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APRESENTACAO

A obra “Estudos (Inter) Multidisciplinares nas Engenharias” aborda uma série
de livros de publicacdo da Atena Editora, em seu | volume, apresenta, em seus
25 capitulos, discussbes de diversas abordagens acerca da importancia da (inter)
multidisciplinaridade nas engenharias.

O processo de aprendizagem, hoje em dia, € baseado em um dinamismo de
acbes condizentes com a dindmica do mundo em que vivemos, pois a rapidez com
que o mundo vem evoluindo tem como chave mestra a velocidade de transmissao
das informacdes.

A engenharia praticada nos dias de hoje € formada por conceitos amplos e as
situacdes a que os profissionais s&o submetidos mostram que esta onda crescente
de tecnologia n&o denota a necessidade apenas dos conceitos técnicos aprendidos
nas escolas.

Desta forma, os engenheiros devem, além de possuir um bom dominio técnico da
sua area de formacgao, possuir dominio também dos conhecimentos multidisciplinares,
além de serem portadores de uma viséo globalizada.

Este perfil € essencial para o engenheiro atual, e deve ser construido na etapa
de sua formacgao com o desafio de melhorar tais caracteristicas.

Dentro deste contexto podemos destacar que uma equipe multidisciplinar pode
ser definida como um conjunto de profissionais de diferentes disciplinas que trabalham
para um objetivo comum.

Neste sentido, este livro € dedicado aos trabalhos relacionados aos estudos
da (inter) multidisciplinaridade nas engenharias, com destaque mais diversas
engenharias e seus temas de estudos.

Os organizadores da Atena Editora agradecem especialmente os autores dos
diversos capitulos apresentados, parabenizam a dedicacao e esfor¢o de cada um, os
quais viabilizaram a construcao dessa obra no viés da tematica apresentada.

Por fim, desejamos que esta obra, fruto do esforco de muitos, seja seminal para
todos que vierem a utiliza-la.

Helenton Carlos da Silva
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CAPITULO 21

THE STEAM GENERATION CENTERS AS AVECTOR FOR
THE SUGARCANE MILLS EVOLUTION TO THE SUCRO-

Roque Machado de Senna

Universidade Federal de Sao Paulo,
Departamento de Engenharia Quimica, Diadema -
Séo Paulo

Henrique Senna
Instituto Federal do Sudeste de Minas Gerais Juiz
de Fora — Minas Gerais

Rosimeire Aparecida Jer6nimo

Instituto de Ciéncias Tecnoldgicas (ICT)
Universidade Federal de ltajuba, Campus ltabira,
Itabira - MG

ABSTRACT: The energy generation by the
sugar-energy sector occurs simultaneously
in the modalities: process heat, mechanical
energy, electric energy for own consumption
and excess, predominantly from sugarcane
bagasse. It is intended the technological and
economic aspects systemic approach, in order
to contribute to the bioenergy definitive insertion,
coming from the sugar-energy sector, as a
great relevance complementary alternative, to
support the Brazilian energy matrix. Considering
that the 68 bar and 100 bar units yield were
modeled at 38.97% and 42.80%, no doubt the
steam generator system replacement could
be an extreme importance procedure from
the technical and economical view point, for
increasing efficiency and, consequently, raising
the revenues with the surplus electric energy

Estudos (Inter) Multidisciplinares nas Engenharias

ENERGETICS PLANTS FORMAT

generation, in the 25.63% to order 86,499 MWh
/ crop, equivalent to 15.57 million Reais, to a
MWh traded at CCEE / ANEEL at R$ 180.00,
corresponding to a R$ 15.57 million value to be
added, for a 212.80 tons sugarcane bagasse
processing.

KEYWORDS: Sugarcane mill modeling. Steam
Generation Center. 68 bar and 100 bar Boilers.
Steam Boiler Efficiency. Cogeneration.

11 INTRODUCTION

Up until the 1970s, large hydroelectric
plants were predominant due to the generating
electricity low cost production due to the
excellent scale factor that had a huge impact on
the generating energy cost, and also due to the
prohibition policies lack to the environmental
impacts resulting from their activity (SANTOS,
2014).

The electric energy generation, surplus
in the sugar and alcohol sector, predominantly
exported to the National Interconnected System
(SIN), had its discussion started a long time
ago, however, even so, the quantities produced
are far below their real production and export
capacity (SANTOS, 2014).

