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This work evaluates the potential to produce synthetic nitrogen fertilizers by using sugarcane bagasse
gasification in the S&o Paulo state, Brazil, aiming to increase the economic revenues and to decarbonize
a chemical sector traditionally based on natural gas. The partial or total substitution of natural gas by
consuming bagasse and enabling an intensive import of electricity from the Brazilian electricity mix is
studied. The comparative assessment of the alternative production routes considers a reference case in
which the residual bagasse is used only to generate surplus power at the cogeneration unit of the
sugarcane mill, whereas ammonia is typically produced by consuming only natural gas. Unlike the
conventional scenario, the proposed alternative routes employ surplus bagasse to produce ammonia.
Regarding the unit exergy cost of ammonia, an increase between 50% and 100% is expected for the
biomass-based routes (2.4498 - 3.1780kJ/kJnH3) when compared to the conventional case (1.5866
kJ/kInna). In contrast, the net CO2 emissions balance of the alternative scenario achieve negative values
(-2.5017 tco2/tnns), in comparison to the net CO2 positive emissions (1.75 tco2/tnns) of the conventional
scenario. Additionally, the best location of the ammonia plant is nearby a sugarcane mill with a milling
capacity of 10 Mt/y and 20 km far from another smaller sugarcane mill, in order to achieve an ammonia
production potential of 1200 tnns/day. Concerning the economic analysis, if no carbon taxes are
considered, the net present value (NPV) of the alternative scenarios drops up to 52%, compared to the
conventional scenario. Finally, since 1.6 Mtco2/y can be avoided by using the residual bagasse as
feedstock in the ammonia plant, the alternative scenarios become competitive vis-a-vis the
conventional scenario in terms of NPV when carbon taxes of 40-50 USD/tco, are adopted. In the
absence of carbon taxes, the drawback of the seasonality of the sugarcane crops (240 days of operation
compared to 340 days for the conventional scenario) contributes to the decrease (39-51%) of the NPV
for the alternative scenarios.

1. Introduction

The fertilizer industry is crucial for sustaining the growing population (ABISOLO, 2017). Brazil is one
of the largest importers of nitrogen-based fertilizers, with a share of 80% of its domestic demand
(Manente and Marino, 2020). This dependency leaves the country more susceptible to the variation of



the prices of the non-renewable energy resources, such as oil and gas, not to mention the issues related
to logistical and transportation costs (Hernandez, 2011). Accordingly, some authors have worked out
new paths and technologies aimed to produce ammonia in Brazil from different energy resources.
Flérez-Orrego (2018) studied the production of ammonia via gasification of sugarcane bagasse residues
and compared its performance with the conventional process based on steam reforming of natural gas.
Both the electricity from the grid and the syngas produced from the gasification process have been
considered as alternative input to provide the energy requirements of the alternative ammonia plant.
Rivarolo et al (2019) considered the ammonia production route based on a water electrolysis (200 t/day
of NHz3). The electrolyzer is fed by the electricity generated in the Itaupu hydropower plant and by the
nitrogen produced in an air separation unit. The large amount of power consumed to produce ammonia
at a small scale reportedly led to increased prices of ammonia, when compared to the use of residual
bagasse. Esteves et al (2015) also estimated the potential to produce ammonia in Ceara state, using
renewable hydrogen produced from wind and solar technologies. A potential above 1300 tnHa/km?/year
for almost all the municipalities of Ceara state has been determined.

Biomass gasification has gained renewed attention as an approach to reduce the environmental impact
of the chemical sector. According to Gilbert et al., 2014, the gasification of woody biomass may reduce
by 65% the worldwide greenhouse gas emissions. In fact, depending on the use of the syngas produced,
it could even offer negative rates of net CO, emissions (Arora et al., 2017). More recent works
performed by Arora et al. (2017) and Flérez-Orrego (2018) suggested the use of inexpensive biomass
residues, such as sugarcane bagasse and straw, in order to enhance the financial attractiveness of
unconventional ammonia production routes. Nakashima et al (2019) also studied the advantages of
integrating the anaerobic digestion to the gasification process in order to capitalize on the conversion
of the vinasse and the residual bagasse from biorefineries. This work analyzed three production routes
aiming to produce electricity, biomethane and hydrogen for the market. The highest exergy efficiency
corresponded to the production of biomethane (48%) due to the fewer chemical processes units
involved, whereas the highest revenues corresponded to the hydrogen exportation. Ribeiro Domingos
et al (2021) studied the alternative production of ammonia via black liquor gasification in a kraft pulp
mill. Exergy efficiencies of up to 42% are reported for the integrated kraft pulp mill and ammonia
production facilities. The negative CO2 emissions for the integrated scenario (-0.69 tco2/truip) Suggested
the potential of biomass for decarbonizing bulk chemicals production. Frattini et al (2016) studied three
scenarios based on Haber-Bosch process to produce ammonia by means of (i) a biomass gasification
system; (ii) an electrolyzer and air separation unit powered via wind and solar farms; and (iii) a steam
reformer consuming biogas. The authors found that the overall energy consumption is similar for all
the scenarios. However, the scenarios (i), (ii) and (iii) emit 3.82, 0.00 and 3.59 tcoo/tnHs, respectively,
while the reference scenario based on natural gas steam reforming releases 2.05 tcoa/tnnz. Ajiwibowo,
Darmawan and Aziz (2019) proposed the gasification of palm oil mill residues (empty fruit brunches)
in an energy intensive supercritical water gasifier (SWG) in order to produce ammonia. The process
employs syngas chemical looping to produce hydrogen, leading to a virtually emissions-free ammonia
production route. Xu et al (2021) proposed a system for simultaneous power and ammonia production,
coupled to an Allam power cycle. Cotton stalk is used as biomass feedstock in the gasification process.
Andersson and Lundgren (2014) studied the integration of a pulp mill to an ammonia production plant
in order to upgrade the residues of the former facility. An increase of 10% in the energy efficiency has
been calculated for the integrated operation, compared to the standalone pulp mill and ammonia plant.
Consequently, the valorization of the biomass residues to produce value-added fuels and chemical has
been recognized as an effort to mitigate the environmental impact of the chemical sector.

