, the following aspects are
considered and clearly described: the product system to be studied; the functions of the
product system or, in the case of comparative studies, the systems; the functional unit; the
system boundary; allocation procedures; Life Cycle Impact Assessment (LCIA) methodology
and types of impacts; interpretation to be used; data requirements; assumptions; value
choices and optional elements; limitations; data quality requirements; type of critical review,
if any; type and format of the report required for the study (1SO14040; ISO14044).

2. Life cycle inventory (LCI): The definition of the goal and scope of a study provides the
initial plan for conducting the life cycle inventory phase of an LCA. Inventory analysis
involves data collection and calculation procedures to quantify relevant inputs and outputs of
a product system (including modeling to generate data). The process of conducting an
inventory analysis is iterative. As data are collected and more is learned about the system,
new data requirements or limitations may be identified that require a change in the data
collection procedures so that the goals of the study will still be met (1SO14040).

3. Life cycle impact assessment (LCIA): The impact assessment phase is aimed to the
evaluation of the significance of potential environmental impacts using the LCI results. In
general, this process involves associating inventory data with specific environmental impact
categories and category indicators, thereby attempting to understand these impacts. The
LCIA phase also provides information for the life cycle interpretation phase and should
include selection of impact categories, category indicators and characterization models;
assignment of LCI results to the selected impact categories (classification); and calculation of
category indicator results (characterization) (ISO14040; 1SO14044).

The Centrum Milieukunde Leiden (CML) and the Eco-indicator guides are widely accepted
as the LCIA methodologies (Goedkoop et al., 2008). The first one (CML-guide) is based on
the midpoint approach, while the second one (Eco-indicator) focus on the interpretation of
the results and uses the endpoint approach (European-Commission, 2010b; Goedkoop et al.,

2008). In order to harmonize the midpoint and endpoint approach in a consistent framework,
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the methodology “ReCiPe” was developed (European-Commission, 2010b; Goedkoop et al.,
2008). Therefore, ReCiPe follows up CML and Eco-indicator methodologies, allowing the
determination of the contribution of the midpoint impact categories to the endpoint impact
categories (European-Commission, 2010b; Goedkoop et al., 2008).

4. Life cycle interpretation: During the interpretation step the finding of either inventory
analysis or the impact assessment, or both, are analyzed in relation to the defined goal and
scope in order to deliver conclusions, limitations and recommendations to decision-makers.
The interpretation should reflect the fact that the LCIA results are based on a relative
approach, that they indicate potential environmental effects, and that they do not predict
actual impacts on category endpoints, the exceeding of thresholds or safety margins or risks
(1SO14040; 1SO14044).

Some works have been addressing, in a life cycle perspective, the environmental impact
assessment of the biogas production for different scenarios (Afrane and Ntiamoah, 2011; Aye
and Widjaya, 2006; Contreras et al., 2009; Rocha et al., 2010). Aye and Widjaya (2006)
assessed options for traditional market waste disposal in Indonesia, showing the best
environmental benefits for biogas production alternatives. Contreras et al., (2009) studied
four scenarios for the Cuban sugar factories, showing the highest benefits when
biodegradable wastes were used for biogas production. In the same way, Afrane and
Ntiamoah (2011) compared the environmental impacts of three different cooking fuels used
in Ghana, namely, charcoal, biogas, and liquefied petroleum gas. They found that biogas had
the lowest environmental impact in five of the seven categories investigated. Also with
environmental benefits for anaerobic digestion, Rocha et al. (2010) studied disposal
alternatives for the treatment of ethanol vinasse in Brazil, such as: conventional fertirrigation,
vinasse biodigestion and biogas used as fuel in factory boilers, vinasse dewatering up to 65%
and its direct combustion in boilers; and vinasse dewatering up to 40% before fertirrigation in
order to reduce transport costs. Despite all of these studies, no reports were found about the
environmental impact of anaerobic digestion power plants as alternative for lagooning Cuban

vinasse.
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1.6.2 Exergy analysis

The results from the LCA can be complemented with exergy analysis to obtain more solid
conclusions on the environmental performance of the process (Contreras et al., 2013). Exergy
analysis (EA) is based on the second law of thermodynamics, which states that all
macroscopic processes are irreversible. Exergy is defined as the maximum amount of work
that can be delivered by a system, or a flow of matter or energy as it comes to equilibrium
with a reference environment (Kotas, 1995; Rosen et al., 2008; Szargut et al., 1988). The
exergy can be consumed or destroyed, due to the irreversibility of any real process. The
irreversible process involves a non-recoverable loss of exergy, expressed as the product of
the ambient temperature and the entropy generated. Therefore exergy is a measure for quality
of energy.

In exergy analysis, the characteristics of the reference environment must be specified. By
defining a reference temperature, pressure and chemical composition of the natural
environment, it is possible to define universal exergy content for every substance (fuels and
non-fuels) and subsequently for all streams. The most common reference environment is the
one defined by Szargut et al. (1988) with a reference temperature of 298.15 K and a reference
pressure of 1 atm. The exergy of the reference environment is zero and the stream or system
exergy is zero when it is in equilibrium with the reference environment.

The exergy content in a material stream can be calculated as the sum of four components:
physical exergy, chemical exergy, potential exergy and Kinetic exergy (see equations in
section 4.2.4, Chapter 4). However, kinetic and potential exergy are often considered
negligible in comparison with physical and chemical exergy (Wall, 1990). For this reason
generally they are not considered in the determination of the exergy contained in a stream.
Exergy efficiencies: The exergy efficiency of the process is a sustainability parameter and
focuses on the conversion of exergy in the process itself. Since exergy rather than any other
resource is the ultimate limiting factor to production activities, a process is most sustainable
when it uses the exergy of its ingoing resources most efficiently. The ratio of exergy output

to exergy input for a control region has been considered as the global exergy efficiency n_,

(Figure 1.5) (Wall, 2010).
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Exergy efficiency Products
_Exe rgy and Exergy
input Resources by-products output
Exergy output
“" Exergy input eat
Wastes

Figure 1.5. Second law analysis of a real process: adapted from Dewulf et al. (2008)

Where Exergy output and Exergy input are the sum (in the control region) of all the exergies
making up at the output and input streams, respectively. This efficiency does not always
provide an adequate characterization of the thermodynamic efficiency of processes. Often,
there exists a part of the output exergy that is unused, i.e. an exergy wasted to the
environment (Wall, 2010). The difference between exergy output and exergy waste is called
the exergy of the products (Wall, 2010). At the gate-to-gate level, several exergy efficiencies
can be calculated to account for the influence of the different products in the exergy
efficiency of processes (see Chapter 4). The percentage of exergy destroyed and lost
(irreversibility) can be calculated from the difference between 100% and the actual value of
the global exergy efficiency (expressed as percent).

The exergy analysis has been applied in scenarios of the cane sugar industry to complement
LCA results (Contreras et al., 2013). Although they (LCA and EA) may differ, the results of
both methodologies agreed between Contreras et al. (2009) and Contreras et al. (2013),
giving the best scores for the alternative considering anaerobic digestion of biodegradables
wastes to produce biogas. Multicriterial techniques have been used to compare alternatives
with different results in the LCA and EA (Nzila et al., 2012).

The use of vinasse biogas as fuel for combined cycles (gas and steam turbines) has been
studied in order to evaluate energy and exergy efficiencies, and to identify the main
irreversibilities of the cycle (Constantino and Higa, 2011). An exergy destruction around
60% for gas and steam turbines has been reported (Constantino and Higa, 2011). Although
the exergy concept has been also applied to the anaerobic digestion of biomass as a

valorization technology (De Meester et al., 2012), little research has been done to determine
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the process inefficiencies of anaerobic digestion power plants (including biogas production,
sulfide removal and energy generation) and lagooning of Cuban vinasse by means of exergy

analysis.

1.7 Outline and objectives

In order to mitigate the emissions of greenhouse gases and the fossil fuel consumption, the
use of renewable technologies has been increasing over the world. The anaerobic digestion of
biodegradable wastes to produce biogas is an example of renewable technology. The
energetic value of the biogas and its potential to reduce carbon emissions together with the
additional compost production and chemical oxygen demand (COD) removal are the
principal benefits of anaerobic digestion.

In Cuba, the emissions of more than 1.3 million of cubic meters of vinasse are reported every
year by Cuban Ministry of the Cane Sugar Industry. Although 99% of Cuban vinasses are
treated in lagoons, its anaerobic digestion is widely accepted as the first treatment step.
However, vinasse is considered as a very high strength and sulfate rich liquid substrate that
causes sulfate reduction activity during its anaerobic digestion, leading to the production of
H,S in the liquid and gas phases, which affects the biogas quality and the process
performance.

Modeling the sulfate reduction process in the anaerobic digestion of vinasse can help to
predict how the concentration of the sulfur compounds changes when the composition of the
substrates and the conditions of the process vary, assisting the energetic use of the biogas and
the process performance in anaerobic digestion power plants, which can produce
environmental and energetic benefits in the Cuban context.

The present study focuses on the sulfate reduction process in the anaerobic digestion of a
very high strength and sulfate rich vinasse, looking for the prediction of the sulfur
compounds (in the gas and liquid phases) to assist the energetic use of the biogas and the
process performance as well as for the impacts of anaerobic digestion power plants as
alternative for lagooning Cuban vinasse. In order to fulfill the present research four specific

objectives are developed. These are:
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1. To characterize the sulfate reduction process in the anaerobic digestion of a very high
strength and sulfate rich vinasse by means of giving COD and SO, pulses at
different SO,%/COD ratios to obtain dynamical responses.

2. To model the anaerobic digestion of cane-molasses vinasse by extending ADM1 with
sulfate reduction for a very high strength and sulfate-rich complex wastewater,
including organic matter and hydrogen degradation reactions, hereby also aiming at
the accurate prediction of H,S in the gas and liquid phases.

3. To assess the environmental impacts of anaerobic digestion power plants as
alternative for lagooning Cuban vinasse, making a comparative study from a life
cycle perspective (LCA).

4. To determine the process inefficiencies of anaerobic digestion power plants and
lagooning of Cuban vinasse by means of exergy analysis (EA).

The present dissertation is structured in five chapters, which are briefly introduced below
(Figure 1.6). Chapter 1 provides an overview of the vinasse generation in the sugar sector,
the sulfate reduction process in the anaerobic digestion of vinasse and its modeling
considering process and reactions involved, kinetics (growth, inhibition and endogenous
processes), acid—base equilibrium and gas—liquid transfer equation. In addition, the principal
approaches to model sulfate reduction are discussed. Furthermore, the currently available
environmental sustainability concepts of Life Cycle Assessment and exergy analysis are also
discussed. In Chapter 2, the sulfate reduction process in the anaerobic digestion of vinasse is
characterized, based on a set of dynamical data. In Chapter 3, an extension of ADM1 with
sulfate reduction is proposed, calibrated and validated to describe the anaerobic digestion of
vinasse, by using the dynamical data obtained in Chapter 2.
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Figure 1.6. Overview and link between the different chapters in this dissertation

In Chapter 4 (connected to Chapter 2 by using the experimental results of one experimental
condition and the biogas production from raw vinasse as one of the subprocesses for the
sustainability assessment), the impacts of the anaerobic digestion power plants as alternative
for lagooning Cuban vinasse are assessed by using Life Cycle Assessment (LCA) and exergy
analysis (EA). The comparative LCA is based on the endpoint impact categories “human
health”, “ecosystem quality” and “natural resources”. The exergy efficiency was used to
assess potential process improvement and irreversibilities in the subprocesses forming the
anaerobic digestion power plants. Chapter 5 provides a general discussion of the results
obtained specific to the research objectives. Conclusions are drawn and perspectives for

future research are proposed.
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CHAPTER 2
Characterization of the sulfate reduction process in the anaerobic digestion of a very

high strength and sulfate rich vinasse

This Chapter characterizes the sulfate reduction process in the anaerobic digestion of a very
high strength and sulfate rich vinasse, where chemical oxygen demand (COD) and sulfate
(SO4%) pulses were applied at different SO,*/COD ratios to obtain dynamical responses. The
results showed an increase in HySgss of up to 33%, when influent COD (inf_COD) and
influent SO,* (inf_SO4) increased at a SO,*/COD ratio of 0.05. A decrease of inf COD
together with an increase of inf SO4* caused propionic acid degradation (up to 90%),
suggesting strong contribution of propionate degrading sulfate reducing bacteria at SO,
/COD ratios < 0.10, in contrast to literature results. The inf COD and inf_SO42' fluctuations
at a SO,%/COD ratio of 0.10 caused inhibition by H2Saq, [H2S]iee and propionic acid to
sulfate reducing bacteria (SRB), methanogens or both. At a SO4*/COD ratio of 0.20 this
inhibition became severe for methanogens and SRB, leading to reactor failure. Mass balance
calculations showed COD and sulfur recoveries from 90 to 98% in most cases. Increments of
inf_ COD within a constant SO,%/COD ratio (0.05 or 0.10) accumulated as effluent COD
rather than as COD_CHagas, Showing deterioration of the anaerobic digestion, while the sulfur
was displaced to the gas phase at a SO4%/COD ratio of 0.05 or to the liquid phase at SO,
/COD ratios > 0.10. Based on the closed mass balances results, the data presented here are
considered reliable for calibrating mathematical models, when sulfate reduction in the

anaerobic digestion of a very high strength and sulfate rich vinasse is of primary interest.

