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1. Infroduction

ABSTRACT: In this study, an energetic, economic and environmental feasibility for the
anaerobic digestion (AD) of press mud previously pre-treated with liquid hot water (LHW)
or thermo-alkaline (TA) methods were assessed. A typical Cuban sugar mill was selected
as Case Study. The sugar mill has a potential capacity to process 4,600 t d”' of sugar cane
and operates 130 days per year. The biogas produced can be used to feed an internal
combustion engine to produce electricity and heat. It was assumed that the electricity will
be sold to the national electric grid and the heat recovered from the exhaust gases will
be used as energy source to supply the thermal demand for press mud pre-treatments.
The thermal requirements for pre-treatments (9.4 and 12.1 MWh d"") were energy sufficient
by recovering the heat from the engine exhaust. For the alternatives considered, an
improvement of the environmental profile with respect to the reference scenario was
obtained. The profitability of methane production also increased for alternatives considering
pre-treatment. In general, the economical, energetic and environmental assessment
showed the best indicators for the AD of press mud using LHW pre-treatment.

RESUMEN: En este estudio se evalla la factibilidad energética, econdémica y ambiental de
la digestion anaerobia de la cachaza pre-tratada por agua caliente presurizada y por
pre-tratamiento termo-alcalino. Una empresa azucarera tipica en Cuba, con 4,600 t/d
de cana molida y 130 dias de operacion, se selecciond como caso de estudio. ELl biogas
producido serd usado para alimentar un motor de combustién interna para producir
electricidad y calor. Se asumio que la electricidad serd vendida a la red nacional y el calor
que se recupera de los gases de escape del motor serd usado como fuente energética para
los pre-tratamientos. Los requerimientos térmicos para los pre-tratamientos permitieron
cubrir el consumo de energia requerido. También una mejora ambiental y econémica
se obtuvo para las alternativas con pre-tratamiento. En general los mejores indicadores
ambientales, econdmicos y energéticos se obtuvieron para la digestion anaerobia de la
cachaza pre-tratada por agua caliente presurizada.

Typically, press mud is used as fertilizer/soil improver;
being directly (or after composting) applied on the soils in
association or not with other minerals.

Sugar and alcohol factories generate highly polluting
wastes such as vinasse and press mud. Press mud, a
solid fibrous residue generated during sugar cane juice
clarification and filtration, represents around 2.8-4.5%
(w/w) of the milled sugar cane.
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The anaerobic mono-digestion of press mud for biogas
production has been previously reported in full and
laboratory scale studies [1, 2.  The inclusion of a
pre-treatment stage for press mud was considered as
a potential alternative in terms of methane yield by [1].
However, an energetic and economic analysis of press
mud pre-treatments is still needed to assess feasibility for
future implementations.
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To our knowledge, only few studies have been focused
on the effect of substrate pre-treatments on profitability
indicators and net energy production [3-6]. These authors
investigated the impact of thermobarical treatment on
solid cattle waste; steam explosion pre-treatment on
wheat straw and cow manure; and thermo-alkaline (TA)
pre-treatment on sugar cane straw.

Other studies have been addressed to assess the
environmental sustainability of the biogas production
process in different scenarios from a life cycle perspective
[7, 8] and based on GHG emissions [5, 9, 10]. Four
alternatives for using by-products and wastes from the
sugar cane industry were compared [7]. In the impact
category “resource”, the best alternative considered
biogas production from press mud, sugar industry
wastewater, and vinasse. Despite of that, environmental
profiles when press mud is pretreated for AD and
co-digested with vinasse were not included.

Therefore, this paper assesses the energetic, economic
and environmental feasibility for the AD of press mud
previously pretreated with LHW or TA methods.

2. Materials and methods

The aim of this work was to assess press mud
pre-treatment alternatives regarding the energetic
(energetic balance), economic (Net Present Value (NPV),
Internal Rate of Return (IRR) and Payback Period (PBP) and
environmental (endpoint impact categories “ecosystem
quality”, “human health” and “natural resources” using
Life Cycle Analysis, (LCA]). Main energetic, economic
and environmental considerations are described in detail
below.

2.1 Case study

A typical Cuban sugar mill was selected as a Case Study.
The sugar mill has a potential capacity to process 4,600t d'
of sugar cane and operates 130 days per year. The biogas
produced can be used to feed an internal combustion
engine to produce electricity and heat. It was assumed that
the electricity will be sold to the national electric grid and
the heat recovered from the exhaust gases will be used as
energy source to supply the thermal demand for press mud
pre-treatments.