On the other
advantage for the sugar and alcohol industry

hand, a significant

associated with bioelectricity is the constant
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financial contribution guarantee from the energy commercialization, as opposed to
the cane production seasonality to which they are subject (EPE, 2013).The electric
power purchase by the sugar and alcohol plants was almost extinct when the Steam
Generator (GV) operating pressure exceeded the 22 bar (2.2 MPa) at 300 °C mark. In
this technological generation, by 21 bar; 2.1 MPa to 22 bar; 2.2 MPa, which occurred,
predominantly, around the 80s, the GV efficiency did not allow to sell surplus electric
power, but with amount the bagasse by 0 to 10 %, it did not have enough biomass,
to generate such electric energy surpluses. At that time, the sugar and ethanol mills
maintained an energy balance for almost 15 years, producing and consuming for each
ground cane ton, electric energy 12 kWh, mechanical energy 15 kWh and thermal
energy 330 kWh in 550 kg of steam per tonne (SOSA ARNAO, 2007).

With the 45 bar (4.5 MPa) Steam Generator (GV) system introduction, which is
now intermediate efficiency considered, it was possible to obtain bagasse leftovers,
in quantities sufficient to supply this GV, as well as to produce electric energy, with
significant commercial value. Today are considered modern, 65 Bar (6.5 MPa) and
100 bar (10 MPa) the order SG systems (SOSA ARNAO, 2007; SOUZA & AZEVEDO,
2006).

The electricity excesses are exported to the Brazilian Interconnected Electric
System (SIN) by contracts used and prepared by the Brazilian Electric Energy Trading
Chamber and supervised on the Brazilian Electric Energy Agency (CCEE / ANEEL),
which has the electric power purchase intermediation role and sale, among the actors.
The biomass plants can market their surplus to electricity distribution concessionaires
for free and special electricity consumers, in accordance with Brazilian Decree N°
6,048/2007 (EPE, 2013; SOUZA & AZEVEDO, 2006; OLIVEIRA, 2013).

This work objective is to model two the existing system stands for steam
generators operating at 68 bar, 510 °C and 100 bars at 510 °C, respectively, where
their design drawings are adapted for modeling and, according to the operation reality,
using real industrial data. It is the authors intention with this auxiliary study elaboration
to the Productive System in the investment and technical decision making, through
this technological way.

2| METHODOLOGY

2.1 Traditional Rankine Cycle with GV-CTR-68 bar

The traditional Rankine Cycle (CTR), as can be seen in figure (01), is the most
widely used model to evaluate the industrial unit efficiency generating bioenergy,
since this CTR is a realistic and practical model, that is in opposition to the idealized
Carnot cycle. Some care should be taken when evaluating a CTR, such as energy
efficiency reduction, and maintenance costs, when care with turbine feeding do not
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observe saturated steam, with high liquid content associated with their flowout taking
into account turbine blades erosion possibility (SMITH, 2007).

In order to improve the CTR performance, after the condensation stage, it is
necessary to focus on the need to completely condensate the vapor, and with this,
to facilitate the saturated liquid adiabatic pumping to the boiler. It has also proved
important to overheat the steam, the constant pressure in the GV, in order to increase
its average temperature, the heat transfer to steam. All of these steps make it possible
to increase CTR efficiency. Another interesting procedure to increase the CTR
efficiency is to insert a second heating stage for the turbine, thereby maintaining the
superheated steam, raising the average turbine feed temperature, and concomitantly
lowering the turbine rejected heat average temperature. Such measures make it
possible to increase the CTR efficiency (SMITH, 2007).

The CTR's operating curve is shown in figure (2), where the entropy (S) on the
horizontal axis, and on the vertical axis the temperature (T). When considering the
areas involved it is possible to evaluate the work developed by the heat transferred
to the fluid. The following is a (01) to (08) analytical model equations based on steam
tables in VAN WYLEN (2003), an applicable model for the CTR average efficiency
determination [nt (%)], as a the various phases consequence that occur, based on
the first one and the thermodynamics second law, where kinetic and potential energy
variations are neglected as well as the various heat losses in the various facilities
equipment.

n, (%) =w,./q, the traditional Rankine cycle yield (01)

W, =W, W, the network = the turbine work - the pump work (02)
q,=h,_h, heat supplied, boiler = enthalpy outlet-enthalpy input (03)
h,=h,+/v. dp the boiler inlet enthalpy (04)

w, =v. (p,-p,) the pump work + specific volume. Apressure (05)
h,=h,+x, h,, the turbine output enthalpy (06)

w, _h,_h, the turbine work=the enthalpy input-the enthalpy output (07)
S5,=5,=5,+x,. 5, theentropy in (3) and (4) are equal, then the

title x, is determined, based on the steam tables (08)

N ™y

GV-CTR-68bar

°c

Turbo

_|_ Generator ~ 3 (
03

- — = > 3
Boiler 04 -
02 2
Condenser - LN
| 1o 4 4
1 1

I L I h
Pump 01 68 bar 5102C a b €Supgec

.