Meanwhile, in the Brazilian sugarcane mills, the residual bagasse is generally burnt in cogeneration
units with low conversion efficiencies in order to supply the internal mill demands and to export surplus
electricity to the grid. Some works aimed to increase the performance of those utility systems.



Pellegrini (2009) assessed the extent of energy integration of the sugarcane mill and its cogeneration
plant. The author reported a sharp reduction of the steam demand from 490 to 392 kgsteam/tsugarcane When
energy integration is performed. Pina et al (2017) evaluated the potential reduction in steam demand
for an autonomous distillery (i.e. where only ethanol is produced) and an annexed plant (i.e. where
both sugar and ethanol are produced). A reduction in 35% of steam consumption is reported when
energy integration is adopted. Silva Ortiz et al (2019) performed an exergy analysis on the production
of first generation ethanol (1G ethanol) for similar scenarios in Pina et al (2017). A higher overall
exergy efficiency is reported for the annexed plant (41.39%), despite their highest capital expenditures.
Burin et al (2015) studied the integration of a concentrated solar panel (CSP) in the feedwater-heating
scheme of the sugarcane cogeneration plant. An increase of 1.5% in the electricity output has been
reported when compared to the reference scenario. On the other hand, the utilization of residual bagasse
to produce value-added products and to partially or totally replace the use of fossil energy resources in
the chemical and agricultural sectors may help not only reducing the inefficiency occurring in oversized
cogeneration systems, but may also reveal business opportunities, envisaging more stringent carbon
markets. However, since biomass residues are relatively dispersed, the choice of a strategic location
for the waste-to-energy plant is essential to avoid excessive transportation costs. Hamelinck et al.
(2005) recommended distances lower than 100 km, whereas Suurs (2002) correlated transportation
costs and distance (50-200 km). Meanwhile, Selkiméki et al. (2010) calculated a limit for the radius of
transportation (300 km) for Swedish and Finnish scenarios. Jappinen et al. (2011) considered 50 km
radius of transportation for woody biomass in Finland, as distances lower than 100 km for truck
transportation could raise the transportation costs. The aforementioned works have the shortcoming of
not reporting crop data from a specific geographic region (e.g. actual yearly sugarcane milling rate),
and only few works deal with the collection of biomass into a specific location. Carbon taxation is also
not considered in the previous works, which may shed light on the hidden advantages of the alternative
scenarios over the conventional natural gas-based ammonia production route.

In view of (i) the benefit of upgrading bagasse to value-added products and (ii) promoting negative
carbon emissions, and bearing in mind (iii) the inefficient conversion of bagasse in sugarcane mill
cogeneration systems, as well as (iv) the limitation for transporting biomass over long distances, a
techno-economic analysis is necessary to elucidate the feasibility of using bagasse as an alternative
input to produce fertilizers in Sao Paulo state. Although this state is the largest producer of sugarcane-
derived products in Brazil, it mostly imports inexpensive natural gas from Bolivia to drive fertilizer
production, thus entailing higher environmental burden to the chemical sector. In this regard, this work
performs a comparative incremental assessment of six biomass-based ammonia production routes. The
technical and economic analyses compare those routes to a conventional scenario in which ammonia
is produced by steam methane reforming, whereas the residual bagasse is used to generate surplus
electricity to the grid. Since different energy inputs (e.g. syngas, electricity and natural gas) can be
used in the utility system of the ammonia production plant, the advantage of a transitional operation
using alternative production routes is demonstrated. This approach reveals a more realistic energy
transition path than that adopted in previous works, since fully renewable feedstock plants for ammonia
production may not be considered either economically or technically viable in the short-to-mid-term.
This analysis also differs from other approaches as it includes economic and environmental aspects of
the transportation step, the ammonia production potential is assessed considering the restrictions on
the sugarcane harvest period.



2. Materials and Methods

In this section, the cogeneration systems used either in the standalone or in the integrated sugarcane
mill and ammonia plant are defined. Next, some assumptions related to the transportation processes of
residual bagasse from the sugarcane mill to the location where the ammonia plant settles are stated.
The characteristics of the alternative ammonia production plants, including the profile of the energy
demands and the ammonia vyield, are also discussed. Finally, the main parameters considered in
economic analysis are discussed.

2.1. Standalone and integrated setups of sugarcane mill and ammonia plant

The standalone sugarcane mill shown in the right upper portion of Fig. 1 refines sugarcane into sugar
and hydrated ethanol, and produces bagasse as a byproduct. The bagasse is typically consumed in the
cogeneration system in order to meet the internal energy demands of the mill, as well as to generate
surplus electricity exported to the grid. The biogenic emissions derived from the fermentation process
and bagasse combustion are usually not captured. Meanwhile, in the standalone ammonia production
plant (Fig. 1, right), a large amount of natural gas is consumed as feedstock and fuel in order to drive
the reforming reactions and produce the utilities required by the chemical plant. In the conventional
ammonia plant, a fraction of the fossil CO, emissions is avoided thanks to the implementation of a
syngas purification unit, whereas those derived from the combustion of natural gas are generally vented
to the atmosphere.
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Figure 1. Flowsheet of the conventional scenario, considering a standalone sugarcane mill and a
conventional ammonia plant. BPST: Backpressure steam turbine, CST: Condensing steam turbine.



Figure 2 shows the flowsheet of the integrated production route. Therein, the residual bagasse leaving
the sugarcane mill is fed to the gasification unit of the ammonia plant. In this case, less bagasse is burnt
in the cogeneration unit of the sugarcane mill, which entails less surplus electricity to the grid when
compared to the conventional scenario described in Fig. 1. Evidently, the integration of a bagasse
gasification unit into an ammonia production plant affects the energy balance of the ammonia plant
itself, as well as the sugarcane mill that provides the residual bagasse. Thus, the new utility systems
must be suitably redesigned whenever a total or partial substitution of natural gas using biomass for
decarbonization purposes is considered. In both Figs. 1 and 2, the size and use of the utility systems
(e.g. furnaces, cooling tower, refrigeration system, heat pump and gas turbine) have been previously
optimized to achieve the minimum amount of energy consumption in the ammonia plant (Florez-
Orrego, 2018).
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Figure 2. Flowsheet of the alternative scenarios considering an integrated sugarcane mill and an
ammonia production plant. BPST: Backpressure steam turbine, CST: Condensing steam turbine.