2.2 Alternatives description

The alternatives [(A1-A3) were proposed according to
the optimal operating conditions reported for press
mud pre-treatment [1, 2]. A1: AD of press mud without
pre-treatment. A2: AD of pretreated press mud using LHW
pre-treatment (150 °C, 20 minutes). A3: AD of pretreated

press mud using TA pre-treatment (10 g CalOH), 100g™’
Total Solids (TS), 1 hour, 100 °C). The environmental
mitigation potential of the biogas production was assessed
with respect to a reference scenario (current conditions)
referred as the use of press mud for sugar cane fertilization
after composting (A0).

The main considerations for energetic, economic and
environmental assessment are shown in Table 1.

2.3 Energetic considerations

The produced biogas will be burned in a combined heat
and power system (CHP), generating electrical energy (EE)
for the national electric grid and thermal energy (TE) to
produce steam at low pressure from the exhaust gases.
Scenarios considering biogas injection into the gas grid,
bottling or direct use in steam boilers, were beyond the
scope of this work, being relevant for future analysis as
these are important application strategies for the global
energetic situation.

As basis for calculations, it was considered that the
biogas plant works 300 days a year, with a daily feeding of
70 t d”' of press mud (3.5% of press mud contained in the
milled cane of sugar.

The energy balance was carried out to assess energy
demand for pre-treatments versus energy recovered from
biogas increments.

The thermal energy consumed during pre-treatment
(TEc, kWh d"), the thermal energy recovered from biogas
(TEg, kWh d), the thermal energy required based on the
efficiency of the hydrolysis reactor (TErq, kWh d'), and the
electrical energy generated (EE, kWh d™'), were calculated
according the equations from Equation 1 to Equation 4.

TE, (’“Vgh) —mecy- AT-t,/3600 (1)
TER <M§h) =yp Ve m (2)
TEng <"“Vgh) — TEn/nu (3)

EFE (W) =yp - Ve (4)

Where m is the mass of the press mud and water mixture
to be fed (kg h™'), ¢, is the heat capacity of the mixture (it is
considered equal to the water, 4.18 kJ kg”' K''), AT is the
increment of the temperature (K], tp is the pre-treatment
time per day(h), yg is the biogas production (m® d'], V.
is the biogas calorific value (kWh m™), n the thermal
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Table 1 Main considerations for energetic, economic and environmental assessment

General data Reference

Density of methane at 0°C kg m™ 0.72

Density of biogas at 0°C kg m 1.28 [11]

Hours of operation per year h 300

Energetic considerations

Lower heating value for methane MJ kg™! 50.01

Specific heat capacity of water (c,) kJkg' K" 4.18 [12]

Biogas calorific value (V¢) kWh m-3 6.5

Hydrolysis reactor efficiency (nH) % 80 (6]

Economical and environmental considerations

Equipment investment-biogas plant iilrjeactor 21213?56'00 [13]

Equipment investment-Hydrolysis reactor usD 250 000.00 [5]
mireactor 3 m?3

Index maintenance cost %CFI 2 [14]

.. % m3

Index electricity cost L 5 [12]
biogas

Price purchase CalOH], UsD/t 250 [15]

Price purchase press mud UsD/t 2 [16]

Price purchase electricity USD/kWh  0.09 [16]

Price purchase water usD/m? 0.25 [16]

Price purchase fuel oil USD/t 349.76 1171

Price sale fertirrigation water usD/m?® 1.20 [18]

Price sale avoided carbon USD/t 25.07 [19]

1t CH, t COzeq 34 [20]

efficiency of the CHP (%), 1. the electric efficiency of the
CHP (%) and my the hydrolysis reactor efficiency. The
values of 1y and 7. are selected according to the installed
engine power. An index of 3.1 kWh tTS' was used to
calculate the electrical energy consumption (EE¢) during
pre-treatments [5].