Redrafted from:

Barrera, E.L., Spanjers, H., Romero, O., Rosa, E. and Dewulf, J., 2014. Characterization of
the sulfate reduction process in the anaerobic digestion of a very high strength and sulfate
rich vinasse. Chemical Engineering Journal 248, 383-393.
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2.1 Introduction

Many industrial processes, especially in the food and fermentation industries, generate
wastewaters with high levels of organic matter and sulfate (Zub et al., 2008). Vinasse
obtained from ethanol distillation in the sugar cane industry is a typical example of a sulfate
rich liquid substrate (Barrera et al., 2013). The anaerobic digestion of vinasse promotes the
activity of sulfate reducing bacteria (SRB) producing H,S, which is distributed among H,Sy
([H2S]free, HS™ and S%), insoluble metallic sulfides and H>Sgas.

Sulfate reduction processes have been studied by many authors (Alphenaar et al., 1993;
Annachhatre and Suktrakoolvait, 2001; Erdirencelebi et al., 2007; Harada et al., 1994; Isa et
al., 1986; Omil et al., 1996; Omil et al., 1997b; Poinapen et al., 2009b; Poinapen et al.,
2009c; Visser, 1995) by using synthetic wastewaters to feed upflow anaerobic sludge bed
reactors (UASB). An overview of previous works is given in Table 2.1. These studies have
mainly focused on the inhibitory effect of H,Saq and [H2S]iwe, the influence of operational
parameters and the assessment of competition between SRB and methanogens, whereas the
gas phase hydrogen sulfide produced from the sulfate reduction process has received less
emphasis.

Typically, the ratio SO,* to chemical oxygen demand (COD) in sugar cane vinasse (as g
S0,% g COD™) ranges from 0.05 to 0.10 (Wilkie et al., 2000) while maximum values of 0.22
have been reported (Obaya et al., 2004). Sulfate reduction at those SO,*/COD ratios has
been studied (Erdirencelebi et al., 2007; Harada et al., 1994; lIsa et al., 1986; Visser, 1995)
(Table 2.1). However, knowledge about sulfate reduction of substrates at very high COD
concentration of vinasses (between 30 and 130 g COD L™, (Wilkie et al., 2000)) is needed.
The dilution of wastewater streams may reduce the high COD content of vinasse, but in
general this approach is considered undesirable because of the increase in the total volume of
wastewater that must be treated (Chen et al., 2008). Successful treatment during the
anaerobic digestion of very high strength and sulfate rich vinasse has been reported (Driessen
etal., 1994; Espinosa et al., 1995; Riera et al., 1985). COD removal efficiencies up to 71% at
COD concentrations between 36 and 100 g COD L™ and organic loading rates between 5 and
24 g COD L™ d™* have been achieved (Driessen et al., 1994; Espinosa et al., 1995; Riera et al.,
1985).
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Table 2.1. Values of COD, SO,* and SO,*/COD ratios in synthetic wastewaters used to

study sulfate reduction in UASB reactors

CoD SO, SO,//ICOD  References
(gcoDLY  (gSO/2 LY  ratios (w/w)

5 0.3-30 0.06-6 (1)
2.5 5 2 )
0.5 0.03-0.6 0.06-1.2 3)
1.5-4 0.75-8.3 0.1-2 (4)
0.53-2.54 1.2-4.55 1.78-2.5 (5)
0.1-3 0.45-1.8 0.6-4.5 (6)
5.14-6.8 0.28-1.36 0.05-0.2 @)
1.87-2.63 1.5-1.8 0.57-0.8 (8)

(1) (Isa et al., 1986); (2) (Alphenaar et al., 1993); (3) (Harada et
al., 1994); (4) (Visser, 1995); (5) (Omil et al., 1996); (6)
(Annachhatre and Suktrakoolvait, 2001; Omil et al., 1997b) (7)
(Erdirencelebi et al., 2007) (8) (Poinapen et al., 2009b; Poinapen

et al., 2009c)

The production and characteristics of vinasse are variable and dependent on the feed stocks

and the ethanol production process. Wash water used to clean the fermenters, cooling water

blow down, and boiler water blow down may all be combined with the vinasse and contribute
to its concentration variability (Wilkie et al., 2000). The variations in the COD and SO,*

concentrations of vinasse may cause dynamical responses in the sulfate reduction process

during the anaerobic treatment, influencing the reactor performance as well as the biogas

quality and the performance of the gas treatment processes. Although modeling and

simulation are useful tools to predict these variations, dynamical data of the anaerobic

digestion of very high strength and sulfate rich vinasse was not found in literature (Barrera et

al., 2013). A low time consuming and appealing alternative to obtain this data is to evaluate

the dynamical response of a continuous reactor after specific substrate pulses (Batstone et al.,

2003).
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Therefore, the research described in this Chapter characterizes the sulfate reduction process
in the anaerobic digestion of a very high strength and sulfate rich vinasse by means of giving

COD and SO,* pulses at different SO4%/COD ratios to obtain dynamical responses.

2.2 Materials and methods

2.2.1 Experimental setup

The 3.5 L working volume UASB reactor (as the sum of the sludge bed, the sludge blanket
and the settler volumes) consisted of an acrylic transparent column with an internal diameter
of 8 cm and a height of 70 cm. The sludge level in the reactor was set to 40% of the reactor
working volume. Hot water was circulated through a jacket to ensure a temperature of 351
°C during the UASB reactor operation. Sludge temperature and effluent pH were measured
online and data stored with a data acquisition system. The influent vinasse supply tank was
constantly stirred at 50 rpm. A schematic representation of the experimental setup used

during the experiments is shown in Figure 2.1.

Legend
. Influent tank

Motor-stirrer system
Influent peristaltic pump
Recycling peristaltic pump
Temperature online sensor
Sampling ports

Effluent

Biogas collector

Biogas outlet to gas analyzer
Gas flow meter

pH online sensor

Biogas outlet
Gas-liquid-solid separator
Settler

Baffles

Sludge blanket

Hot water jacket

Sludge bed

Glass pellets

Thermostat water bath

2

&

Figure 2.1. Schematic representation of the experimental setup

777
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2.2.2 Seed sludge

Sludge was obtained from a 3600 m*® UASB reactor treating vinasse (Heriberto Duguesne,
Santa Clara, Cuba). After a 55 days startup and acclimatization period, granular sludge with
the following characteristics was obtained: sludge volume index (16.7 ml g TSS™), average
granular size (4 mm), settling velocity (47.2 m h™%), volatile suspended solids (47.4 g VSS L°
1, and sulfidogenic (0.25 g COD_ASO,4 (COD of the reduced sulfates) g VSS™ d*) and
methanogenic (0.33 g COD-CH,4 g VSS™ d™) activities (to vinasse) (Visser, 1995).

2.2.3 Substrate feed

A sample of 60 liter of sugar cane vinasse was obtained from a distillery plant in Sancti
Spiritus, Cuba and immediately stored at -20 °C to avoid excessive biodegradation. The COD
concentration of vinasse was adjusted by adding tap water as required by the experiments. To
increase the sulfate concentration of vinasse, Na,SO, was used ensuring that sodium
concentration (< 3.3 g L™*) remained below the inhibition limit of 8 g L™ (Chen et al., 2008).

The characteristics of the raw vinasse are shown in Table 2.2.

Table 2.2. Characteristics of the raw vinasse (n=3)

Parameter Units Average Parameter Units Average
coD gcoD L™ 65.18 +0.66 Cations'

TS gL*! 56.23 + 0.93 Na* mol L* 5.0-10% 210"
VS g L? 43.33+0.32 K* mol L' 0.11+510*
TSS g L? 3.24+0.28 Ca® mol L 0.04+210°
VSS g L? 3.16 £0.17 Mg ** mol L 0.02+110°
TOC* mol C L™ 2.06 +£0.10 Mn 2 mol L*  8.35:10°+4-10°
TKN® molN L'  4610%+310* zn?* mol L 2.28:10°1-10°
NH," - N° mol N L* 3.1-10*+2:10°  Anions’

TP° mol P L™ 3.8-10°+210* SO~ mol L™  1.89-10% 4-10™
VFAs (HAC) gCoD L' 1.4+0.07 NO, mol L*  1.97-10°+3:10°
Sugars’ gCOD L'  40.6+0.83 NO5 mol L 1.40-10%+1-10°
Proteins’ gCoD L'  59+3.10 PO, mol L™ 8.72-10°+0.00
Lipid® gCoOD L' 0.2+410° Cl- mol L 5.28:10%1-107°
pH - 4.8 +0.06

A sample of 2L was used to make three replicates in each assay. * (CMA/2/1/D.7); ° (Clesceri et al., 1999); ©
(Bremner and Keeney, 1965); ¢ (by difference between dry matter, lipids, proteins and VFAs); © (Egan et al.,
1981) and " (CMA/2/1/B.1). The remaining parameters were determined as in section 2.2.5.1.
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2.2.4 Process operation

A set of experiments (from E-1 to E-9) were conducted using vinasse at different SO,* and
COD concentrations. From E-1 to E-3 and E-4 to E-6 the concentration of influent COD
(inf_COD) and influent SO4* (inf_SO,*) were gradually increased while keeping the SO4*
/COD ratio constant. The inf_SO,* and inf_COD in experiment E-7 were reduced to control
toxicity. In E-8 and E-9, the inf_SO,* was increased at a constant inf_COD to increase the
S0,%/COD ratio. A summary of the operating conditions is shown in detail in Table 2.3.

The hydrodynamic conditions were kept constant during the experiments at a hydraulic
retention time (HRT) of 4.86 days (based on the reactor working volume), an influent flow of
0.72 L d, an effluent recycling ratio of 15 (effluent flow/influent flow), and liquid upflow
velocity (Vup) of 0.1 m h™. The buffering capacity of the recycled effluent was used to
neutralize vinasse to a pH range of 7.0 - 7.5. Steady state conditions were characterized by a

constant gas production rate (£5%) (Kaparaju et al., 2010).

Table 2.3. Operating conditions for each experiment

E Duration  SO,*/COD inf COD inf_SO,* OLR SLR
(d) (9SO~ gcob?) (gCcoDL™) (gSO/ L") (gCODLg*d?) (9SO Lgtd™)

(approximate)  (approximate) (approximate) (average) (average)
E-1 1-7 0.05 38 1.75 7.66 0.36
E-2 8-15 0.05 48 2.20 9.83 0.45
E-3 16-26 0.05 58 2.65°% 12.00 0.53
E-4  27-36 0.10 38 3.65 7.90 0.76
E-5 3745 0.10 48 4.60 9.89 0.95
E-6 46-49 0.10 56 5.50 10.79 1.12
E-7 50-58 0.10 48 4.60 9.94 0.97
E-8  59-68 0.15 38 5.65 7.72 1.15
E-9  69-75 0.20 38 7.50 7.98 1.57

#concentration applied at day 19. OLR: Organic loading rate. SLR: Sulfate loading rate. E: operating conditions
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2.2.5 Chemical analysis

2.2.5.1 Chemical analysis of the liquid phase

A volume of 60 to 70 ml of sample was taken from the effluent and filtered to determine
volatile suspended solids (VSS). Sulfates were determined by a turbidimetric method at 420
nm wavelength using a UV spectrophotometer (RAYLEIGH, UV-1601). For this purpose
samples were incinerated and ashes were dissolved in HCI 1:1 in order to avoid color
interferences. COD was determined using a close reflux titrimetric method (dichromate
method). Effluent sulfide COD was subtracted from the total effluent COD. Dissolved
sulfides were determined by the iodometric method. To avoid H,S loss during sample
filtration, pH was raised to 10 by adding a few drops of NaOH (6N) (Poinapen et al., 2009a).
Interfering substances (thiosulfate, sulfite or organic matter) were removed by adding zinc
acetate (2N) to precipitate sulfide as ZnS. Samples were filtered and the retentate was
titrated. Free hydrogen sulfide concentrations in the liquid phase were calculated using the
total dissolved sulfide concentrations, the pK, values and the pH. Standard methods were
followed in all cases (Clesceri et al., 1999). Volatile fatty acids (VFASs) were determined by
gas chromatography (Thermo-scientific GC) with a FID, equipped with a 0.25 mm (i.d.) and
30 m length Stabilwax-DA column. Hydrogen gas was used as carrier gas at 0.8 ml min™.