2.2. Milling rate and geographical localization of the sugarcane mills in Sdo Paulo state.

Data about the milling rate and geographical localization of the main sugarcane mills across S&o Paulo
state is used to determine the ammonia production potential and propose enhanced cogeneration units
for the integrated facilities. In this work, data of the crop year 2018-2019 is considered according to
RCGI & GBIO (2020), and the location and number of sugarcane mills is obtained from PROCANA
(2016). Those figures are summarized in Appendix A. Based on this data, the average sugarcane
milling rate (ascmr) per city (i) is calculated, according to Eq.(1):

milling rate in the i—th city

ascmr; = @
Meanwhile, the total wet bagasse (twb) available per city is estimated as the product of the ascmr and
the ratio between the total bagasse production and the sugarcane milling rate in a typical mill (x),
assumed as 0.28 (Flérez-Orrego et al, 2015), Eq.(2).

number of sugarcane mills in the i—th city

twb; = k * ascmr; (2)

Next, the average sugarcane milling rates are classified into ten groups according to the range of milling
capacity. The twb is used as an input to SteamPro® suite of Thermoflow® software (Thermoflow,
2020) in order to simulate the performance of the cogeneration unit of the sugarcane mills when they
operate either in standalone or integrated mode.

2.3. Configurations and operating parameters of the cogeneration units in the sugarcane mills.

Aside from the total wet bagasse available (twb), other inputs required by the SteamPro® simulator are
the features of the cogeneration system of the sugarcane mill, including the operating conditions (e.g.
levels of steam pressure, superheated steam conditions, and energy demands) and the structure (i.e.
backpressure and extraction-condensing steam turbine designs) of the steam network. As for the energy
demands of the sugarcane mill, when enhanced thermal integration is considered, steam consumption
achieves 392 kg per t of cane (tc). The power consumption of the mechanically-driven components
(i.e. without electrification) reaches 30 kWh/t of processed cane (Pellegrini, 2009). A large amount of
low pressure steam at 2.5 bar (~ 196-250 t/h of steam for a 500 t/h sugar cane milling capacity) is also
required in order to meet the heating demands of the sugarcane mill (Pellegrini, 2009). The properties
of the superheated steam produced in the cogeneration system of a sugarcane mill may vary from 22
bar/300°C, up to supercritical water conditions. According to CALDEMA (2020), most of the boilers
in operation in the sugarcane mills located in the Sao Paulo state operates at pressures varying between
42 and 67 bar, whereas the superheated steam temperatures range from 420 to 530°C. Yet, superheated
steam conditions as high as 100 bar and 520°C have been reported as representative values of advanced
cogeneration systems (Pellegrini, 2009). In this work, two cogeneration plant layouts are implemented,
depending on the operative goals of the sugarcane mill. In the first setup, a backpressure steam turbine
(BPST) operates in parallel with a condensing steam turbine (CST) in order to maximize the surplus
electricity exported to the grid (Fig. 3a). The internal energy demands of the sugarcane mill must be
supplied (392 kgsteam/tc and 30 kWh/tc) and no residual bagasse is left for export. A bubbling fluidized
bed biomass boiler (BFBBB) fueled with 50% wet sugarcane bagasse is used to generate superheated
steam at 67 bar/480°C. Since no residual bagasse is exported, the standalone sugarcane mill is not
integrated to the conventional ammonia plant (see Fig. 1). In the second setup (Fig. 3b), the boiler
consumes just the bagasse needed for attending the internal energy demands of the sugarcane mill,
whereas the remainder (i.e. residual bagasse) is exported for ammonia production purposes (Fig 2). In
this scenario, a backpressure steam turbine system is employed and the superheated steam properties
after the BFBBB remain the same as in the previous scenario. Figures 3a and b summarizes the states
of the streams involved in the two cogeneration systems. The main operating parameters calculated
using SteamPro® are the residual sugarcane bagasse, the surplus electricity generation and the biogenic



CO:2 emissions from the BFBBB. It is worth noticing that the amount of residual wet bagasse is the
difference between the total amount of wet bagasse (twb) and the amount of bagasse used to supply the
power and heat demands of the sugarcane mill, which depends on the scale and efficiency of the
cogeneration plant adopted and the milling capacity of the sugar cane mill.
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Figure 3. Sugarcane mill cogeneration systems based on: (a) a condensing steam turbine (CST) and
a backpressure steam turbine (BPST) with superheated steam conditions at 67 bar/480°C, employed
in the scenario with no residual bagasse; (b) backpressure steam turbine (BPST) with superheated
steam conditions at 67 bar/480°C, employed in the scenario with residual bagasse sent to the
ammonia plant.

2.4. Residual bagasse transportation

Since the residual bagasse coming only from one sugarcane mill is not enough to produce about 1,000
tnHa/day of ammonia in the alternative scenarios, an additional source of bagasse must be considered.
The transportation of this additional residual bagasse entails an extra amount of fuel consumption by
trucks, as well as increased CO2 emissions. Maximum transportation load of 45 t and gross weight load
of 57 t per truck are adopted (Dantas Filho, 2009). Fuel consumption of 27 Lgieser per 100 km for a
heavy truck with gross combined weight load over 40 is based on data from Novo (2016). A maximum
radius of biomass transportation of 20 km is assumed, according to current highway infrastructure in
Sao Paulo state (Dantas Filho, 2009). The interactive tools of Google Maps aid determining the
distance between two geographic coordinates according to the Haversine equation (Sanches, 2012).
Figure 4 shows the control volume considered for calculating the unit exergy cost of the transported
bagasse; ¢ stands for unit exergy cost, defined as the amount of exergy required to produce one unit of
exergy of substance or energy flow (kJ/kJ). Subscript b refers to the state of bagasse before (bt) and
after (at) the transportation stage, whereas B is the exergy flow rate of the residual bagasse transported
or the diesel consumed (kW).
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Figure 4. Control volume of the transportation stage of the residual bagasse.