2.4 Economic considerations

For the economic assessment, the total investment cost,
the total production cost and the cash flow for each
alternative were estimated. To calculate the fixed-capital
and the total capital investment was used the methodology
recommended by [14]. The six-tenths-factor rule updating
their values to the current prices with the Chemical
Engineering Plant Cost Index was used to calculate the
purchased equipment (E) for LHW pre-treatment and
equipment for biogas plant (without CHP system]). An
offer of the German company “Biogas Nord” with a total
equipment cost of 911 556.00 USD (reactor volume of
6,231 m®) for the equipment purchased for biogas plant
(without CHP system) was used as base cost [13], while
the hydrolysis reactor in the LHW pre-treatment was
calculated using a value of 250 000.00 USD (reactor
volume of 3 m3) reported by [5]. For TA pre-treatment, the
volume of the lime preparation tank and the hydrolysis

reactor were calculated according to the feeding daily and
pre-treatment time. The equipment investment cost was
estimated by [21]. To estimate the cost of the electricity
generator, cost indexes based on the requirement of the
electrical power plant were used [22].

Biogas purification unit is included in the base cost
for the equipment for biogas plants. The method of
removing H;S is the in-situ desulphurization in the biogas
digester itself by dosing air to the gas phase. Oxygen
is consumed by bacteria of the species Thiobacillus
during the oxidation of H,S to elemental sulphur which
precipitates on surfaces or is absorbed by the slurry
[23].  Water content in the biogas is removed with a
water tramp. To determine fixed and variable costs, was
used the methodology recommended by [14]. Linear
depreciation was considered over 10 years for installed
technical equipment. It was considered an interest rate
of 10% for total investment cost, an inflation rate of 8%,
and a tax rate of 30%. As revenues for the biogas plant,
the sale of electricity, the economic savings due to fuel
oil substitution at distillery (in sugar cane non-harvest
periods), the sale of avoided CO; emissions, and the sales
of organic fertilizers and ferti-irrigation water.

b3
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2.5 Enviromental considerations

For the environmental assessment of the alternatives,
the mitigation potential of the biogas production in
comparison with the reference scenario was estimated. It
was assumed for this scenario (reference scenario AQ) the
production of compost from press mud and its contribution
as organic carbon to the soil. The daily treatment of 70
ton of press mud was considered as the functional unit
for Life Cycle Analysis (LCA), producing between 12.2-19.7
MWh of electricity, 17.3-27.9 MWh of heat and 2.3-8.4 ton
of organic carbon.

The system boundaries and scenarios are shown in Figure
1. It shows the gaseous emissions from composting, as
well as the combustion gasses from the energy generation
emitted to the ecosphere. Oxygen content in the air and
land used are the resources taken from the ecosphere
whereas energy, press mud, calcium oxide and tap
water are the resources taken from the technosphere.
The products are electricity, heat and organic carbon.
Traditional supply chains (TSC) are the common suppliers
of products (e.g. electricity produced from fuel oil in
centralized power plants); they take resources from the
technosphere to produce the required products for the
market.

In order to make a fair comparison between the
alternatives an equal basket of benefits was constructed,
which implies that TSC always need to complete the
market demand and fulfil an equal basket of benefits. For
example, when press mud is pre-treated by LHW (A2], 2.1
MWh of electricity are produced, as this is the maximum
energy production between the alternatives AQ, A1, A2 and
A3, the difference of each alternative respect to A2 must
be supplied by the TSC of electricity.

It was assumed that TSC provide the electricity according
to the Cuban electricity mix (fuel oil that is used in
centralized and decentralized thermal power plants
(81.66%), combined cycles with gas turbine using liquefied
petroleum gas (13.04%), cogeneration systems using
bagasse (4.63%), and other technologies using renewable
resources (0.67%), the heat as steam from fuel oil,
the organic carbon was assumed to be extracted from
the soil as “Carbon, in organic matter, in soil” and the
ferti-irrigation water as river water [8].

The main assumptions for this study were as follows:
e All calculations are based on 1 day of operation.
e The electricity and heat produced from biogas, as
well as organic fertilizer (Corg) were variable among

the alternatives. The amount of N, P and K was
considered constant.

e Organic carbon was taken from the Ecoinvent
Database 2.2 as “Carbon, in organic matter, in soil”
and it was assumed to be consumed in the all the
alternatives, except the one with the highest organic
carbon production which does not consume/extract
organic carbon from the soil.

e A 2% of biogas losses were assumed during the
production process, power generation and storage of
the digested effluent [10].

e For press mud composting process, the emissions
reported from composting were considered [24].