Figure 01 and 02: The traditional Rankine cycle and Entropy & Temperature Curve
Source: author, adapted from VAN WYLEN (2003).
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The GV-CTR-68bar used as a base is basically two aquatubber boilers composed,
two steam turbines, operating 68 bar, 6.8 MPa, 510 ° C, as shown in figure (01), for the
modeling purposes, the thermodynamic parameters, were based on available steam
tables (VAN WYLEN, 2003), as well as on the data used by Abreu (2015), where the
sugarcane bagasse was has considered contain 50% humidity, and 7,200 kJ / kgc
(kilogram of cane) lower calorific value (CIP), the 275 kg per tonne cane bagasse
content, and in addition two condensers operating in 0.1 bar (10 kPa), two pumps used
to transport the water and pressurizing the boilers. The total bagasse consumption is
212.80 tb / h, with the boiler’s operation in 5,853 hours per harvest.

GV-CTR-68 bar, used as a basis in this model, with simplifications, is located
in the Quirin6polis, Goias State Municipality, and is an Independent Producer and
Electric Energy Self-Producer, located in the Southeast / Center-West energy
submarket. It has two aquatubber boilers, each one with a 250 tons / hour flow, with
two Generator Units, in a 40 MW each simple thermal cycle, installed capacity totaling
80 MW, authorized to operate by Ordinance N° 123 / MME / BRASIL / 2007, with the
conventional energy generation concession, with the 50 MW for generation Distribution
System use contract - MUSD. The internal contract plant energy consumption is 8 MW
in the Peak position, 8 MW for out the tip.

2.2 Regenerative Rankine Cycle and Mixing Heater-GV-CRRAM-100bar

Inthis section, the methodology for the efficiency determinationinthe Regenerative
Rankine Cycle with Mixing Heater (CRRAM), is shown in figure (03), and figure (04).
In this CRRAM the steam enters the turbine through the stage (5). After expansion
is extracted to the (6) state, and the steam remainder continues the expansion in
the turbine to the (7) stage, and is then brought to the condenser, and from there, to
make the mixture with the steam extracted from the turbine. Since the steam extracted
amount is only sufficient to convert the condensate into fully saturated liquid in (3)
stage, as soon as it leaves the mixing heater. At this stage end the saturated liquid is
pumped to the boiler pressure (4) stage, and then the average temperature at which
the fluid is supplied rises (VAN WYLEN, 2003).

The CRRAM operating curve is shown in figure (04), with the entropy (S) on the
horizontal axis, and the temperature (T) on the vertical axis. When considering the
areas involved it is not possible to accurately assess the heat transferred to the fluid
by the work developed, since the steam part is diverted to the water heater.

In the following table, we will analyze, in an analytical way, based on steam
tables (VAN WYLEN, 2003), a (09) to (20) analytical model equations to determine the
CRRAM average efficiency [nt (%)], as the several phases consequence that occur.

n, (%) =w,/q, the CRRAM yield (09)
w,,=w,_(1-m ). wb,-w,, the cycle network (10)
w,,=h,-h=f.dp the pump work 1 (11)
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h,=h,-w,, the enthalpy2 (12)
w,,=h,-h=p.dp the work pump2 (13)
P,dp=v, (p,-p,) the pump work = the specific volume. Apressure (14)
S,=S5, =S +X,. S, the entropy in 5 and 6 are equal (15)
hy=h X, S, the enthalpy in 6 (16)
S,=5,=5,+x,. S, the entropy in 5 and 7 are equal (17)
h.=h +x. S, the enthalpy at 7 (18)
h,=m_h + (1-m,).h, the determination fraction m1 (19)

w,_(h,_h,)+(1-m.).(h,— h.) the enthalpy input - the extraction output enthalpy

+ input enthalpy- the enthalpy output, complementary to extraction (20)

GV-CRRAM
100bar Turbo g
Generator ~

Boiler
04 “w
= p
Pump Pump S ki/kg oC

Figure 03 and 04: Regenerative Rankine Cycle with Mixing Heater and Entropy & Temperature
Curve

Source: author, adapted from VAN WYLEN (2003).