The average value of three replicates (at least) was used in all cases.

2.2.5.2 Chemical analysis of the gas phase

Methane and carbon dioxide percentages in the gas phase were measured by means of a
Pronova (SSM 6000 Classic) gas analyzer equipped with the proper sensors. As gas phase
hydrogen sulfide concentration was expected to be beyond the gas analyzer measuring range
(5000 ppm), it was measured by bubbling the biogas in a zinc acetate solution (0.2 N) which
was subsequently titrated using standard iodometric procedure (Clesceri et al., 1999). The

average values of three replicates were used in all cases.
2.2.6 Mass balances

Mass balance calculations were done under the steady state conditions of experiments E-1
through E-9.
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2.2.6.1 COD mass balance assumptions
In the COD mass balance, the COD dissolved as CH,4 was calculated as 45 mg COD L™ at 35
°C (Batstone, 2006) and was considered as negligible (< 0.12%). An amount of COD is used
to reduce sulfates, thus producing H,S (as HaSgas, HS™ and [H2S]see). As HoS can escape
during sample filtration introducing possible errors in COD calculations, the COD consumed
by SRB was calculated from the reduced SO, as in Harada et al. (1994). Hence, inf_ COD
leaves the reactor as the components:

(1) eff_COD (Effluent COD = Soluble COD + Suspended solid COD)

(2) COD_ASO4* (COD of reduced SO4)

(3) COD_CHagas (COD converted to gas CHa)
The fraction (expressed as %) of each component to the COD mass balances were calculated
from the above items (1), (2) or (3) divided by inf_COD and the COD recovery as the sum of

those fractions.

2.2.6.2 Sulfur mass balance assumptions
The sulfur mass balance considered negligible influent sulfides. At neutral pH (pH between
6.5-8) the formation of metal sulfide precipitates is also considered negligible (as S* is
negligible) and sulfides occur in the form of [H,S]#e and HS™ (Rinzema and Lettinga, 1988).
Then, the inf_SO,* leaves the reactor as the components:

(1) eff _SO,* (total effluent SO, as sulfur)

(2) S_H2Sgas (H2S in biogas as sulfur)

(3) S_HS  (ionized H,S in the effluent as sulfur)

(4) S_[H2S]sree (free H,S in the effluent as sulfur)
The fraction (expressed as %) of each component to the sulfur mass balances were calculated
from the above items (1), (2), (3) and (4) divided by inf_SO,* and the sulfur recovery as the

sum of those fractions.

2.3 Results and discussion

2.3.1 Dynamical behavior at low SO,*/COD ratios

The dynamical behavior at low ratios (SO,*/COD ratios of 0.05 and 0.10) for the
experiments E-1, E-2, E-3, E-4, E-5 and E-6 is shown in Figure 2.2 (Although the S0~
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/COD ratio for experiment E-7 was 0.10, it is not included here, see explanation in section
2.3.2). The dynamical response of the biogas production and H,S,q (Figure 2.2A), the H,Sgas
and [H2S]see (Figure 2.2B), and the volatile fatty acids and pH (Figure 2.2C) following
inf_COD and inf_SO4* pulses (Figure 2.2D) are depicted.

2.3.1.1 SO,%/COD ratio of 0.05

At a SO,%/COD ratio of 0.05, the increase of inf COD and inf_SO,* (day 8) caused a
gradual increase of biogas production and H;Sgss, While H,S,q and [H2S]fee remained
constant (Figure 2.2A, 2.2B and 2.2D). The stripping effect due to a higher biogas production
keeps H,Saq and [H2S]ee constant despite inf_SO,* was increased, as explained by Wilkie et
al. (2000). At day 16", the further increase of inf_COD provoked a gradual increase of the
biogas production while sulfur species concentrations (H2Saq, [H2S]free and H2Sgas) remained
constant. A stoichiometric amount of 1.49 g SO, is required to degrade 1 g COD (Poinapen
et al., 2009c), therefore the experiments were performed under sulfate limiting conditions
(see SO,/COD ratios in Table 2.3). For that reason, the constant concentration of the sulfur
compounds from day 16" to 19" was attributed to sulfate limitations (constant inf_SO,%). In
addition, the results suggested that the stripping effect due to a higher biogas production is
negligible when inf_SO,* remains constant. A subsequent increase of inf SO.* (day 19)
showed an instantaneous increase of HySgss, keeping H,Syq constant. Therefore, an increase
of HaSgas from 25 to 33% (reducing the biogas quality) is expected when both inf_COD and
inf_SO,* are increased from 21 to 26% at a constant SO,*/COD ratio of 0.05. As the
maximum concentrations of H,S;q and [H2S]fee Were 200 and 75 mg S L™ respectively
(Figure 2.2A and 2.2B), no inhibition of methanogens and SRB was expected. H,S;q and
[H2S]iree inhibitory limits (7.2 < pH < 7.4) have been reported above 564 mg S L™ (Visser et
al., 1996) and 150 mg S L™* (Rinzema and Lettinga, 1988), respectively.
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An increase in the concentrations of propionic (1060 mg L™) and acetic (715 mg L™) acid
was observed from days 16 to 18 as a result of the increase in inf_COD. However, the
increase in the propionic acid concentration together with the slight decrease in acetic acid
concentration, when the inf_SO,” increased on day 19, suggested inhibition of propionate
degrading bacteria (pDB) (Figure 2.2C). This inhibition might occur as a result of propionic
acid concentrations above 900 mg L™ (Demirel and Yenigiin, 2002; Wang et al., 2009), and
[H2S]ee cOncentrations above 70 mg S L™ (Rinzema and Lettinga, 1988), due to the higher
sulfide sensitivity of pDB in comparison to methanogens (Lens et al., 1998). Additionally,
the increase of inf COD could have caused hydrogen accumulation, decreasing the
propionate degradation rate by pDB and accumulating propionic acid (Wiegant and de Man,
1986). Propionic acid accumulation in the anaerobic digestion of vinasse was attributed to
hydrogen accumulation when the OLR was increased to 10 g COD Lg™ d™ in the experiments
of Harada et al. (1996).

2.3.1.2 From a SO,*/COD ratio of 0.05 to 0.10

At day 27, the SO,%/COD ratio of 0.10 was applied (from E-3 to E-4). The double-pulse
inf_COD decrease (- 34%) and inf_SO,> increase (+ 38%) lowered the biogas production (-
25%), increased H;Saq, [H2S]free and HzSgas (up to 400, 100 and 40 mg S L, respectively),
and reduced the propionic acid concentration with 90% after 3 days (Figure 2.2A, 2.2B, 2.2C
and 2.2D). However, at SO,*/COD ratios < 0.10 the predominant route for propionate
degradation has been reported as syntrophic oxidation of propionic acid by pDB coupled to
sulfate reduction by hydrogenotrophic SRB (hSRB) using the generated hydrogen (Visser,
1995). The drastic reduction of the propionic acid concentration was attributed to increased
propionate SRB (pSRB) activity. This assumption was based on several observations: (1) the
inf_COD decrease could reduce the available hydrogen for hSRB increasing the available
S0,> for pSRB, (2) the increase of inf_SO,* additionally increased the available SO,* for
pSRB, (3) propionate is consumed by pSRB (AG' = - 37.8 kJ mol™) rather than pDB (AG' =
+ 76.1 kJ mol™) if sulfates are available (Rinzema and Lettinga, 1988), and (4) in the
anaerobic digestion of vinasse, a similar reduction in the OLR (- 34%) caused 70% reduction
in the propionic acid concentration after 50 days when the inf SO4> was not increased
(Harada et al., 1996).

-4] -



Chapter 2

A frequently reported undesirable phenomenon encountered during the anaerobic treatment
of vinasse is the volatile fatty acid accumulation, principally propionic acid (Espinosa et al.,
1995; Riera et al., 1985). Therefore, the double-pulse ‘inf COD decrease and inf SO4*
increase’ can be considered as an operational strategy to reduce propionic acid accumulation
in the anaerobic treatment of vinasse. In that case, pSRB can contribute to the degradation of
propionic acid at SO4%/COD ratios < 0.10 which is in contrast to literature reports (Batstone,
2006; Batstone et al., 2002; Visser, 1995), that have considered only hSRB activity at these
ratios. Further application of modeling tools based on the Kkinetic coefficients, mass transfer

properties and reactor configuration may support the above findings.

2.3.1.3 SO,*/COD ratio of 0.10

At a SO,%/COD ratio of 0.10 (E-4, E-5 and E-6), the increase of inf_COD and inf_SO4* at
day 37 (Figure 2.2D) doubled H;S;q (600 mg S L") and slightly increased the biogas
production (by 1.7 L d™). As the pH increased above 7.6, [H2S]e remained constant below
the inhibitory limits for methanogens and SRB, while H,Sgs increased by 10% only. A small
deterioration of the biogas quality (increasing by 10% H,Sg.s) was observed when inf_COD
and inf_SO,* were increased by 26%.

At the same time, a reduction of the methane yield from 336 to 306 ml CH, (g COD removed)-l
indicated inhibition of methanogens, likely because H,S;q concentrations exceeded 564 mg S
L (Visser et al., 1996). Carbon dioxide and acetic acid accumulation confirmed inhibition of
both hydrogenotrophic and acetotrophic methanogenic archea (hMA and aMA) while the
consistent hydrogen accumulation could cause pDB inhibition. The [H2S]ee remained around
100 mg S L™ (> 70 mg S L) and pDB were additionally inhibited by free sulfides leading
to propionic acid accumulation (Figure 2.2C).

The theoretical (maximum) sulfur production (H2Ssq and HzSgss) per unit of inf_SO,* fed to
the reactor, in the following denoted as “sulfur yield”, is 333 mg S (g SO4%)*. However,
lower sulfur yields can be found as a result of reactor efficiencies (depending on the fraction
of inf_SO4 released as eff SO4%), being, in turn, affected by variation of the inhibitor
concentration ([H2S]fee and HzSy). Therefore, although H,S,, concentrations around the
inhibitory limits of 615 mg S L™ for SRB (Visser et al., 1996) were found, they were not
inhibited as the sulfur yield increased slightly from 262 to 273 mg S (g SO.*)™.
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An increase of inf_COD and inf_SO4* at day 46 caused reactor instability, as witnessed by
the doubling of the propionic and acetic acid concentrations (both > 1600 mg L), the
decrease of the pH to 7.4 and the doubling of [H2S]sree (190 mg S L), while H,S4q increased
to 638 mg S L™ (Figure 2.2A, 2.2B, 2.2C and 2.2D). A decrease of the methane yield to 268
ml CHa (g COD removed) * and the sulfur yield to 252 mg S (g SO.*)™ suggested inhibition by
H2Saq, [H2Sltee and propionic acid for both methanogens and SRB. Acetic acid
concentrations up to 2400 mg L™ have not been inhibitory to methanogens (Wang et al.,
2009). However, because sulfate reduction studies are mostly based on the use of substrates
with SO,*/COD ratios > 1.5 (Alphenaar et al., 1993; Annachhatre and Suktrakoolvait, 2001;
Isa et al., 1986; Omil et al., 1996; Omil et al., 1997b; Visser, 1995), volatile fatty acid
accumulation is not reported, and for that reason little is known about inhibition of SRB by
propionic and acetic acids.

2.3.2 Dynamical behavior at high SO,%/COD ratios

The dynamical behavior at high ratios (SO,%/COD ratios of 0.10, 0.15 and 0.20) for
experiments E-7, E-8, and E-9 is shown in Figure 2.3. Despite the ratio 0.10 was already
discussed in section 2.3.1.3, it was retaken as the starting point of this section to control
toxicity from previous stage. The biogas production and HyS,q (Figure 2.3A), the H,Sgss and
[H2S]ree (Figure 2.3B), and the volatile fatty acids and pH (Figure 2.3C) following inf_COD
and inf_SO,* pulses (Figure 2.3D) were depicted.