Emission CH, from composting kg kg™' waste
0.004

Emission N,0 from composting kg kg™ waste
0.003

To account for emissions and resources the RECIPE
methodology with endpoint indicators and the hierarchic
perspective was used [25]. Therefore, the endpoint impact
categories “ecosystem quality”, “human health” and
“natural resources” were estimated. The environmental
impacts were quantified in “Points” for the endpoint impact
categories and for the total score (sum of the endpoint
scores). The open source software for the sustainability
assessment, OpenLCA version 1.3.1 was used to calculate
the environmental impacts.

3. Results and discussion

3.1 Energetic assessment

Table 2 shows a summary of the energy balances for the
alternatives considering the pre-treatment of press mud
(A2 and A3) and for press mud without pre-treatment (A1).

EE: Electrical energy produced. ETg: Thermal energy
recovered, EE.: Electrical energy consumed, ET¢: Thermal
energy consumed, ETq: Thermal energy required, ETy:
Net thermal energy, EEn: Net electrical energy, ne:
Electrical efficiency and nt: Thermal efficiency for engine
Jenbacher [26].

The TEg for pretreated press mud by TA (A3) and
LHW (A2) was 10% and 61% higher, respectively, with
respect to untreated press mud, while for the EE was 27%
and 61% higher, respectively. According to the energy
balance, more energy than required was recovered (TER]
for TA and LHW pre-treatments, being concluded that both
pre-treatments are self-sufficient.

The electric and thermal net energy for the studied
alternatives were between 11-19 MWh d' and 11-17
MWh d', respectively. Specifically, the alternative that
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Table 2 Energy balance for the alternatives considered

Generation Consumption Benefits
Biogas Electric EE ETR EEC ETC ETRQ ETN EEN
Alternatives  (m?3 d'] Power (MWh  (MWh (MWh (MWh (MWh (MWh (MWh
(kW) d  dY  dM 4 dg) dh d)
848
A1 5484 (ne=38.3 12.3 17.0 12 17.0 1.1
nt=47.6)
1059
A2 8856 (ne=40.8 21.1 24.0 2.2 9.6 12.1 11.9 18.9
nt=41.7)
848
A3 6668 (ne=38.3 14.9 20.6 1.6 7.5 9.4 11.3 13.4
Nt=47.6)
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considers press mud without pretreatment (A1) rendered
the highest thermal energy (17 MWh d'), while the one
considering pretreatment by LHW (A2] rendered the
highest electric (19 MWh d"') energy.

3.2 Economic assessment

Alternative A2 had the highest investment cost with 5.0
million USD, taking into account the investment cost of
LHW pre-treatment of press mud and the fact that A2
has the highest installed capacity (1,059 kW). An index
calculated of 279 USD/m?® reactor calculated for the biogas
plant fed with press mud untreated is lower to the one
reported for sugarcane straw of 354 EUR/m?® (equivalent
to 400 USD/mireactor) [3]. For the alternatives with
pre-treatment A2 and A3, the index was 948 and 702
usb/m?.

The 74% of the revenues distributed between the
sales of electricity and biofertilizer. The highest incomes
from electricity sale were for A2 and A3 (828 and 624
MUSD/year, respectively) while for A1 the incomes by sales
of biofertilizer were similar than that of electricity (Table
3).

Table 3 Material and labor costs (MUSD/year) and revenues for
the assessed scenarios

A1 A2 A3
Incomes
Electricity sales 489.09 829.00 624.19
Petroleum savings 89.17 160.22 118.64
Carbon credit 183.60 175.02  180.60
comercialization
Ferti-irrigation water 61.55 61.55 61.55
Fertilizer sales 465.22 465.22 465.22
Material and labor cost
Raw material 41.86 41.86 41.86
Water 5.93 5.93 5.93
Calcium hydroxide 0.00 0.00 144.94
Electricity 34.94 61.67 42.01
Maintenance 8.71 10.03 7.43
Labor 21.60 21.60 21.60

For all the alternatives water for dilution was only
consumed in non-harvest season. During the harvest
season 2,760 m® d' of wastewater from cane sugar
production process are generated. This wastewater can
be used for reducing the press mud TS content, regarding
to keep <8% TS (140 m® d™' is needed) inside the CSTR.

The electricity cost represents the 53% and 66% of the
direct production costs for A1 and A2, respectively, followed
by raw material cost with 25% and 18%, respectively. For
A3 the calcium hydroxide (consumption of 2 t d”') and the

electricity costs had the same contribution to the direct
production costs.