3 | RESULTS AND DISCUSSION

3.1 Traditional Rankine Cycle in 68 bar Sucroenergetic Steam Generator (GV-
CTR68bar)

The thermal efficiency determination, as a base factor for the electric power
production, by thermoelectric plants powered by sugarcane biomass was determined
for a sugarcane industry standard, here called GV-CTR-68bar, as shown in figure (05).

.

GV-CTR-68bar

10kPa
Conde;rser 0.1bar
Pump 01 68 bar 5102C
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Traditional Rankine Cycle (CTR)
enthalpy(h), entropy(s), specific volume(v)

h(kg) s (IkgK) si(kIkeK) sy, (kIkgK) v (m’/kg)
191.81 - - - 0.00101
6.8_441

e ed B

06492 75010
Source: author with VAN WYLEN (2003) adaptations

Figure 05 and 06: the GV-CTR-68bar adopted model.
Source: author, adapted from VAN WYLEN (2003)

The thermal efficiency determination, as a base factor for the electric power
production, by thermoelectric plants powered by sugarcane biomass was determined
for a sugarcane industry standard, here called GV-CTR-68bar, as shown in figure (05).

w,/q, 1,261.92/3,238.13=38.97 % (19)

W, =W, w, 1,268.69-6,77 = 1,261.92 kl/kg (20)
q,=h, h, 3,436.70-198.57 kJkg (21)
hy=h,+/v.dp 198.57 kJ/kg (22)
w,=v.(n,-p,) 6.77klkg (23)
h,=h, +x, h,,, 2,168.01 kikg (24)
w,_h,_h, 1,268.69 ki/kg (25)

S,=S, =S+, S,,6.8441 kJ/kg°K (26)

x, 0.8259 (27)

The GV-CTR-68bar, used as a basis in this model, with simplifications, had a
performance in the excess electricity exported generation / imported in the SIN, the
2016 harvest, as shown in figure 07.
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Sucroenergetic Steam Generator(GV-CTR68bar)

(=] - n =] ]
S u Generation § &8 8 3 5 E
sso0 5 | 337,497 MWh §.5F5 5§ 2 -
L Consumntion _§ - ¥ °
3,442 MWh 3

Generation #onsumption

O R A R R AR

0’\' o:\'
‘\0 QQ‘ ) <

Source: author, adapted from CEE 2016 Brazil

Figure 07 Electricity Excess exported / imported in SIN, 2016 harvest GV-CTR-68bar, LT 138 kV
/ UTE Boa Vista - SE Quirinépolis - GO.

The UTE Boa Vista energy consumption is, as from 2017, under a free contracting
regime, belonging to Group A, Subgroup A2, Blue Rate Modality, with the seasonality
benefit. It has a 38.9 MW Physical Guarantee for the year 2016. (DE ABREU, 2015;
CCEE, 2016).

3.2 Regenerative Rankine Cycle with 100 bar Sucroenergetic Plant Steam
Generator and Mixer Heater (GV-CRRAM 100 bar)

Shows up in the figure (08), the GV-CRRAM system 100 bar simplified structure,
and figure (09), the parameters obtained from the steam tables, to obtain the theoretical
efficiency, as shown in equations (28) to (40). Shows up in the figure 10 the excess
electricity exported and imported balance in the SIN, 2016 harvest, by the UTE Boa
Vista, whose is GV-CRR 100 bar generation system, which supplies the 138 kV (138
kV) electricity transmission line from UTE Boa Vista up to Electrical Substation (SE)
Quirinépolis — GO (DE ABREU, 2015; CCEE, 2016).

The thermal efficiency improvement, shown in equations (19) and (28) from
38.97% to 42.80 %, was the base factor for the increase in the surplus electric energy
production, as shown in figure (10). It is observed that despite a seemingly low 2.756
% efficiency increase [(1.4280 / 1.3897-1) .100], an enormous a surplus energy
mount was generated, in the 86,499 MWh amount, representing 25.63 %, reflecting
the efficiency improvement that affects all the biomass used, and the surplus electric
energy generation, occurs only after meeting the energy Plant demands.