By applying a exergoeconomy cost balance to the transportation stage, and recognizing that the useful
exergy of the transported biomass does not virtually change with the transportation service (i.e. Bpat=
Bo,ot), all the terms at both sides of the cost balance can be divided by By at, S0 that the unit exergy cost
of the transported bagasse (cb,at) can be calculated according to Eq.(3):

Bdiesel _
Chbt T Cdiesel 5~ = Chat ©)
Qi

where the ratio (Baiesel/Bb,at) is defined as the specific exergy consumption (rc) (FI6rez-Orrego 2015).
This latter magnitude can be calculated by considering data of the truck, namely the load, the specific
fuel consumption (Spec_Cons), the number of necessary travels (N'2"¢"), the number of trucks per travel
(NT™k), the chemical exergy of the diesel and bagasse transported (b'cn), and the distances from the i-
th city to the ammonia power plant location, according to Eq.(4).

n diesel
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Based on the bagasse ultimate composition (46.7% C; 44.95% O; 6.02% H; 0.17% N and 0.02% S)
and 50% moisture content (Florez-Orrego, 2018), the chemical exergy of bagasse can be calculated
using the correlations for estimating the lower heating value (LHV) (Parikh, 2005) and the ratio of the
specific chemical exergy to the lower heating value (¢=bcH/LHV) (Szargut, 1988).

2.5. Ammonia plant setups

The standalone ammonia plant based on the conventional steam methane reforming process (Fig. 1)
has been thoroughly studied and more details can be found elsewhere (Flérez-Orrego and Oliveira
Junior, 2016; Florez-Orrego et al, 2020). The current work rather focuses on the potential to partially
or totally decarbonize the ammonia production by integrating a bagasse gasification unit, as it is shown
in Fig. 2. To this end, the bagasse is firstly dried up to about 10% wt. of moisture content and chipped,
so that it can be fed to an indirectly heated, twin bed gasifier operating at atmospheric pressure. The
raw syngas produced is water-scrubbed and compressed (30 bar), and goes through an autothermal
reformer and two water gas shift reactors to adjust the hydrogen to nitrogen ratio (N2:H> :1:3), suitable
for ammonia production. An additional purification process based on the physical absorption of the
CO:z in the syngas by a solution of dimethyl ether polyethylene glycols (DEPGS) is used along with a
methanator for removing the carbon oxide compounds that are poisonous for the ammonia synthesis
catalyst. The CO> captured is exported, whereas the purified syngas is further compressed up to 200
bar and enters the ammonia loop. Ammonia is produced via Haber-Bosch process, in which hydrogen



and nitrogen in the syngas react in a series of catalytic reactor beds with intercooling until a nitrogen
conversion of about 30% is attained (Florez-Orrego and Oliveira Jr, 2016). A purge gas stream is
continuously withdrawn, so that the inert content in the loop is keep at adequate levels. Finally, the
ammonia produced is condensed using cooling water and a vapor compression refrigeration system.
The energy demands (i.e. heating, cooling and power requirements) of the alternative ammonia plant
shown in Fig. 2 could be supplied by a variety of utility systems, namely a refrigeration cycle, a cooling
water system, syngas or natural gas furnaces, a gas turbine system, a Rankine cycle or even a combined
cycle. It is worthy to notice that an appreciable amount of electricity from the grid can be also imported,
instead of self-generating all the power in the utility system of the ammonia plant. In this way, the
major difference between the conventional and the alternative ammonia production plants lies on the
use of bagasse as the main source of syngas for ammonia synthesis and the opportunity to diversify the
energy input to the utility systems. This approach allows for a substantial drop in the CO2 emissions
and enables the partial or total substitution of the natural gas consumption, which has traditionally
dominated the ammonia manufacturing sector.

Figures 5a-d schematize all the configurations of ammonia plant studied as a function of the energy
input (e.g. natural gas, electricity, and bagasse) and the utility system adopted (i.e. either a Rankine or
acombined cycle). The conventional scenario (Fig. 5a), based on the steam methane reforming process,
uses only natural gas as both fuel and feedstock and depends on a Rankine cycle to supply the utility
demands to the chemical plant. Meanwhile, the electricity imported from the grid could be also used
to balance the power generated by a Rankine cycle integrated to the ammonia plant (Fig. 5b). In this
case, bagasse is mainly consumed as feedstock in the gasification unit for syngas production. Other
scenarios (Fig. 5¢) may admit bagasse as the only energy input. Thus, the syngas produced could be
partly consumed as feedstock in an ammonia plant, as well as fuel either in a Rankine or a combined
cycle. Lastly, the use of bagasse as feedstock and the consumption of natural gas either in a Rankine
or a combined cycle represents the most likely pathway towards short-term decarbonization (Fig. 5d).
According to Figs. 5a-d, although ammonia is regarded as the main product of the chemical plant,
carbon dioxide can be also marketed for producing other chemicals (e.g. methanol, urea, food,
polymers or even enhanced oil recovery). Meanwhile, the purge gas stream, rich in hydrogen, nitrogen
and methane could be further processed, flared or consumed as fuel.
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Figure 5. Different scenarios of ammonia chemical plants and their utility systems depending on the
feedstock and fuel energy resources used: (a) natural gas only; (b) bagasse and electricity; (c)
bagasse only; (d) bagasse and natural gas.



The average unit exergy costs of the products of the ammonia plant are calculated bearing in mind the
equality partition criterion (Oliveira Junior, 2013), which assigns the same unit exergy cost to the main
product (ammonia) and by-products (marketable CO. captured and purge gas), according to Egs. 5-8,
Table 1.

Table 1. Average unit exergy cost of the ammonia plant products for the different studied scenarios

shown in Fig. 5.
Figure Feedstock Fuel Average unit exergy cost Eq.
CNGBNG
5a Natural Gas  Natural Gas - - - 5)
BNH3 +BC02 +Bpurge
.. chb-l-cWW
5b Bagasse Electricity - - - (6)
BNH3 +BC02 +Bpurge
Syngas cpB
5¢ Bagasse : el (7
(Bagasse) Byu, YBco, tBpurge
cyBytencB
5d Bagasse Natural Gas _boh NGNG (8)
BNH3 +BC02 +Bpurge

The rational exergy efficiency of the ammonia plant is calculated in terms of the exergy consumed,
namely bagasse, electricity and/or natural gas, and the exergy of the ammonia plant products and by-
products, as shown in Eq. (9).