2.3.2.1 SO,%/COD ratio of 0.10 to control toxicity

On day 50, a decrease of inf_COD and inf_SO,* was imposed to control toxicity at a SO,*
/COD ratio of 0.10 (E-7). A biogas production remaining in the same order of magnitude
together with a decrease of H,Syq (576 mg S L™ and H,Stee (130 mg S L) below inhibitory
limits were observed (Figure 2.3A and 2.3B). Both methane and sulfur yield increased to 317
ml CH. (g CODremoved)”™ and 261 mg S (g SO.*)?, respectively, in spite of the persistent
propionic acid concentrations around 2000 mg L™ (Figure 2.3C). Then, propionic acid
concentration remained stable and only sulfide toxicity was partially controlled by reducing
both inf_COD and inf_SO.* by 20%.
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Figure 2.3. Dynamical behavior at high SO,*/COD ratios. Experiments E-7, E-8 and E-9 at
the SO4%/COD ratio of 0.10, 0.15 and 0.20, respectively. (A) biogas production and H2Saq,
(B) [H2S]ree and HaSgas, (C) pH and propionic and acetic acids, and (D) inf_COD and

inf_SO,* pulses
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2.3.2.2 From a $SO4%/COD ratio of 0.10 to 0.15

On day 59, the SO,*/COD ratio of 0.15 was imposed by a double-pulse inf_COD decrease (-
20%) and inf_SO,* increase (+ 22%) as in section 2.3.1.2 (Figure 2.3D). It caused a gradual
reduction of the biogas production to 7.6 L d*, increasing H2Saq, [H2S]free and H2Sgas up to
750, 160 and 60 mg S L, respectively, while propionic acid concentration was reduced by
55% after 3 days (Figure 2.3A, 2.3B and 2.3C). The acetic acid accumulation from day 63
suggested (1) incomplete oxidation of propionic acid by pSRB to acetate, and (2) inhibition
of aMA by HS,q and [H2S]see With a decrease of the methane yield to 262 ml CH4 (g COD
removed) -

Therefore, only the double-pulse ‘inf COD decrease and inf_SO42' increase’ contributed to
the degradation of propionic acid, even at a SO,*/COD ratio of 0.15. However, the acetic
acid accumulation, the higher H»Syq and [H2S]wee, and the lower methane yield suggested

deterioration of the anaerobic digestion process.

2.3.2.3 From a SO,*/COD ratio of 0.15 to 0.20

A subsequent increase of inf_SO,* (E-9, day 69) (Figure 2.3D) caused an overall reactor
failure. It was characterized by acetic acid accumulation (> 3000 mg L™), pH drop (7.2), and
higher [H2S]tee (300 mg S L™). As a consequence, methane and sulfur yields continued to
decrease to 238 ml CHy (g COD removed)”™ @nd 178 mg S (g SO,*)™, respectively. Propionic
acid concentration remained around 1100 mg L™ until the end of the experiments. The
reactor behavior at E-9 suggested incomplete degradation of propionic acid by pSRB as
acetic acid concentration increased, as well as aggravation of the inhibition to methanogens

and SRB as the methane and sulfur yields decreased.

2.3.3 Effect on the mass balances

Although the dynamical behavior of the sulfate reduction process in the anaerobic digestion
was described in the previous sections, the effect of inf COD and inf_SO,* pulses on the
COD and sulfur mass balances was not elucidated. Average values of each component during
experiments E-1 through E-9 at steady state conditions were used for the mass balance

calculations.
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2.3.3.1 Effect on the COD mass balances

The effect of the inf_ COD and inf_SO,* pulses on the COD mass balances is shown in
Figure 2.4 in terms of fractions of the components (eff COD, COD ASO,* and
COD_CHagss) with respect to inf_COD. COD recoveries between 94 and 98% during
experiments E-1 through E-9 (except E-6) showed a closed mass balance. The lowest value
of 87% at E-6 was attributed to reactor instability as discussed in section 2.3.1.3.

Although an increase of inf COD from E-1 to E-3 showed an increase of the biogas
production (Figure 2.2A), the fraction of the COD_CHag,s decreased from 61 to 53%, while
eff_COD fraction increased from 33 to 42%. From E-3 to E-4, an increase in the fraction of
COD ASO,* by a factor of 2 was observed, while COD_CHagss and eff_COD fractions
remained constant (=53%) and decreased (to 39%), respectively. It confirmed that the
double-pulse ‘inf COD decrease and inf_SO4* increase’ improved the anaerobic digestion

process in terms of COD removal.

100 -

80 1

60 1

40 1+

Fractions (%)

20 1

E1 E2 E3 E4 E5 E6 E7 E8 EJ9
O eff_COD O COD ASO.?* B COD_CHy g
Figure 2.4. Fractions of eff COD, COD_ASO,* and COD_CHgs in the COD mass balances
at experiments E-1 through E-9. Remaining fraction in the range reported in literature

(Harada et al., 1994; Poinapen et al., 2009a; Poinapen et al., 2009¢)

An increase of inf_COD from E-4 to E-6 showed a decrease in the COD_CHag,s fraction
while the eff COD fraction increased from 39 to 42%. In general, an increase of inf_COD at
a constant SO,>/COD ratio (0.05 or 0.1) was accumulated in the reactor effluent as eff COD

rather than in the gas phase as COD_CHagss, indicating a deterioration of the anaerobic
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process. From E-7 to E-9, a decrease of the COD_CHag,s fraction until 27%, together with an
increase of the eff COD and the COD ASO4> fractions (up to 61 and 10%, respectively)
aggravated the anaerobic digestion deterioration.

2.3.3.2 Effect on the sulfur mass balances

Figure 2.5 shows the effect of the inf_COD and inf_SO,* pulses on the sulfur mass balances
in terms of sulfur species fractions (eff SO, S_H2Sgas, S_HS™ and S_[H,S]free). Sulfur
recoveries between 90 and 94% during experiments E-1 through E-7 showed closed mass
balances, while the sulfur recoveries were 82 and 86% at E-8 and E-9, respectively. These
lower recoveries were attributed to the formation of sulfurous precipitates (not measured in

this work) when inf_SO,* increased (Annachhatre and Suktrakoolvait, 2001).

100 1

80 1~

60 1~

Fractions (%)

40 A

20 1

E-1 E-2 E-3 E-4 E-5 E-6 E-7 E-8 E-9

O eff SO,2 O S_H,Sy B S_HS B S [H)Slree

Figure 2.5. Fractions of eff_SO,*, S_H,Sgs, S_HS™ and S_[H2S]ree in the sulfur mass
balances at experiments E-1 through E-9. Remaining fraction in the range reported in
literature (Harada et al., 1994; Poinapen et al., 2009a; Poinapen et al., 2009c)

From E-1 to E-3 (SO,”/COD ratio = 0.05) a remarkable increase in the S_H,Ss fraction was
observed (from 43 to 57%). Then, the increase of the inf_COD and inf_SO4* provoked sulfur
accumulation in the gas phase (as S_HSgs) rather than the liquid phase, causing
deterioration of biogas quality. From E-3 to E-4, sulfur displacement to the liquid phase
between acceptable inhibition limits was observed (as the fractions to the COD mass
balances indicated improvement of the anaerobic digestion). Although those fractions
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seemed stable during E-4, E-5, E-6 and E-7, a deterioration of the anaerobic digestion was
observed from the COD mass balance fractions during E-5, E-6 and E-7 (Figure 2.4). The
sulfur mass balance fractions could not explain this observation and it was attributed to the
proximity of H,Syq and [H2S]iree to the inhibitory limits during E-5, E-6 and E-7 (Figure 2.2A,
2.2B, 2.3A and 2.3B).

During E-8, the increase of inf_SO,* resulted in an increase in S_HS and S_[H,S]see, Which
suggested an increase of the sulfide toxicity (H,S.q and [H2S]see). From E-1 to E-8, the
eff_SO,* fraction remained constant and SRB were able to assimilate the gradual increase of
inf_SO,* (See Table 2.3). However, experiment E-9 showed a remarkable increase in the
eff SO,% fraction (from 13 to 28%) while the COD ASO,* fraction remained constant
(Figure 2.4), indicating failure of the sulfate reduction process. In general, a sulfur
displacement to the gas phase was observed at the SO,%/COD ratio of 0.05 or to the liquid
phase at SO,*/COD ratio > 0.10; while sulfate accumulation during E-9 indicated a

deterioration of the sulfate reduction process.

2.3.4 Usefulness, limitations and uncertainty sources

Additional information is required on the usefulness, limitations and uncertainty sources of
the dynamical data for modeling purposes. The complete set of dynamical data for COD,
sulfur and carbon is provided in Appendix B.

In terms of modeling, the ADM1 model (Batstone et al., 2002) has been considered as one of
the most sophisticated and complex anaerobic digestion models (Dereli et al., 2010; Fezzani
and Cheikh, 2008). It has been referenced in approximately 50% of the modeling papers
published until 2013 (Batstone, 2013). In spite of that some limitations were found in the
original ADM1, such as: absence of processes related to sulfur, phosphorous and nitrogen
conversions (Batstone et al., 2002). Although some extensions have been proposed to
overcome these limitations, consolidation of the existing extensions is still required
(Batstone, 2013). As this study characterized the sulfate reduction process in the anaerobic
digestion of a very high strength and sulfate rich vinasse, rendering closed COD and sulfur
mass balances, the data presented here are considered useful to predict the anaerobic

digestion of vinasse including the sulfate reduction processes.
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As data were obtained while pH variations were in a narrow range during the whole
experimental period (7.3 to 7.7, except for days 73, 74 and 75) (Figure 2.2C and 2.3C), the
prediction of aqueous phase pH in the anaerobic treatment of vinasse was beyond the scope
of this study. Species influencing the aqueous phase pH, such as phosphorous (P) and
nitrogen (N) inorganic compounds were considered to be low in concentration and solely
used for biomass cell growth, since the ratio COD: N: P in the fed vinasse (400:4:0.72)
indicated limiting N and P nutrients (optimum 400:5:1, (Aiyuk et al., 2004; Thaveesri et al.,
1995)). Our values agreed with the ratios COD: N: P reported in most of vinasse obtained
from the distillation of fermented sugar cane molasses (Wilkie et al., 2000).

Dynamic data for carbon was also included in Appendix B, for completeness, and to reduce
the degree of freedom when data is being used for modeling purposes. Although the carbon
content of CH,4, CO,, HCOg3', soluble inert and volatile fatty acids (HVa, HBu, HPr, HAC)
were determined in the reactor effluents, a difference remained in the carbon balance
(Appendix B, Carbon in vinasse - Total Carbon in the effluent). This difference was
attributed to the existence of soluble compounds (mainly sugars and amino acids, See Table
2.2) in the effluent as a consequence of reactor inefficiencies and/or the carbon consumption
for biomass cell growing, being a source of uncertainty in the present data set.

Therefore, the set of dynamic data that describe the COD, sulfur and carbon mass balances
depicted in Appendix B can be considered an archive of data for modeling, when sulfate
reduction in the anaerobic digestion of a very high strength and sulfate rich vinasse is of

primary interest.

2.4 Conclusions

The highest variation of the biogas quality in terms of H,S content is expected when
inf_ COD and inf_SO,* increase at a SO4>/COD ratio of 0.05. In addition, the double-pulse
‘inf COD decrease and inf SO,* increase’ reduced the propionic acid accumulation up to
90%. In these cases, strong contribution of pSRB at SO,*/COD ratios < 0.10 was suggested,
being in contrast to literature reports. This can be considered as an operational strategy to
reduce propionic acid accumulation in the anaerobic treatment of vinasse. Influent COD and
sulfate fluctuations at a SO,%/COD ratio of 0.10 caused inhibition by HSa, [H2S]free and
propionic acid to SRB, methanogens or both. At SO,%/COD ratios of 0.20 this inhibition

- 49 -



Chapter 2

became severe leading to reactor failure. Further application of modeling tools based on the
kinetic coefficients, mass transfer properties and reactor configuration could support the
above findings.

At steady state conditions, the mass balances showed COD and sulfur recoveries from 90 to
98% in most of the cases. The COD mass balances showed that an inf_COD increase at a
constant SO4*/COD ratio (0.05 or 0.1) resulted in an eff COD increase rather than in a
COD_CHagss increase, indicating a deterioration of the anaerobic digestion process. The
sulfur mass balances indicated a sulfur displacement to the gas phase at a SO4%/COD ratio of
0.05 or to the liquid phase at SO,*/COD ratio > 0.10 when influent COD and sulfate
concentration increased; while sulfate accumulation in the effluent at the end of experiments
indicated a deterioration of the sulfate reduction process. Based on the closed mass balances
results, the data presented here are considered reliable for calibrating mathematical models,
when sulfate reduction in the anaerobic digestion of a very high strength and sulfate rich

vinasse is of primary interest.
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CHAPTER 3

Modeling the anaerobic digestion of cane-molasses vinasse: extension of the Anaerobic
Digestion Model No. 1 (ADM1) with sulfate reduction for very high strength and sulfate

rich wastewater

This Chapter presents the modeling of the anaerobic digestion of cane-molasses vinasse,
hereby extending the Anaerobic Digestion Model No. 1 with sulfate reduction for a very high
strength and sulfate rich wastewater. Based on a sensitivity analysis, four parameters of the
original ADM1 and all sulfate reduction parameters were calibrated. Although some
deviations were observed between model predictions and experimental values, it was shown
that sulfates, total aqueous sulfide, free sulfides, methane, carbon dioxide and sulfide in the
gas phase, gas flow, propionic and acetic acids, chemical oxygen demand (COD), and pH
were accurately predicted during model validation. The model showed high (x10%) to
medium (10% - 30%) accuracy predictions with a mean absolute relative error ranging from
1% to 26%, and was able to predict failure of methanogenesis and sulfidogenesis when the
sulfate loading rate increased. Therefore, the Kinetic parameters and the model structure
proposed in this work can be considered as valid for the sulfate reduction process in the
anaerobic digestion of cane-molasses vinasse when sulfate and organic loading rates range
from 0.36 to 1.57 kg SO,* m™ d™* and from 7.66 to 12 kg COD m™ d, respectively.