The feasibility of the investment was also assessed.
All alternatives were economically feasible (IRR> 10%),
but the alternative considering the press mud pretreated
by LHW was the most profitable with a NPV of 316 8731.49
USD, 5.3 years for PBP and an IRR of 22%.

An analysis of the economic feasibility of the use of
the biogas, obtained from the vinasse anaerobic digestion,
as fuel, was carried out by [27]. Different scenarios
were evaluated, like: electric power generation through
Reciprocating Combustion Engines (RCE), gas turbines
and microturbines (MT], and the use of the biogas, as
fuel, in spray drying of thermal sensible bioproducts
(yeasts) to be commercialized. The payback was between
1.8-7.8 years, with 3.6 years for the case of the electricity
generation using RCE, a lower value than that obtained in
this work.

The feasibility of thermobarical pre-treatment for
full-scale application was assessed by [5]. The energetic
analysis showed a higher recovery of thermal energy from
the pre-treated feedstock than required for pre-treatment.
The pre-treatment of solid cattle wastes revealed short
payback periods. The total investment costs using steam
explosion pre-treatment was increased by 13%, but
reducing the manufacturing cost by 36% the economy of
the biogas plant was improved [4].

3.3 Enviromental assessment

From the LCA, an improvement was obtained in the
environmental profile with respect to the baseline
conditions, which was evidenced in the reduction between
62% (A3) and 97% (A2) of the total score with respect to AQ
(Figure 2).

A3 | BEbbBEDOnE R
& Ecosystem quality

% Human health
Al RN
# Natural resources

0 2 4 6 8 10
Points

Figure 2 Environmental impacts for the alternatives [A0-A3]

The best results were obtained when press mud was
pretreated by LHW to feed the CSTR reactor. This was
explained from the highest methane production in this
alternative, the production of the highest amount of
electricity and heat and consequently the lower energy
demanded from TSC to achieve the equal basket of
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benefits. According to the results obtained from the
energetic, economic and environmental analysis of press
mud pre-treatment alternatives for AD, the digestion of
press mud pretreated by LHW (A2) was the most viable
(Figure 3).

The highest contribution to the endpoint impact categories
was "Human Health”, which represents 43-49% of the
total punctuation. This result was mainly attributed to the
intermediate impact category "Climate change” (54-62%)
and is due to the burning of fossil fuel in the refinery
to supply the required electricity. The "Human toxicity”
(32-36%) and the "Formation of particulate material” had
a lower contribution (6-12%].

The LCA results agree with environmental benefits
reported for the anaerobic digestion in the Cuban sugar
factories [7, 8]. However, direct comparison with the
results in the current study is not possible as different
assumptions, functional units, types of systems and life
cycle impacts assessment methodologies were used.

Four alternatives for using by-products and wastes from
the sugar mill and ethanol distilleries were compared,
from a life cycle perspective, in a study carried out by [7].
The highest benefits were obtained for the alternatives
considering biogas production from press mud, sugar
mill wastewater, and vinasse. In another research a
comparative assessment of anaerobic digestion power
plants as alternative to lagoons for vinasse treatment was
reported [8]. In this study, the environmental profile was
improved with respect to the lagooning of Cuban vinasse,
reducing up to 77% the total score. The endpoint impact
category “ecosystem quality” contributed to more than
37% of the total score, where the midpoint impact category
“agricultural land occupation” had the largest contribution
(60%). This result was mainly attributed to differences in
the required surface area for lagooning when 70% of the
organic matter is removed at the biogas production.

4. Conclusions

The present study demonstrated the possibility to make
use of the press mud obtained in a sugar mill to generate
electricity, keeping its use as bio fertilizer, in a profitable
way. The incorporation of a pretreatment stage, either
by TA or LHW, increased the required investment and
the operational expenditures of the AD process, but
the profitability of methane production was improved in
comparison with the untreated press mud. LHW and
TA pre-treatments shown are self-sufficient in terms of
thermal requirements since they can recover heat from
the biogas engine. From the environmental point of view
the alternative A3 (adding CalOH), at 100°C) obtained a
higher environmental impact, than untreated press mud

and LHW pretreatment.

According to the results obtained from the energetic,
economic and environmental analysis of press mud
pre-treatment alternatives for AD, the digestion of press
mud pretreated by LHW (A2) was the most viable. Such
results provide important inputs for designing the AD
process using press mud as substrate encouraging the
efficient utilization of one of the major residual biomass
from the sugarcane industry for a sustainable biofuel
production in a biorefinery concept.
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