BNH3 +BC02 +Bpurge

9)

Nex,ammonia plant = 3 p P
p Breedstock +Bruel*B, Electricity

2.6. Economic Analysis

In order to estimate the feasibility of installing an alternative ammonia production plant nearby the
sugarcane mill, an incremental financial analysis over 20 years is performed. The net present value
(NPV) is evaluated according to the main hypotheses shown in the Table 2. Moreover, it is assumed
that in the first year of operation, the load factor of the ammonia plant is considerably lower than for
the rest of the project lifetime.

Table 2. Main economic parameters adopted for the incremental financial analysis.

Parameter Value Unit
conventional ammonia plant®®) 340 days
Days of operation alternative ammonrlre]l“pllant and sugarcane 200 days
ammonia plant (1% year) 50 %
Load factor ammonia plant (other years) or sugarcane 90 %
mill
Discount rate 8 %
Working capital @ 15 % of CAPEX
Ammonia plant building time © 4 years
Ammonia plant decommissioning 5 % of CAPEX

1 Maung et al. (2012); @ Paixdo (2018); © EPE (2019).

The capital expenditure, operation and maintenance (O&M) and overall costs, as well as other
economic considerations adopted are discussed next. Bartels (2008) and Appl (1999) reported the
capital costs of an ammonia plant based on steam methane reforming as ranging between 72.79 and



81.53 USD per tnns for a 2000 tnws/day plant, and 85.58 USD/tnwz for an 1800 tnwa/day plant. Maung
etal. (2012) considered the overall ammonia plant cost ranging between 400-600 USD/tnnz when using
both flared and conventional natural gas as feedstock. According to the authors, the O&M costs range
between 30-40 USD per tnHz. As for the biomass-based ammonia plants, some studies evidenced that
the biomass price strongly influence the economic viability of the project (Arora et al., 2017; Florez-
Orrego, 2018; Bartels, 2008). A typical value adopted for sugarcane bagasse in Brazil is 20 USD per
thagasse (Arora et al., 2017), which is an advantageous price compared to other biomass resources, such
as australian eucalyptus (100 USD/t) and indian straw (30 USD/t). Arora et al. (2017) reported capital
costs for small scale alternative ammonia plants (120 tnna/day) varying from 127.66 to 237.09 USD
per tnna. Larger biomass-based ammonia production plants (194.67-736 tnna/day) reportedly exhibit
similar overall production costs (194.67-241.98 USD/tnw3z), while Gilbert et al. (2014) reported an
overall cost of about 500 USD/tnHz when a woody biomass price of 60 USD/t and a production rate of
1200 tnna/day are considered. Thus, in this work, the capital cost (CAPEX) for a conventional ammonia
plant is set as 160 USD/tnns, whereas for the bagasse gasification scenarios, a CAPEX of 300 USD/tnhs
is adopted. The O&M cost of the conventional and alternative ammonia plants are assumed as 30
USD/tnwz and 300 USD/tnnz, respectively. Meanwhile, the O&M cost for the cogeneration plant of the
sugarcane mill is divided into fixed and variable costs, assumed as 123 USD/kW-year and 5
USD/MWh, respectively (NREL, 2020). The O&M cost adopted for the sugarcane mill are set as 0.34
USD/kgsugar (Cheng et al., 2019) and 0.257 USD/m3¢tnanal (or 1,377 BRL/m3) (Castro, 2020). Other
relevant values considered in this analysis are the freight, assumed as 0.41 USD/km (or 2.19 BRL/km)
according to the Resolution N° 5.842 of the Brazilian National Agency of Terrestrial Transport (ANTT
in Portuguese) (ANTT, 2019) and the state and federal taxes for producing sugar and ethanol, taken
from CEPEA (2021). The specific capital (CAPEX) and operational (OPEX) expenditures are taken
from literature (Bartels, 2008; Appl, 1999; Maung et al., 2012; Arora et al., 2017; Fl6rez-Orrego, 2018;
NREL, 2020; Cheng et al., 2019).

2.7. Environmental analysis of the standalone and integrated sugarcane mill and ammonia
production plant

An environmental analysis (CO. emissions accounting) is performed based on the emissions of the
cogeneration system of the sugarcane mill, the residual bagasse transportation and the emissions in the
ammonia plant. The emissions are divided into two main groups, namely the direct (i. e. from
combustion processes) and indirect (i. e. from supply chain) emissions. At the ammonia plant, the CO>
emissions avoided are also classified in biogenic and fossil emissions. The biogenic CO, emissions
avoided refer to the CO2 emissions captured in the syngas purification unit in the ammonia plant. Since
those emissions can be considered circular due to the CO> absorption during the plant growth and the
release to the atmosphere during the plant decay or combustion, the biogenic CO2 emissions do not
have a net contribution to the atmospheric emissions. However, since they can be captured and stored,
a net negative emission may be found when the biogenic COz is sequestrated in the syngas purification
process. On the other hand, since the fossil CO2 avoided derives from the combustion of natural gas,
its capture and storage do not contribute to the depletion of the CO, present in the atmosphere (Florez-
Orrego, 2018). Figure 6 summarizes the useful definitions required for the calculation of the CO;
emissions balance. The CO» emitted from the cogeneration system of the sugarcane mill are calculated
using the SteamPro® suite of Thermoflow® software (Thermoflow, 2020). The ammonia plant direct
and indirect emissions are estimated based on (Fl6rez-Orrego, 2018). Finally, the direct CO2 emissions
from the trucks are estimated based on the methodology of Cancelli and Dias (2014), Eq.(10):

Fe j
E=F, (100]0) L (10)
where E stands for the total emissions in kg; Frjis the number of vehicles from category j using the
road during a certain period; Fej is the emission factor of the pollutant in g/km and L is the total length




travelled by the truck. The emission factors are obtained from default tables according to the vehicle
category, the fuel consumed, the year of production and the type of pollutant emitted (CETESB, 2018).
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Figure 6. Summary of the CO, emissions evaluated for the different control volumes presented in
Figs.1 and 2. The blue font color spotlights the emissions considered in the net CO2 emissions
balance.