Redrafted from:

Ernesto L. Barrera, Henri Spanjers, Kimberly Solon, Youri Amerlinck, Ingmar Nopens, Jo
Dewulf. Modeling the anaerobic digestion of cane-molasses vinasse: extension of the
Anaerobic Digestion Model No. 1 (ADM1) with sulfate reduction for very high strength and
sulfate rich wastewater. Manuscript submitted to Water research.
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3.1 Introduction

Many industrial processes, especially in food and fermentation industries, generate
wastewaters with high levels of chemical oxygen demand (COD) and sulfate (Zub et al.,
2008). Vinasse obtained from ethanol distillation in the sugar cane industry (cane-molasses
vinasse) is a typical example of very high strength and sulfate rich liquid substrate (Barrera et
al., 2013). Hence, the anaerobic digestion of vinasse promotes the activity of sulfate reducing
bacteria (SRB) producing sulfide. The latter is distributed among aqueous sulfide (H,S free,
HS and S%), hydrogen sulfide in the biogas and insoluble metallic sulfides.

Modeling has proven to be an important tool for understanding, design and control of the
sulfate reduction process (Batstone, 2006). A simple approach to model sulfate reduction is
by considering the oxidation (by SRB) of the available hydrogen only (Batstone, 2006).
However, in systems with high sulfate concentrations volatile fatty acids (butyric, propionic
and acetic) have, to be included as electron donors in the sulfate degradation reactions in
addition to hydrogen (Batstone, 2006). Barrera et al. (2014) provided a characterization of
the sulfate reduction process in the anaerobic digestion of a very high strength and sulfate
rich vinasse. The authors demonstrated that propionate sulfate reducing bacteria considerably
contribute to propionic acid degradation at SO4%/COD ratios < 0.10 as a result of hydrogen
limitation. This suggests that reactions involving volatile fatty acids need to be included to
properly model sulfate reduction in the anaerobic digestion of such vinasses. The Anaerobic
Digestion Model No. 1 (ADM1), developed by the IWA Task Group for Mathematical
Modeling of Anaerobic Digestion Processes, is one of the most sophisticated and complex
anaerobic digestion models, involving 19 biochemical processes and two types of
physiochemical processes (Batstone et al., 2002). The simple approach of Batstone (2006) to
model sulfate reduction as an extension of ADM1 has been used to model the anaerobic
digestion of vinasse under dynamic conditions without success, exhibiting under prediction
of H,S and over prediction of volatile fatty acids (Hinken et al., 2013). In order to extend
ADM1, Fedorovich et al. (2003) included the sulfate reduction process starting from
previously reported work (Kalyuzhnyi et al., 1998; Kalyuzhnyi and Fedorovich, 1998;
Knobel and Lewis, 2002; Ristow et al., 2002). The approach of Fedorovich et al. (2003) can
be considered as complex because of the inclusion of valerate/butyrate, propionate, acetate

and hydrogen in the sulfate degradation reactions (Batstone, 2006). This model (Fedorovich
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et al., 2003) was calibrated for organic deficient (SO,%/COD ratios > 1.5) synthetic
wastewaters (Omil et al., 1997a; Omil et al., 1996), hereby focusing on volatile fatty acids,
sulfates and methane gas phase concentrations. Furthermore, the agreement between model
and experimental values for the concentrations of total aqueous sulfide (Snzs), free sulfides
(Shasfree) and gas phase sulfides (Sgasn2s) Was not reported. Likely because of these
limitations, the extension of Fedorovich et al. (2003) is not commonly used (Lauwers et al.,
2013).

Consequently, an extension of ADM1 with sulfate reduction to model the anaerobic digestion
of a very high strength and sulfate rich vinasse may overcome the current limitation of
models by (1) describing the sulfate reduction process in the anaerobic digestion of vinasse,
(2) predicting the sulfur compounds in both the gas and liquid phases, (3) increasing
applicability of ADML to specific industrial wastewaters (vinasse), and (4) simplifying the
existing approach to reduce complexity and to support further implementations.

Therefore, the work presented here attempts to model the anaerobic digestion of real cane-
molasses vinasse by extending ADM1 with sulfate reduction for a very high strength and
sulfate-rich complex wastewater, including volatile fatty acids (propionic and acetic acids) in

the sulfate degradation reactions, hereby including an accurate prediction of Spas, Shos free @Nd

Sgas,th-

3.2. Materials and methods

3.2.1. Experimental data

Experimental observations from a characterization study of the sulfate reduction process in

the anaerobic digestion of a very high strength and sulfate-rich vinasse (Barrera et al., 2014)

were used for model calibration and validation (Chapter 2). During these experiments a 3.5 L

UASB reactor was operated under dynamic conditions for a period of 75 days (following a

55 day start-up period). The experimental set-up, analytical methods and operating

conditions are described in detail in Chapter 2. They can be briefly described as follows,

where the E-codes indicate successive experiments conducted under different operating

conditions:

e E-1to E-3: the concentration of influent COD and SO,* was gradually increased while
keeping the SO,>/COD ratio at 0.05.
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e E-3to E-4: the influent SO,* was increased whereas the influent COD concentration was
decreased to increase the SO4%/COD ratio to 0.1.

e E-4to E-6: the concentration of influent COD and SO,* was increased while keeping the
S0O,*/COD ratio at 0.1.

e E-7: the concentration of influent COD and SO,* was reduced to control toxicity, keeping
the SO,*/COD ratio at 0.1.

e E-8 and E-9: the influent SO,* was increased while keeping a constant influent COD
concentration to increase the SO,*/COD ratio to 0.15 and 0.20, respectively.

Operating conditions were grouped in data set D1 (operating conditions E-1, E-2, E-3 and E-

4 in Chapter 2) for calibration and direct validation, and data set D2 (operating conditions E-

5, E-6, E-7, E-8 and E-9 in Chapter 2) for cross validation.

3.2.2. Model description and implementation

The original ADML is described in a scientific and technical report prepared by an IWA Task
Group (Batstone et al., 2002). This model takes into account seven bacterial groups. The
biological degradation processes are described using Monod kinetics, while the extracellular
processes (disintegration and hydrolysis) and the biomass decay are described using first-
order kinetics.

The ADM1 extension with sulfate reduction for very high strength and sulfate rich
wastewater was implemented in MatLab/Simulink 2008b (see the simulink architecture in
Appendix C) following the original ADM1 (Batstone et al., 2002) and the approaches
discussed in Chapter 1 (Barrera et al., 2013). The model was implemented as a set of
ordinary differential equations using the ODE 15s as numerical solver (see the c-codes in
Appendix D). Based on experimental observations previously discussed in Chapter 2
(Barrera et al., 2014), butyric acid was neglected as organic matter for SRB in the model
structure (< 5% of the total volatile fatty acids concentration), whereas propionic (considered
incompletely oxidized by propionate SRB) and acetic acids, as well as hydrogen, were
considered as the electron donors for the sulfate reduction processes following the

biochemical degradation reactions (3.1), (3.2) and (3.3) below:

C,HsCOOH + 0.75H,S0, — CH;COOH + CO,+H,O + 0.75H,S (3.1)
CH5;COOH + H,SO0, — 2C0,+2H,0 + H,S (3.2)
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4H, + H,S0, - H,S+4H,0 (3.3)

Consequently, three SRB groups were considered to be active inside the reactor; i.e.
propionate sulfate reducing bacteria (pSRB), acetate sulfate reducing bacteria (aSRB) and
hydrogenotrophic sulfate reducing bacteria (h\SRB). A dual term Monod type kinetics was
used to describe the uptake rate of these substrates (Fedorovich et al., 2003). The
biochemical rate coefficients (vij) and Kkinetic rate equation (p;) for soluble and particulate
components are listed in Table 3.1. Similar to decay of other microbial species, first order
kinetics was used to describe the decay of SRB. Additionally, rate coefficients and kinetic
rate equations for acid-base reactions for sulfides and sulfates (in the form recommended by
Rosen and Jeppsson (2006)) were considered (Table 3.2). Un-dissociated sulfuric acid
(H,S0,) and sulfide ions (S*7) were considered negligible and were not included in the acid-
base reactions. As sulfuric acid is a strong acid (pKa < —2), it can considered completely
dissociated, whereas sulfide ions S*~ exist in small amounts (pKa ~14) in the liquid phase of
anaerobic reactors in which a pH between 6.5 and 8 is required. The dissociation equations

3.4 and 3.5 were included in the model.

HSO; 2 H* +S05~ pK,; =1.99 (3.4)

H,S 2 H* + HS™ pK,; =7.01 (3.5)

To model the stripping of H,S, the liquid phase yield coefficient (vi;) and the rate equations
(pj) for liquid-gas transfer process were also included (Table 3.3). Nomenclature in Table 3.1,
3.2 and 3.3 was adopted from ADML1 (Batstone et al., 2002).

Despite the fact that Sp,s has been found to inhibit anaerobic digestion (Visser et al., 1996),
for modeling purpose only Spasfree Was assumed to be inhibitory for modeling purposes
(Kalyuzhnyi et al., 1998; Kalyuzhnyi and Fedorovich, 1998; Knobel and Lewis, 2002;
Ristow et al., 2002). A non-competitive inhibition function for sulfides (lnzs;) was considered
in all cases (Knobel and Lewis, 2002). The inhibition terms I, and I, were adopted from the
original ADM1 for the uptake of sugars, amino acids and long chain fatty acids (processes
not shown in Table 3.1).
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Table 3.1. Biochemical rate coefficients (vij) and kinetic rate equation (p;) for soluble and particulate components added to ADM1 to

model the sulfate reduction process in the anaerobic digestion of cane-molasses vinasse

Component i > 6 7 8 8a 9a 10 11 13 2la 22a  23a Rate
< -3 -1
J Process W Spro Sac Sha Ssoa Shas Sic Sin X Xpsre ~ Xaske  Xnsrs (p, kg COD m™ d")
Uptake of z C S St
10a  Propionate by 1 (1-Ypsrg)0.57 (1-Ypspp)0-43 (1-Ypspp)0.43 7 i¥§10a Knpsee Tyt g Xrseals
pSRB - 64 64 i::11]7?2’d4 'YpSRB 'Nbac YpSRB S.pro ' Ppro S,504,pSRB ' Pso4
11a Uptake of Acetate Cvin k o See Ssot Noann'l
by aSRB . (1-Y,srp) (1 — Yasre) L Ll m,aSRB KsactSac Kssonasrat St aSRB" 14
-1 64 64 i=11-24 -Yasre'Nbac Yasrs
Uptake of
1-Y 1-Y Cyv; Shz Ssoa
12a  Hydrogen by -1 { 6TRB) ( 6TRB) L M2 Yygpp Niac Yosre | Kmnsre g —o—'¢ - 5 Xasraly
pSRB w1124 S,i2TOh2 s 504, hSRBT D504
17a  Decay of Xysre “Chac + Cxc “Npac T Nye 1 -1 KaeexpsrB XpsrB
18a  Decay of Xasre “Cpac t Cxc “Npac T Nye 1 -1 kdec,XaSRB'XaSRB
19a  Decay of Xnsrs “Cpac t Cxc “Npac T Nye 1 -1 kdec,XhSRB'XhSRB
Inhibition term for Xcs & Xpro
& (See I, in (Batstone et al., 2002))
— 1S
P g "g _ P 8 B I3 " Thasg—o
g — S E «‘E\ e = g . < Inhibition term for X
f = @ % 3 .
o IS o> ) < S <] c o IS ~ (See I3 in (Batstone et al., 2002))
o Q =3 £ ” = E a o &) Q
2 3 S g = = 2 |9 & I
£ o 9 g > 3 =t 8 < o g 3 " lh2s11
(=) [ —
2 2 - 2 k= S S 2 | o 2 5 Inhibition term for X,
& o o @ b= = = ~ x o < .
2 IS S 5 @ © = 4] @ o 5] (See 1, in (Batstone et al., 2002))
2 g =3 = g 2 2 Z |8 | @ S
5 | B = E g 5 5 = |2 |§ |¢ i bz
& & & & =4 5 5 g s k3 =4 hibiti P h
2 2 2 2 e IS 2 8 IS b Z Inhibition term for pSRB, aSRB & hSRB

Iy = lpn,(10a,11a,12a) * Ih2s,(10a,11a,122)
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Table 3.2. Rate coefficients (vij) and kinetic rate equation (p;) for acid-base reactions in the
differential equation implementation added to ADM1 to model the sulfate reduction process in

the anaerobic digestion of cane-molasses vinasse

Component>i | 8a.l 8a.2 9a.1 9a.2 Rate
j  Process v Shsos-  Sso42-  Shosfree  Shs- (p, kmol m> d)
Al12 | Sulfide acid - base 1 1| Kasnos (Shs- (St Kanzs ) -Kanos Shas sotal)
A13 | Sulfate acid -base 1 -1 KB sod® (Sso&mml~SH+-(Ka,SO4+SH+))

Table 3.3. Liquid phase yield coefficient (vij) and rate equations (p;) for the liquid-gas transfer
process added to ADM1 to model the sulfate reduction process in the anaerobic digestion of

cane-molasses vinasse

Component i> %9a Rate
i Process V Shas free (p, kmol m3d™?)
T9a H,S Transfer -1 kpa- (ShZS,free — Kiihos - pgas,th)

However, the inhibition term for valerate, butyrate and propionate degraders (I, in Batstone et al.
(2002)) as well as the inhibition term for acetotrophic methanogens (I3 in Batstone et al. (2002))
and the inhibition term for hydrogenotrophic methanogens (I, in Batstone et al. (2002)) was
multiplied by lnosj in order to include the free sulfide inhibition in this model extension. The
inhibition term 1, was added to account for pH inhibition (lpH;) and lnps; of pSRB, aSRB and
hSRB (see inhibition terms in Table 3.1). All pH inhibitions were based on the Hill function as
suggested in (Rosen and Jeppsson, 2006).