The total annual generation, after updating to GV-CRR 100 bar, resulted in 434,868
MWh, and considering net generation, including own consumption and the basic grid
losses, resulted in 423,996 MWh. In order to adjust the new generation configuration
due to this net generation increase, an amount to 9.87 MW in the Physical Guarantee
was added to the existing 38.9 MW, totaling 48.77 MW. The proposed changes did not
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significantly affect the unit's own electricity consumption, and for this reason it was not
considered for modeling purposes. It is important to note that UTE Boa Vista will use
the same biomass amounts in the current steam generator.

f N

GV-CRRAM  s51pec
100bar 100 b Turbo
ar Generator

Boiler

02

w2 o2 H—=T__[o1H= obar

= .
Pump-o'g wWbiPump 01

. v

04 (1-m1)kg
Heater*:l_ Condenser

Regenerative Rankine Cycle with Mixing Heater (CRRAM)
enthalpy (h), entropy (s), specific volume (v)

h (kJ/kg) s (kJ/kg K) s1 (kI/kg.K) siy (KJ/kg.K) v (m?/kg)
é 191.81 - - - 0.00101
3 721.10 - - 0.001115
4 . - - - -
5 3,399.06 - -
6 - 2.0461 46166
7 0.6493 7.5009

Source: author with VAN WYLEN (2003) adaptations

Figure 08 and 09 the GV-CRRAM 100bar, and values extracted from the steam tables
Source: author, adapted from VAN WYLEN (2003).

For the Rankine Thermal Cycle GV-CRRAM modality the efficiency calculation,
as described in (2.2), was found the value of nt (%) = 42.80%, being:

n, (%) =w,/q, 1,141.76/2,667.70 = 42.80 % (28)

W, = w, (1-m,). wb-w,, 1,141.76 kJ/kg (29)
w,,=h,-h=f.dp 0.00101(800-10) = 0.80 kJ/kg (30)
h,=h,-w, 191.9 —(-0,80) = 192.61 kJ/kg (31)
w,,=h,-h=f.dp 0.001115(10.000-800) = 10.26 kJ/kg (32)
h=h,-w, 721.10-(-10.26) = 731.36 kJ/kg (33)
S,=5,=5 +X,. S, 6.6284 kJ/kg°’K (34)
hy=h X, S, 721.10 + 0.9832(2048) = 2,734.69 kd/kg (35)
S,=5,=5_+x,.S,, 6,6284 kJ/kg°’K (36)
h,=h_+x..S . 191.81 + 0.8051(2392.80) = 2,118.25 kd/kg (37)
h,=m..h,+ (1-m,).h, m, =0.2079 (38)

w,_(h,_h).+(1-m,). (h,—h) 1,152.65klkg (39)
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x, 0.9832 (40)

X, 0.8051 (41)

Sucroenergetic Steam Generator

Electricity Generation: GV-CRRAM 100bar & GV-CTR68bar
60000

Generation |337 497 423 996 86 499
Consumption, 3442 3442 0000

50000

MWh

Technology| 68bar 100bar fncremJ

40000
W 68bar (MWh)

Consumption (MWh)
m 100bar (MWh)

30000

20000

10000

i Increment —(MWHh) I E I
© CRNC

Generation and Consumption MWh

Source: author, adapted from CEE/ANEEL/Brazil, 2016

Figure (10) Annual balance, Electric Energy Surplus exported / imported in SIN, GV-CTR-68bar
& GV-CTR100bar, 2016 harvest, 138 kV LT / UTE Boa Vista - Quirinépolis - GO

4|1 CONCLUSIONS

Considering the technical aspects, the steam generator modernization is an
extreme importance requirement, as shown in the model presented for the GV-CTR-
68bar system by GV-CTR100 bar system, where an 2.756% efficiency increase the
electricity surplus amount was 25.63%, or 86,499 MWh / harvest, equivalent to R$
15.57 million, for the MWh sold at CCEE at R$ 180.00 / MWh. The biomass amount
for the system operation was 212.80 ton / h (sugarcane bagasse tons per hour). The
68 bar and 100 bars units’ yields were modeled with 38.97% and 42.80% efficiency.
When assessing the economic and financial aspects, other issues can be considered,
such as the necessary cost for the appropriate substitutions, according to the different
technologies systems, since more current technologies may have non-linear costs for
substitution and, therefore, the analysis should be taking this question into account.
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