Meanwhile, the renewability performance indicator (1) aims to evaluate if a process is environmentally
favorable, Eq.(11), i.e. if the exergy of the products can offset the sum of the exergy consumed from
fossil resources, the exergy destroyed in the production process, the consumption of exergy for waste
deactivation, as well as the exergy of the emissions (Velasquez et al, 2009).

Z Bproduct
A= (11)
Bfossil + Bdestroyed + Bdeactivation + Z Bemissions
If this indicator is lower than one, the process is environmentally unfavorable. If it is equal to one, it is
internally and externally reversible. As L becomes larger than one, the process is environmentally
favorable. For a hypothetic reversible process with only renewable inputs and no wastes, A —oo.

3. Results and discussions

Based on the data of sugarcane milling rate and residual bagasse availability, the performance of the
cogeneration unit of different sugarcane mills is evaluated at various scales using SteamPro®. As a
result, the cogeneration plants based only on BPST systems, aiming to generate just the internal energy
demands with minimum electricity surplus, present exergy efficiencies up to 2.2 percentage points
higher than those of the setups aimed to maximize the surplus electricity (i.e. the BPST + CST system).
This result can be explained by the fact that the residual bagasse is upgraded to syngas in the alternative
ammonia production plants, instead of being directly burned. In this way, the percentage of residual
bagasse available for gasification is about 12% of the total sugarcane milling rate when no surplus
electricity is generated. This value is almost double than that reported in FI6rez-Orrego et al. (2015),
where only 5.3% of the sugarcane milling rate was available as residual bagasse. The reason is that in
that work, less efficient cogeneration systems were integrated, as superheated steam conditions only



achieved 22 bar and 300°C. Thus, enhancing the superheated steam conditions to 67 bar and 480°C
seemingly has a significant impact on the residual bagasse availability and, thus, the ammonia
production potential. It is worthy to notice that, even if all the residual bagasse is exported, a small
surplus electricity is incidentally generated (36.9 kWh/tc). Yet, this value is much lower than the
maximum power generated when no bagasse is sent to gasification (102.8 kwh/tc). Also, since there
are no modifications in the processing units of the sugarcane mill, the sugar and ethanol yields remain
2,446 tsugar/day and 1,550 m3/day, respectively, for all scenarios. Concerning the bagasse availability,
an increase of the radius of biomass transportation also increases the number of sugarcane bagasse
suppliers. Thus, for the alternative ammonia production scenarios, it is considered that the ammonia
plant is located in the city of Pradopolis, in Sao Paulo state. Therein is also located the world’s largest
sugarcane mill (Sdo Martinho, 2020). Considering a maximum radius of 20 km from this city, there is
an additional sugarcane mill that may help providing the amount of biomass required to produce up to
1,235 tnwa/day. The bagasse transportation from this second sugarcane mill to the alternative ammonia
plant entails an increase of only 0.03% in the unit exergy cost of the bagasse. Figure 7 illustrates the
impact of the radius of transportation on the ammonia production potential and on the unit exergy cost
of the transported bagasse. As a result, for a radius of 100 km, the unit exergy cost of bagasse after
transportation only increases 1%. However, when radiuses above 100 km are considered, increments
of unit exergy cost above 5% can be obtained. Bearing in mind that typical ammonia production plants
have a nominal capacity of 1000 tnna/day, the selected radius (20 km) is used as a rational choice for
these analyses.
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Figure 7. Variation of the ammonia production potential and the unit exergy cost of the transported
bagasse as a function of the radius of transportation. Ammonia plant is located in Pradopolis city.
The yellow squared point refers to the radius of transportation adopted in this work (20 km).

Based on the exergy costs calculated for the transported bagasse, the unit exergy costs of the main
product and byproducts of the ammonia plant are determined. These values, along with other
performance indicators, such as the rational exergy efficiency, the ammonia production rate and the
CO: captured are reported in Fig. 8. It is worth recalling that those values depend on the different
integration alternatives adopted between the ammonia plant and its utility systems, as well as on the
energy inputs considered for each scenario in Fig. 5.
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Figure 8. Unit exergy costs of the ammonia plant products and increase percentage compared to the
conventional scenario (a). Other variables such as the amount of ammonia produced and the CO>
captured are reported for the ammonia production routes described in Fig. 5.

According to Fig 8, the highest unit exergy cost of the ammonia plant products corresponds to the
scenario in which only bagasse is used as both feedstock and fuel (i.e. gasification-derived syngas is
used in the utility systems). Moreover, the use of a utility system based on a Rankine cycle instead of
a combined cycle leads to an increment of the average unit exergy cost of the products of the alternative
ammonia production plant (7.7% when comparing Fig. 8d to f, and 16.9% when comparing Fig. 8c to
e). On the other hand, the lowest average unit exergy cost of the products of the alternative ammonia
plant is found for the scenario shown in Fig. 8b. In that case, the electricity import is increased to
reduce the import of utility fuel. Thus, the use of electricity produced in the highly renewable Brazilian
electricity mix leads to a reduction of the overall energy consumption in the ammonia plant. Despite
this relative thermodynamic and environmental advantage, the average unit exergy cost of the products
of the ammonia plant for the scenario shown in Fig. 8b is still 54% higher than that obtained when the
ammonia plant operates under the conventional scenario. These results are in agreement with the
exergy efficiency indicator, which is up to 34% higher for the conventional scenario, if compared to
the alternative scenarios. This difference occurs due to the increased exergy consumption in the
biomass-based routes, compared to more mature and efficient conversion processes in the conventional
ammonia plant. Actually, the alternative production routes based on bagasse gasification comprise
energy-intensive bagasse drying and more stringent syngas compression and purification processes.
Yet, regarding the amount of CO> captured, the alternative ammonia production routes sequestrate two
times more CO, compared to the conventional scenario. This fact reveals opportunities of net negative
COz emissions for the biomass-based ammonia production routes, which becomes relevant in scenarios
involving with carbon taxes.