3.2.3. Model inputs and initial conditions
The influent characterization of cane-molasses vinasse is shown in Table 3.4. Sugar, protein and
lipid contents were experimentally determined in the filtered and unfiltered vinasse and used to

calculate the soluble sugars (Ss) and particulate carbohydrates (X¢), the soluble amino acids
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(Saa) and particulate proteins (Xp) as well as the long chain fatty acids (St,) and particulate lipids
(X;i), respectively. The total cation concentration was determined as the sum of Na*, K*, Ca?",
Mg®*, Mn?*, and Zn** species concentrations whereas NO,", NOs", PO,%, and CI” concentrations

were used to determine the total anion concentration of vinasse.

Table 3.4. Model based influent characterization of raw cane-molasses vinasse

Components Names Units Values
Solubles

Ssu Sugar concentration kg COD m™ 33.73
Saa Amino acid concentration kg COD m™ 5.82
Sta LCFA concentration kg COD m 0.09
Sac Acetic acid concentration kg COD m 1.36
Ssi Inert concentration kg COD m? 16.97
SCoD Soluble COD concentration kg COD m* 57.97

Particulates

Xeh Carbohydrate concentration kg COD m™ 6.91
Xor Protein concentration kg COD m? 0.09
Xii Lipid concentration kg COD m* 0.14
X Inert concentration kg COD m™ 0.00
Xe Composite concentration kg COD m™ 0.00
XCOD Particulate COD concentration kg COD m™ 7.15
TCOD Total COD kg COD m™ 65.12
Total cation  Total cation concentration kmol m™ 0.315
Total anion  Total anion concentration kmol m™ 0.073

The difference between the soluble COD (SCOD) and the total COD of Sg;, Saa, Sta and S,c was
assumed to be the soluble inert concentration of vinasse (S;). Similarly, the difference between
the COD concentration of the particulate matter (XCOD) and the total COD of Xcn, Xyr and Xj;
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was assumed to be the particulate inert concentration of vinasse (X;) (See Table 3.4). The
concentrations of these known input variables (Ssy, Saa, Sta, Sac, Si, Xen, Xpr, Xii, and X;) under
specific operating conditions (E-1 to E-9) were calculated from the total COD (TCOD) of the
diluted vinasse at these operating conditions and the compositions of raw vinasse as given in

Table 3.4. This is illustrated for sugars in Eq. 3.1.

Ssu_operating conditions (E-1 to E-9) =
_ TCOD_diluted_vinasse_operating conditions (E-1 to E-9) ‘
- TCOD raw vinasse Table 3.4 su_raw vinasse_Table 3.4
(3.1)
ADM1 requires a large number of input variables. Reasonable assumptions were made for the

concentration of the unknown input variables Spy, Scha, Xsu, Xaa, Xta, Xea, Xpror Xac, Xn2, Xpsra,
Xasre and Xpsre. Their default concentrations in ADM1 were set for the operating condition E-1,
whereas concentrations for the cases E-2 to E-9 were calculated similar to Eqg. 3.1 (see all the
input values in Appendix E).

The initial conditions for the dynamic simulation were estimated as recommended by Rieger et
al. (2012). Steady state simulations were run and the values of the state variables at the end of
this simulation period were used as initial conditions for the dynamic simulation. Since this
procedure assumes that the reactor is operated in a typical way for an extended period prior to
the dynamic simulation (similar to the experiments used for calibration and validation), this was

considered sufficient to establish the initial conditions for this work (Rieger et al., 2012).

3.2.4. Sensitivity analysis

Despite the fact that all parameters affect the model output, the output sensitivity differs from
one parameter to another. Sensitivity analysis has been widely applied to reduce model
complexity, to determine the significance of model parameters and to identify dominant
parameters (Dereli et al., 2010; Silva et al., 2009; Tartakovsky et al., 2008).

The local relative sensitivity analysis method (Dochain and Vanrolleghem, 2001) is employed
here in order to calculate sensitivity functions for the dynamic simulations. The numerical
calculation of sensitivity functions uses the finite difference approximation (Dochain and
Vanrolleghem, 2001). The sensitivities are quantified in terms of the variation of measurable

process variables under the perturbation of model parameters in their neighborhood domain (Eq.
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3.2). The value of the perturbation factor 6 was chosen such that the differences between the

resulting sensitivity values of different parameters can be detected.

_ 9yn®/yn® _ (yn(t 6y +3 0m)=yn (t Om))/yn (t Om)
Tam(®) = =570 = ™ (32)

where I, ;,, is the dimensionless sensitivity value of the n™ process variable with respect to the
m™ model parameter; y,, (n = 1,. . .,9) denotes the n™ process variable (i.e. Spror Sac, PH, Qgas (gas
flow), Sgascha, Sgascozs Ssoas Shas, aNd Sgashzs); Oy, 1S the m™ model parameter, m = 1,. . ., 40 (see
parameters in Appendix F); and 0, + & - 0,, is the perturbated parameter value. The sensitivity
values for each process variable to each model parameter for data set D1 (days O to 36) and data
set D2 (days 37 to 75), were computed as Y, I, ,(t) (expressed as % in respect to the
total 3, Y I, m(t) ) and arranged in descending order.

3.2.5 Model calibration, parameter uncertainties and validation procedure

Calibration of the more sensitive model parameters is now required. Model calibration was
performed on an expert —basis by a trial and error approach, driven by knowledge from the
sensitivity analysis and using the parameter ranges reported in the literature as constraints. The
iterative procedure reported by (Dereli et al., 2010) was applied.

In order to provide information about the uncertainty of the calibrated parameters, confidence
intervals (CI) for the resulting set of parameters were calculated based on the Fisher information
matrix (FIM) (Eq. 3.3) (Dochain and Vanrolleghem, 2001).

FIM = T5, G2 (0)T I G2 () (33)

Where, dy,/ 0., (t) are the absolute sensitivity values and Y.~ is calculated as the inverse of
the covariance matrix of the measurement error (Dochain and Vanrolleghem, 2001).
Subsequently, the covariance matrix (COV) can be approximated by the inverse of the FIM
matrix (COV = FIM™) and the standard deviations (o) for the parameters (6,,,) can be obtained
by using Eq. (3.4) (Dochain and Vanrolleghem, 2001).

5(01)=/COVp (3.4)

Confidence intervals for the parameters (Eq. 3.5) were calculated for a confidence level of 95%

(0=0.05) and the t-value was obtained from the Student-t distribution.
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O ta,af O (Om) (3.5)

Once a set of estimated parameters has been obtained, it is necessary to question the predictive
quality of the resulting model through validation (Donoso-Bravo et al., 2011). Direct and cross
validation are usually considered as steps of the model validation procedure (Donoso-Bravo et
al., 2011). Therefore, the data was divided into two subsets as recommended by Donoso-Bravo et
al. (2011): (1) data used during model calibration (data set D1) for direct validation, and (2)
unseen data (data set D2) for cross validation. The accuracy of the predictions for direct and
cross validation were determined by using the mean absolute relative error and they were
classified as high (£10%) or medium (10% - 30%) accurate quantitative prediction (Batstone and
Keller, 2003).

3.3. Results and discussion

3.3.1. Sensitivity analysis

Steady state simulations using the ADM1 benchmark parameter values (Rosen and Jeppsson,
2006) and values given by Fedorovich et al. (2003) for sulfate reduction showed discrepancies
greater than 50% between the experimental results and the model predictions.

To further improve the dynamic predictions, a sensitivity analysis was performed under dynamic
conditions in order to determine the most important parameters to be used in the dynamic
calibration. The resulting local sensitivity values (X T; /X Y I'nm, expressed as %) for each
process variable (Spro, Sac, PH, Qgas, Sgascha, Sgascozs Ssoas Shas, aNd Sgasnzs) are shown in Figure
3.1. The perturbation factor & was set as 1% for all the calculations as in (Tartakovsky et al.,
2008). It is noteworthy that negative values indicated a decrease of the process variable when the
parameter was perturbed.

Figure 3.1 allows the identification of the most sensitive model parameters for each process
variable. For example, the process variable Sy is highly sensitive to parameters Kmnsre, Ksnsre
and Y, (see nomenclature of the parameters in Appendix F), whereas S is highly sensitive to
km.ac and Y. The fact that some model parameters affected several process variables at the same
time (e.g. the model parameter Y, affected the process variables Sy, PH, Sgas cha 8N Sgas co2) WaS
also useful for model calibration. Additionally, it was observed from the sensitivity analysis that
the effect of the model parameters from days 0 to 36 (data set D1) varied in comparison to those
from days 37 to 75 (data set D2) (Figure 3.1). In that sense, an increased sensitivity towards
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Kmnsre ON Spro Was observed near the end of the experiments (data set D2) because of the
increase of influent sulfates (see experimental conditions in Chapter 2), which made the sulfate
reduction process predominant leading to a higher sensitivity (with respect to data set D1).

K,
m,hSRB Ks,hsrB I Km.h2
Ks hsre Km,h2 — Yho
:su Ks,h2 D K| h2s,n2
Ym,hZ km,c4 [ km,pSRB
h2 Ki,h2s,hSRB Il YpsrB
Ks.n2 Ks,s04,psRB [ Km,hsrRB
:ac Ks,aa i YhsrB
Ymé?;B kKIYhZS'CA Ki h2s,psrB
s W o) m,aSRB Ks,hsrB
- , P gas Kdecxh2 Sso4 Km,asrB
-60,00 60,00 -60,00 60,00 -60,00 0,00 60,00
Km,ac Km,h2 |:I Km,h2
Yac Km,hsrB [ KshsrB
Km,psrB Yha /T Yh2
YpsrB Yhsre (]| K| h2s,h2
Kih2s,ac Ks h2 Km psre
Km h2 Km.ac Ypsra
Ks hsre Ks.hsrB Ki,h2s,psrB
Ks,ac Yac :((m.aSRB
Yh2 K aSRB
S K Sgas,cha rasRe Shz K
ac m,aSRB gas,cl Ysu S 1,h2s,aSRB
] " . : . .
60,00 60,00 -60,00 60,00 60,00 0,00 60,00
Km,nhsrB Km,hsrB C—1 Km,h2
Ks h2 Ksh2 C_1 Kshsre
Yhsra YhSRB 1 :hz
YSU m,ac
Km.h2 km h2 L(I,hZS,hZ
Km,psrB Km,asrB m,pSRB
Ypsre Yh2 YpsrB
Yh2 Ks hsrB Yac
Ks hsre YaSRB Km,asrB
pH Km,ac Sgas,coz Km,ac Sgas, h2s YhsrB
60,00 60,00 60,00 60,00 60,00 0,00 60,00
ETm X I‘n’m (expressed as %) T, m/ZX T, , (expressed as %) T, m/ZX T, (expressed as %)
Dataset D1 B Dataset D2

Figure 3.1. Most sensitive model parameters arranged in descending order, for the process

variables Spr01 SaC1 pH, ans, Sgas,ch4, Sgas,coZa Sso4, ShZS, and Sgas,th

Therefore, the sensitivity analysis enabled ranking the effect of the model parameters on each

process variable, which yields information useful for model calibration.