Regarding the financial analysis, the main parameter evaluated is the net present value (NPV) of the
conventional and integrated setups. The values reported in Fig. 9 do not consider any carbon taxes yet.
Notably, the conventional scenario exhibits the highest NPV due to the highest number of days of
ammonia production using natural gas (340 days), compared to the 200 days adopted for the sugarcane
harvesting season. Accordingly, the seasonality of biomass growth hampers the NPV of the alternative
ammonia production routes, which is 39-53% lower than in the conventional case. Higher CAPEX and
OPEX associated to the alternative production routes further impair their economic performance. This
circumstance presents technical and financial challenges for the bagasse-based ammonia plants if they
aim to become competitive vis-a-vis the conventional production route.
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Figure 9. Net present value (NPV) for the conventional and integrated ammonia production
scenarios without considering carbon taxes. Rk: Rankine cycle; CC: combined cycle; NG: natural
gas; EE: electricity. “Syngas” represents the production routes that only consume bagasse and
produce their own utilities consuming a fraction of the syngas produced.

Meanwhile, due to growing awareness of the impact of the fertilizers production in the environment,
these apparent disadvantages must be weighed against the benefits of the alternative production routes
to mitigate the CO- emissions. Moreover, there could be an opportunity of earning additional revenues
in new markets with more stringent environmental regulations. For this reason, an additional analysis
is carried out in order to compare the financial performance of all the production routes considering a
future scenario of carbon taxation. In the case of the alternative ammonia production routes, the carbon
tax is favorable, since there is an overall negative carbon emission rate due to the biogenic CO> carbon
capture process in the syngas purification unit (Fig. 10). On the other hand, due to the net positive
fossil CO. emissions from the natural gas combustion, the NPV of the conventional scenario drops as
the carbon tax increases. Figure 11 presents the incremental NPV calculated as the difference between
the NPV of the alternative configurations and the conventional setup. Unlike Fig. 10, the Fig. 11 shows
the carbon tax at which the integrated production plants become equal or more economically attractive
than the conventional scenario. Notably, the integrated production routes become more favorable when
the carbon tax increases above 45 USD/tcoz, especially when the utility system of the ammonia plant
is based on the combined cycle technology. Moreover, when a substantial import of electricity to the
ammonia production plant is enabled, higher carbon taxes (>55 USD/tco2) would be necessary to
compensate for a higher price of the electricity consumed. In fact, the solution based on intensive



electricity import results less favorable than those based on combined cycles, unless the carbon tax is
increased above 120 USD/tco2. Hence, as long as lower electricity prices may be accomplished, the
integrated production route reliant on electricity would be even more favorable than the one consuming
natural gas or syngas as fuel. This sensitivity analysis demonstrates the interdependence between the
financial and thermodynamic parameters of the integrated production routes.
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Figure 11. Incremental NPV as a function of the carbon tax adopted.



The renewability indexes for the different scenarios are summarized in Table 3. As it can be seen, the
highest renewability index corresponds to the alternative scenario consuming electricity from the
Brazilian electricity grid and using a Rankine cycle. This value is 62.2% higher than the renewability
index of the conventional scenario. Actually, as it goes from a control volume encompassing only the
ammonia plant to a control volume including all the production route, the renewability index increases
for all the studied scenarios except for the conventional one. It indicates a deterioration in the exergy
and environmental performance of the standalone sugarcane and ammonia production plant when the
supply chain of the resources is considered. On the other hand, the integration of the sugarcane mill
and the ammonia production routes may help offsetting the disadvantages of the lower conversion
efficiencies in the alternative routes and the increased emissions due to bagasse transportation.

Table 3. Renewability index of the conventional and the alternative scenarios.

Conventional  Alternative Alternative  Alternative Alternative  Alternative
Control volume NG Rk Syngas Rk Syngas CC EERK  NGRK NG CC
Only NH3 plant 0.5401 0.5671 0.7386 0.8763 0.6177 0.7858
Overall System 0.5103 0.7285 0.7797 0.8138 0.7389 0.7918

Regarding the balance of CO> emissions, the direct, indirect emissions, as well as the biogenic CO>
avoided, are shown in Table 4. The conventional scenario is the only with positive CO2 emissions, due
to intensive natural gas consumption. On the other hand, the alternative scenarios based on biomass
gasification exhibit a drastic drop on the net CO2 emissions, thanks to the use of syngas derived from
residual sugarcane bagasse. However, these scenarios still present some indirect fossil CO2 emissions,
due to the bagasse transportation from sugarcane mills to the ammonia plant. Anyhow, the direct and
indirect CO, emissions derived from the diesel consumption are not as representative as those derived
from the energy conversion processes in the chemical plant and the supply chains of other energy
resources (e.g. natural gas and electricity, see Table 4). The use of electricity as an energy resource
may also cut down the CO, emissions in the alternative ammonia production routes (Florez-Orrego,
2018), however it will depend on how electricity is generated. In this way, an upgraded gasification of
bagasse in the ammonia plant may help dropping the CO2 emissions by 1.6 MtCO>/year, compared to
the case when bagasse is entirely burnt to generate surplus electricity to the grid.

Table 4. Direct and indirect emissions for diesel, natural gas (NG) and Electricity (EE). The net CO-
emissions balance of the scenarios studied is also reported (tco2/tnHs).

Conventional Alternative  Alternative  Alternative  Alternative  Alternative

Scenario NG Rk Syngas Rk Syngas CC EE Rk NG Rk NG CC

Direct emissions
from diesel 0.0000 0.0014 0.0013 0.0012 0.0012 0.0012
consumption

Direct emissions
from natural gas 1.7070 0.0000 0.0000 0.0000 0.3680 0.1550
consumption




Conventional Alternative  Alternative  Alternative  Alternative  Alternative

Scenario NG Rk Syngas Rk Syngas CC EE Rk NG Rk NG CC

Indirect
emissions from
diesel
consumption

0.0000 0.0001 0.0001 0.0000 0.0000 0.0000

Indirect
emissions from
natural gas
consumption

0.0430 0.0000 0.0000 0.0000 0.0338 0.0143

Indirect
emissions from
electricity
consumption

0.0000 0.0000 0.0000 0.0244 0.0000 0.0000

Biogenic CO;

. 0.0000 -2.5030 -2.5030 -2.5030 -2.5030 -2.5030
avoided

CO: net balance 1.7500 -2.5015 -2.5017 -2.4774 -2.1000 -2.3325

4. Conclusions

In this work, the potential to produce ammonia from inexpensive biomass residues, namely, residual
bagasse from sugar cane mills, is compared to the conventional case (i.e. standalone sugar and ethanol
mill and ammonia plant). This comparison is performed in terms of: (i) the average unit exergy costs
of the marketable products, (ii) financial performance indicators, (iii) the net CO2 emission balance
and (iv) the renewability index. The average unit exergy cost of the ammonia plant products (i.e.
ammonia, CO; and purge gas) and the associated CO2 emissions are reduced if electricity is imported
from the greener Brazilian electricity mix. The financial analysis showed that using syngas derived
from bagasse gasification as fuel in the utility systems (e.g. combined cycle) of the ammonia plant may
help reducing the dependency on fossil resources. Indeed, a net balance of CO> emissions demonstrated
that the alternative ammonia production routes promote the depletion of CO2 in the atmosphere, unlike
the conventional scenario of ammonia production, based on natural gas. Additionally, the renewability
index is higher for all alternative ammonia production scenarios compared to the conventional case.
The alternative scenario relying on substantial electricity import proved to be the most renewable one.
The challenge of the alternative production routes remains the improvement of the financial indicators,
such as the NPV, to levels comparable to those of conventional scenario. The energy intensive bagasse
pre-treatment and syngas conditioning processes, along with the seasonality of the sugarcane mill
operation and the technological gaps of the biomass gasification systems are key factors to enhance the
thermodynamic and the economic performances of the integrated sugarcane mill and ammonia plant.
An approach that could be further evaluated is the possibility of using different biomass resources or
biogas to tackle the seasonality issue. Anyhow, these breakthrough approaches for producing nitrogen
fertilizers constitute important pathways to cut down greenhouse gas emissions and to promote the
sustainable use of energy. Biomass gasification is a promising energy conversion route, especially for
tropical countries, which have a largely underexploited biomass potential.
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Appendix A — Data of total milling capacity and number of sugarcane mills per city (PROCANA,
2016).

City Milling capacity (t/y) Number of sugarcane mills per city
Adamantina 1450500 1
Américo Brasiliense 4606862 1
Andradina 3034384 1
Aracatuba 2896967 2
Araraguara 3361196 4
Araras 5122908 2
Ariranha 7465301 2
Avanhandava 1419600 1
Avaré 1143138 1
Bariri 1831225 1
Barra Bonita 6087448 1
Batatais 4150000 1
Bento de Abreu 1112753 1
Bocaina 2025899 1
Boituva 972061 2
Bora 1400000 1
Brejo Alegre 2595671 1




Brotas 2193000 2
Buritama 1010726 1
Buritizal 2818427 1
Castilho 2450000 1

Catanduva 6165000 2
Cerqueira César 1711781 2
Cerquilho 1400000 1
Charqueada 206463 1
Clementina 3362894 1

Colina 3222335 1

Colémbia 2742969 1
Cosmopolis 1859038 1
Descalvado 1900000 1

Dois Corregos 1145984 2
Dracena 1247773 1
Elias Fausto 1403904 1
Fernandopolis 2018537 1
General Salgado 1092468 1

Guaira 12554206 3
Guaraci 1712207 1
Guariba 4260948 1
lacanga 3400000 1

Ibaté 1309657 2
Igarapava 2109563 1
Ipaussu 2587933 1
Iraceméapolis 2860000 1
Itai 950000 2
Itapetininga 1889374 1
Itapira 944000 1
Itdpolis 800000 1
Jaboticabal 2077370 2
Jad 1872920 2

José Bonifacio 2879983 1
Junqueirdpolis 3258710 2
Leme 2027894 1
Lencois Paulista 4006208 1
Lins 2605648 1
Lucélia 1505995 1
Luis Antbnio 3324081 1
Macatuba 4271636 1
Manduri 255434 1
Maracai 2284621 1
Marapoama 1816206 1
Martinopolis 1302441 1
Mendonca 2735820 1
Meridiano 3322086 1
Mirandopolis 1545353 1




Mirante do Paranapanema 3704993 1
Mococa 2000000 1
Moncoes 1435792 1
Monte Aprazivel 2691504 1
Morro Agudo 8968268 2
Narandiba 4952000 1
Nova Europa 4511352 1
Nova Independéncia 2713306 2
Novo Horizonte 6579974 2
Olimpia 4960160 1

Onda Verde 1617375 1
Orinditva 4711617 1
Ourinhos 2361277 1
Ouroeste 2094533 1
Palestina 1731769 1
Palmital 132413 1
Paraguacu Paulista 5649458 2
Paraiso 2200000 1
Parapud 1350000 1
Patrocinio Paulista 2194237 1
Pauliceia 2253063 1
Penépolis 1952602 1
Pereira Barreto 2350000 1
Piracicaba 3716271 1
Pirassununga 7237884 4
Pitangueiras 7276000 3
Planalto 3758848 1
Platina 229068 1

Pontal 6400539 3

Pontes Gestal 2096422 1
Potirendaba 3088244 1
Pradopolis 7551686 1
Presidente Prudente 2110325 1
Promissao 3845796 1
Quata 3062170 1
Queiroz 4705386 1
Rafard 2200000 1

Rio das Pedras 2603614 2
Sandovalina 2232250 1
Santa Albertina 2423248 1
Santa Barbara d'Oeste 2286277 1
Sao Jodo da Boa Vista 2660329 1
S&o Joaquim da Barra 5449000 1
Sao Manuel 3695014 1
Sebastiandpolis do Sul 3311414 1
Serrana 4738640 1
Sertdozinho 11597431 6




Severinia 3193916 1
Sud Menucci 1520000 1
Suzanapolis 1578996 1

Tanabi 2445868 1
Tapiratiba 397628 1
Taruma 4774587 2
Teodoro Sampaio 1311359 1
Tieté 940000 1
Ubarana 1130901 1
Valparaiso 6015676 2
Vista Alegre do Alto 4079939 1