3.3.2 Model calibration

The model was calibrated using 36 days of dynamic data obtained in Chapter 2 (data set D1).
During these days, the organic loading rate (OLR) of the upflow anaerobic sludge bed (UASB)
reactor was gradually increased from 7.66 to 12.00 kg COD m™ d™* and later reduced to 7.9 kg
COD m™ d™. At the same time, the sulfate loading rate (SLR) was increased from 0.36 to 0.76 kg

-62 -



Chapter 3

50,2 m® d* at a constant hydraulic retention time of 4.86 days, resulting in an increase of the
S0,%/COD ratio from 0.05 to 0.10 (see Chapter 2) (Barrera et al., 2014).

Initial values of the model state variables were taken from steady state simulations at the
operating conditions of E-1 and the dynamic input variables were calculated from the influent
characterization of cane-molasses vinasse (Table 3.4), as illustrated in Eq. 3.1.

An iterative method (Dereli et al., 2010) was applied for the calibration of the most sensitive
parameters by fitting the model to the experimental results for the process variables Se4, Shos,
Shas freer Sgas,hzs, Qgass Sgas.chas Sgas,cozs Sproy Sac, €ff_COD (effluent COD) and pH. Although a larger
number of ADM1 parameters were sensitive to the process variables (Figure 3.1), only Km pro,
Km.ac, Kmn2, and Yp, were used for calibration, as the sensitivity analysis revealed them to be
among the most sensitive model parameters (Figure 3.1). In this way, the number of calibrated
ADML1 parameters was kept to a strict minimum. In addition, all sulfate reduction parameters
(70% among the most sensitive parameters of Figure 3.1) were calibrated. The estimated
parameter values providing the best fit (based on the mean absolute relative error) between
model predictions and experimental results are reported in column 7 (Calibration this work) of
Appendix F. All other parameters were adopted from Rosen and Jeppsson (2006).

During calibration, the values obtained for Km pro, Km,ac, and Km 2 Were in agreement with values
used to calibrate the anaerobic digestion of cane-molasses (Romli et al., 1995) (Column 5,
Appendix F). The fact that parameter values used for calibration in (Romli et al., 1995) were
used for calibration in this work, was likely because of the similar characteristics of both
substrates (cane-molasses and cane-molasses vinasse, respectively), which favored the uptake
rate of propionate, acetate and hydrogen leading to required modification (in respect to ADM1
parameter values) of Km pro, Km,ac, and Kmn2 during the calibration in this work (Appendix F).
Concerning the calibration of the sulfate reduction parameters, the yield coefficients, the Monod
maximum specific uptake rates and the half saturation coefficients were found in the range of
values found in Chapter 1 (Barrera et al., 2013). However, the 50% inhibitory concentrations of
free H,S (Appendix F) were lower than the values used to calibrate the sulfate reduction
processes (Barrera et al., 2013), but similar to experimental values reported as inhibitory (150
mg S L™ (0.0047 kmol m™3)) for methanogens and SRB (except for propionate degraders, which
is 70 mg S L™ (0.0022 kmol m™3)) (Rinzema and Lettinga, 1988). These values agreed well with
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the experimental observations (Chapter 2) (Barrera et al., 2014) used for calibration in this work
and therefore they can be considered a better approximation for the real phenomena.

In contrast, fitting of Kssospsre, Kssosasre, and Kssosnsre Was required to predict Ssos as these
parameters solely impact this process variable (results not shown). Values 10 times higher than
those from Chapter 1 (Barrera et al., 2013) were retrieved for Kssospsre, Kssosasre, and
Kssosnsre. This observation was attributed to the use (by previous modelers) of experimental
observations based on organic deficient substrates (SO,*/COD ratios > 1.5) (Alphenaar et al.,
1993; Omil et al., 1997a; Omil et al., 1996) to fit models (Fedorovich et al., 2003; Kalyuzhnyi et
al., 1998), by increasing the maximum specific uptake rate and decreasing the half saturation
coefficient of SRB. The half saturation coefficient for hSRB (Kshsrs) agreed well with values
reported (Batstone et al.,, 2006) and was 86% of the half saturation coefficient of
hydrogenotrophic methanogenic archea (hMA), showing that hSRB can outcompete hMA for
hydrogen (Omil et al., 1997a; Rinzema and Lettinga, 1988).

3.3.3 Parameter uncertainty estimation
The confidence intervals (CI) for the calibrated parameters are shown in Appendix F. They were
found to be below 20% in all cases which yields a satisfactory confidence in the determined set
of parameters (confidence level 95%). The correlation between the calibrated parameters was
also calculated based on the covariance matrix (COV), rendering the following results:
e Strong correlation (> 0.7) between the parameter pairs [kmasre, Yasrel; [Kmpror Kinzsprol;
and [Kmac, Kinzsacl-
e Moderate correlation (0.4 - 0.7) between the parameter pairs [Yhz, Yhsrel; [Kmpsre,
Yosrel; [Kmnsre, Kshsrel;, [Kssosasre, Kssosnsrel, [Kssoansre, Kinzsnel; [Kssospsre,

Kinasasrel; [Kssospsre, Kinzshsra]; and [Kmpsre, Kinashsre]-

3.3.4 Direct validation

The deviation between model predictions and experimental observations was used for direct
validation. The results after calibration are shown in Figure 3.2. It can be seen that the process
variables (except for Syr0) Were predicted quite well after the model calibration (Figure 3.2A -
H), exhibiting a mean absolute relative error below 10% (1% to 7.7%), which is considered as a
high accuracy quantitative prediction (Batstone and Keller, 2003). However, deviations between
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model predictions and experimental values for Sy, (Figure 3.2G) led to a mean absolute relative

error higher than 30%, which can be considered as a qualitative prediction that can demonstrate

the overall qualitative response of the system (Batstone and Keller, 2003).
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Figure 3.2. Comparison between experimental values and model predictions after the model
calibration: (A) Sso4, (B) ShZS; (C) Sh25,free1 (D) Sgas,hZSa (E) ans, (F) Sgas,ch4 & Sgas,coz, (G) Spro &
Sac, and (H) eff COD & pH

The increase of the OLR and the influent COD concentration in a UASB reactor fed with vinasse

caused an increase of the propionic acid concentration (Harada et al., 1996). However, in the

experimental values used for calibration in this work, Sy, remained constant (see experimental
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values in Chapter 2, Figure 2.2C) when the OLR was increased on day 8 (Barrera et al., 2014).
This was likely because sludge in the UASB reactor assimilated the increase of the OLR by
degrading the excess of propionate. Despite the fact that the model could not predict this
observation (Figure 3.2G), the over prediction observed for Sy, during days 8 to 15 when the
OLR increased was in agreement with the phenomenon described by Harada et al. (1996).
Moreover, the under prediction of Sy, during days 23 to 25 can be attributed to the slight under
prediction of Spasfee (COnstant at the concentration of 0.0018 kmol m™) that reduces the
inhibitory effect of sulfide on propionate degrading bacteria during the simulation (Figure 3.2C).
Additionally, the over prediction of Sp,s during days 21 to 27 (Figure 3.2B) can be attributed to
hydrogen sulfide loss during the experiments used for calibration as the sulfur recovery in the
reactor outlet streams decreases from 100% to 90% (see Chapter 2, Figure 2.5) (Barrera et al.,
2014).

3.3.5 Cross validation

A cross validation study was performed to assess the quality and applicability of the calibrated
model. The model outputs were compared with data set D2 (days 37-75) under the operating
conditions E-5, E-6, E-7, E-8 and E-9 (see Chapter 2) without changing the previously optimized
parameter set. During these periods, the OLR and SLR of the UASB reactor were in the range of
7.72 t0 10.69 kg COD m™ d™ and 0.76 to 1.57 kg SO,> m™ d™, respectively (see Chapter 2)
(Barrera et al., 2014). SO,%/COD ratios of 0.10, 0.15 and 0.20 were applied in the periods
covering the validation study unlike the periods used for the calibration study.

Figure 3.3 (B, C, F, G & H) presents the comparison of model predictions and experimental
values for the process variables during the validation study. As it can be seen, Spzs, Shosfree,
Sgas,chas Sgasco2, Sac, and pH were well predicted by the model showing a mean absolute relative
error below 10% (1% to 10%), which is considered as a highly accurate quantitative prediction
(x10%) (Batstone and Keller, 2003). A medium accurate quantitative prediction (10% - 30%)
was achieved for Sy, Ssos, Sgashzs, Qgas, and eff_COD (Figure 3.3A, E, G & H), as the mean
absolute relative error ranged from 12% to 26% (Batstone and Keller, 2003).

The underestimation observed for Se,4 during the days 51 to 62 and 73 to 75 (Figure 3.3A), was
in agreement with the lower Spys free predicted during these days (Figure 3.3C), which reduced the

inhibitory effect of Spasree ON SRB during the simulation. The excess consumption of sulfate was
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accumulated in the gas phase since higher Sgssnzs and Qgas Were predicted during these periods
(Figure 3.3D & E). This was likely due to the assumption of a constant gas-liquid transfer
coefficient (200 d™) for H,S even when the biogas production rate, and consequently its stripping
effect, decreased after day 60 in the model predictions (Figure 3.3E). The over and under
predictions of Sposee from days 40 to 45 and 48 to 55, respectively (Figure 3.3C), were

attributed to slight deviations (£3.1%) in the pH prediction (Figure 3.3H).
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During the validation period the model was also able to predict the reactor failure (for
methanogenesis and sulfidogenesis) from days 70 to 75. Methanogenesis failure in the model
predictions was evidenced by a pH decrease due to S, increase, which led to a decrease of Qgas
and Sgascna (Figure 3.3E, F, G & H). At the same time, sulfidogenesis failure in the model
prediction was evidenced by the increase of Sso4 While Syps remained constant, showing that the
increase in the SLR resulted in accumulation of sulfates in the effluent rather than conversion to
hydrogen sulfide (Figure 3.3A & B). In addition, the model predicted an Spasfree INCrease as a

result of a pH decrease showing a severe sulfide inhibition during these days (Figure 3.3C & H).

3.4 Conclusions

An extension of ADM1 with sulfate reduction was proposed, calibrated and validated for the
description of anaerobic digestion of cane-molasses vinasse (very high strength and sulfate rich
wastewater). Based on the results of a sensitivity analysis, only four parameters of the original
ADM1 (Km,pro, Kmac, Kmpn2 and Ypp) and all the sulfate reduction parameters were fitted during
calibration. Despite the fact that some deviations were observed between model predictions and
experimental values, it was shown that the process variables Ssoa, Shas, Shosfrees Sgashzs, Qugass
Sgaschas  Sgascozs Spro, Sac, €ff_COD, and pH were predicted reasonably well during model
validation. The model showed high (x10%) to medium (10% - 30%) accurate quantitative
predictions with a mean absolute relative error ranging from 1 - 26%. Moreover, the model was
able to predict failure of methanogenesis and sulfidogenesis when the sulfate loading rate
increased. Therefore, the kinetic parameters and the model structure proposed in this work can be
considered as valuable to describe the sulfate reduction process in the anaerobic digestion of
cane-molasses vinasse, by predicting the sulfur compounds in the gas and liquid phases,
increasing the applicability of ADML1 to specific industrial wastewaters (vinasse).
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CHAPTER 4

Impacts of anaerobic digestion power plants as alternative for lagooning Cuban

vinasse: Life Cycle Assessment and exergy analysis

The treatment of vinasse in lagoons causes methane emissions during the anaerobic
decomposition of the organic matter. The recovery of this methane to produce biogas,
replacing fossil fuels and reducing greenhouse gas emission could bring environmental
benefits. The aim of this Chapter was to evaluate the impacts of anaerobic digestion power
plants as alternative for lagooning Cuban vinasse by means of Life Cycle Assessment (LCA)
and exergy analysis (EA). The LCA showed that the anaerobic digestion power plants
improve the environmental profile for the endpoint impact categories “ecosystem quality”,
“human health” and “natural resources”. The highest environmental benefit (reducing 60%
the total score) and exergy efficiency (43%) for the anaerobic digestion power plants were
observed when the subprocesses biogas production from raw vinasse, sulfide removal by
biooxidation with air oxygen addition and energy generation in spark ignition engines were
used. The inclusion of boiler steam-turbines as energy generation subprocess instead of spark
ignition engines showed the second relevant results in the LCA and EA. Since boiler steam-
turbines are typically installed in the sugar factories, this alternative can be attractive for the
Cuban context. In that case, the treatment of 1072 ton of vinasse (exergy content of 740.6
GJex) can produce 143 GJe as electricity and heat, 179 GJe as sludge (65% dry matter, w/w),
22.4 GJe as fertirrigation water and 0.38 GJex as sulfur in the filter cake. This way, 44% of
the exergy contained in vinasse is converted to electricity, heat and sludge, which makes
Cuban vinasse a potential renewable resource. Therefore, the emission of 1.3 million cubic
meters of vinasse (1.34*10° ton/year) reported by the Cuban Ministry of the Cane Sugar
Industry can replace 402590 GJe (electricity, heat and sludge) per year and reduce the

negative environmental impacts for the studied categories.

Redrafted from: Ernesto L. Barrera, Elena Rosa, Henri Spanjers, Osvaldo Romero, Steven
De Meester, Jo Dewulf. Impacts of anaerobic digestion power plants as alternative for
lagooning Cuban vinasse: Life Cycle Assessment and exergy analysis. Manuscript submitted
to Applied Energy.
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4.1 Introduction

Vinasse is the liquid wastewater obtained after distillation of sugar-cane molasses in ethanol
factories. Most distillery wastewaters are highly polluted and considered to be medium—high
strength wastewaters (Ince et al., 2005). Vinasses are dark brown color liquids of acid nature
that leave the ethanol distillation tower at high temperature (>50'C) and have a chemical
oxygen demand (COD) typically above 60 kg m 2 (Barrera et al., 2013). The production of
1.3 million cubic meters of vinasse was reported by the Cuban Ministry of the Cane Sugar
Industry in 2009 (Barrera et al., 2013). In Cuba, most of the cane-molasses vinasses (~<99%)
are treated in lagoons where methane, carbon dioxide and hydrogen sulfide emissions have
been reported as a result of uncontrolled anaerobic decomposition of the organic matter
(Safley and Westerman, 1988; Toprak, 1995). As methane is an important greenhouse gas
that has a global warming potential of 34 CO,-equivalents over a 100 year time horizon
(IPCC, 2013), the principal environmental damage reported for lagooning is the methane
emission (Chen et al., 2013). Typically, the liquid effluent of the lagoons has been used for
fertirrigation of the sugar cane plantations while the sludge recovery for fertilization has been
less frequent due to the absence of a proper recovery system in the lagoons.

However, vinasse is very suitable for anaerobic digestion, producing biogas (=60% methane)
being a versatile gas fuel that can replace fossil fuels in power and heat generation plants.
The energetic value of biogas and its potential to save fossil carbon emissions
(Budzianowski, 2011) together with the additional digestate production and COD removal
are the principal benefits of anaerobic digestion (Contreras et al., 2009; Nandy et al., 2002).
The only biogas production process in Cuba treating vinasse (800 m* of vinasse per day) has
been designed to treat diluted vinasse (20 kg COD m™). As sugar and ethanol factories are
integrated in Cuba (Figure 1.1, Chapter 1), vinasse is diluted by using sugar wastewater
(SWW) during the sugar factory working days (100 days). Typically distilleries operated 300
days, thus vinasse is diluted by using tap water and effluent from the Upflow Anaerobic
Sludge Bed reactor (UASB) the remaining 200 d (see section 1.2, Chapter 1). Moreover, this
biogas production process in Cuba requires the addition of chemicals for neutralization,
while the thermal energy contained in vinasse is released into the environment. In contrast,
raw vinasse (COD > 38 kg COD m™) can be neutralized and diluted with the liquid effluent
of the biogas production process only (as in Chapter 2) (Barrera et al., 2014; Nandy et al.,

2002), saving the use of chemicals for neutralization and tap water for dilution and
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recovering the thermal energy contained in vinasse. This biogas production process requires
more electricity for the recycling pump.

Because vinasse is a sulfate-rich substrate (Barrera et al., 2013), anaerobic digestion leads to
high H,S concentrations in biogas ranging from 14 000 to 55 000 ppm, (Barrera et al., 2014).
The removal of H,S is a prerequisite for the utilization of biogas to avoid corrosion of the
energy conversion systems. Elemental sulfur that can be used as fertilizer may be produced
during the sulfide removal process and separated by means of filters in a filter cake.
Absorption into ferric chelate solution, absorption into aqueous ferric sulfate solution and
biooxidation with air oxygen addition have been suggested to remove H,S from biogas
obtained during the anaerobic digestion of vinasse (Barrera et al., 2013). These sulfide
removal technologies differ from each other in the amount of chemicals and energy
(electricity and heat) demanded for operation as well as in the amount of sulfur produced in
the filter cake.

On the other hand, combined heat and power engines (CHP) are typically used to convert
biogas into energy (electricity and heat). The H,S limitations in the fueled biogas vary from
one to another CHP application, i.e. spark ignition engines and gas turbines allow H,S levels
between 100-250 ppmy, while boiler-steam turbines allow levels up to 1000 ppm, (Weiland,
2010; Wellinger and Linberg, 2000). These differences cause variations in the energy
required and the sulfur produced (in the filter cake) during the sulfide removal process as
well as in the SO, emissions during the combustion of hydrogen sulfide in the CHP engine.
Therefore, variations in the mass and energy flows of biogas production, sulfide removal and
energy generation subprocesses produce variations in the mass and energy flows of the whole
anaerobic digestion power plant. The inclusion of anaerobic digestion power plant as a first
treatment step creates a new scenario with respect to the lagooning of Cuban vinasse that
should be evaluated from the sustainability point of view.

In order to quantify the environmental sustainability of alternative products, processes or
services, the methodology of Life Cycle Assessment (LCA) is commonly used (Casas et al.,
2011; Contreras et al., 2009; De Meester et al., 2012; Gil et al., 2013). LCA is a powerful
tool to identify the different environmental aspects and the potential environmental impact of
a product or service throughout its life cycle from raw materials to production, use, collection
and end-of-life treatment including any recycling and disposal (European-Commission,
2010a).
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The exergy concept can be also applied because exergy quantifies the ability to cause change
and it is not fully conserved, in contrast to energy, which allows it to expose the inefficiency
of processes (Dewulf et al., 2008). During the exergy analysis, exergy consumption as well
as exergy efficiency of the different subprocesses (process level) and of the entire production
system (gate-to-gate) can be determined.

Some works have been addressed to assess the environmental impacts of the biogas
production in different scenarios (Afrane and Ntiamoah, 2011; Aye and Widjaya, 2006;
Contreras et al., 2009; Rocha et al., 2010) in a life cycle perspective, considering the process
as a whole (black box) and leaving out the study of the type of technology that can be used at
each subprocess in the anaerobic digestion power plant (e.g. biogas production from diluted
or from raw vinasse and energy generation in spark ignition engines or in boiler-steam
turbines). Although the environmental sustainability of anaerobic digestion as a biomass
valorization technology has been assessed based on exergy analysis as well (De Meester et
al., 2012), little research has been done to assess the impacts of anaerobic digestion power
plants as alternative for lagooning Cuban vinasse.

Therefore, the aim of this Chapter was to assess the impacts of anaerobic digestion power
plants as alternative for lagooning Cuban vinasse, by making a comparative study from a life
cycle perspective (LCA) and by determining the process inefficiencies by means of exergy

analysis (EA).

4.2 Materials and methods

In this section the methods applied to assess the impacts of anaerobic digestion power plants
as alternative for lagooning Cuban vinasse are explained. The LCA tool was used according
to the ISO 14040/44 guidelines (1SO14040; 1SO14044) and the ILCD handbook (European-

Commission, 2010a).

4.2.1 Goal and scope definition

The goal and scope of this work is to assess the environmental impacts of anaerobic digestion
power plants as alternative for lagooning Cuban vinasse by considering two main scenarios.
The functional unit, system boundaries, scenarios description, allocations principles and main

assumptions are described in detail below.
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4.2.1.1 Functional unit and system boundaries

In Cuba sugar factories and distilleries are always integrated, so, the SWW are usually
treated together with vinasse in lagoons or in the anaerobic digestion plant. For that reason,
SWW were included in the functional unit of this study. Therefore, the treatment of 1072 ton
of vinasse and 398 ton of SWW were considered as the functional unit in the present work,
being produced 37 MWh of electricity, 83 MWh of heat, 2431 ton of ferti-irrigation water,
12.6 ton of organic carbon and 0.75 ton of sulfur in the filter cake in all the alternatives.

Two main scenarios were considered for the treatment of vinasse and SWW. The first
(scenario 1) is composed of three subprocesses (Figure 4.1): lagooning for the treatment of
vinasse and SWW, fertirrigation pumping of the liquid effluent of the lagoons and sludge
drying of the sludge obtained from the lagoons. The second (scenario 2) is the treatment of
vinasse and SWW in an anaerobic digestion power plant (including three subprocesses:
biogas production, sulfide removal and energy generation), followed by the subprocesses
considered for scenario 1 (“subprocesses of scenario 1) (Figure 4.1). Therefore, scenario 2
considered besides an anaerobic digestion power plant, the treatment of the liquid effluent of
the biogas production in the lagoons (post-treatment lagoons), the fertirrigation pumping (of
the liquid effluent of the lagoons) and the drying of the sludge (sludges from the biogas
production and from the lagoons).

Figure 4.1 shows the gaseous emissions from the lagoons, the combustion gasses from the
energy generation and the chemical wastes from sulfide removal emitted to the ecosphere.
Oxygen in air and land used are the resources taken from the ecosphere while energy,
vinasse, SWW, ferric compound, calcium oxide and tap water are the resources taken from
the technosphere. The products of both scenarios are wastewater for fertirrigation, digestate,
electricity, heat and sulfur. Traditional supply chain (TSC) are the common suppliers of
products (e.g. electricity produced from fuel oil in centralized power plants or chemical
fertilizer factories that supply sulfur as (NH4),SO,), they take resources from the

technosphere to produce the required products for the market.
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Foreground: Scenario 1 (lagooning Cuban vinasse)
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aFerric compounds are consumed from the technosphere when absorption processes are used to remove sulfide. ® CaO is consumed from the
technosphere only when neutralization is required. ¢ Tap wateris consumed from the technosphere only when dilution of vinasse is required. ¢
SWW is sent directly to the subprocesses of scenario 1 when vinasse is not diluted. ¢ Sludge is sent to the subprocess of scenario 1 fordrying only.
fChemical wastes (Fe 111 EDTA or Fe,(SO,),) are emitted to the ecosphere when absorption processes are used to remove sulfides. 9 Liquid
effluent is sent to the subprocesses of scenario 1 for lagooning.

Figure 4.1. System boundaries and scenarios. Scenario 1: traditional treatment of vinasse and
SWW in lagoons. Scenario 2: treatment of vinasse and SWW in the anaerobic digestion

power plant, followed by the three subprocesses of scenario 1

To make a fair comparison between the two scenarios an equal basket of benefits is
constructed, which implies that TSC always need to complete the market demand and fulfill
an equal basket of benefits. For example, when vinasse is treated in scenario 1, the benefits
are fertirrigation and digestate only, while scenario 2 produces energy (electricity and heat)
additionally (Figure 4.1). Then, comparing an equal basket will imply that the TSC should
produce electricity and heat in scenario 1 to achieve the equal basket of benefits as for

scenario 2. The same was implicit for all the alternatives and products.
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4.2.1.2 Scenarios description

Scenario 1: lagooning Cuban vinasse

The current treatment of Cuban vinasse was divided in three subprocesses: lagooning, sludge
drying and fertirrigation pumping. Their characteristics are described below:

Lagooning: vinasse is sent to the lagoons at 80°C and 48 kg COD m™ together with the
SWW (25°C and 9 kg COD m™). In this subprocess several lagoons were considered. The
COD removal efficiency of each lagoon was between 40 and 70% (Toprak, 1995), rendering
a total COD removal of 90% for all the alternatives. As a result, methane, carbon dioxide and
hydrogen sulfide are emitted to the ecosphere while the liquid effluent and sludge are sent to
fertirrigation pumping and sludge drying subprocesses, respectively (Figure 4.1).

Sludge drying: Solar drying has been considered an environmentally friendly alternative to
dry sludge (Rehl and Miller, 2011). As in Rehl and Muller (2011), an average evaporation
rate of 2 ton water per m? drying area per year, as well as an electrical consumption of 200
kWh per ton of removed water to mix and aerate the digestate down to a water content of
35% were considered. The sulfur content of the lagoon sludge substitutes chemical fertilizers
(avoided products), such as (NH4),SO4, while its organic carbon content is also applied to the
soil for fertilization.

Fertirrigation pumping: The fertirrigation water is used to substitute river water (avoided
product). Typically two pumps are installed close to the lagoons. Flow capacity and power
consumption of the pumps were 107 m® and 152 kWh per hour respectively (data taken from

Melanio Hernandez sugar factory in Sancti Spiritus, Cuba).

Scenario 2: including anaerobic digestion power plant

The anaerobic digestion power plant was divided in three subprocesses: biogas production
(BP), sulfide removal (SR), and energy generation (EG). For these subprocesses r