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ARTICLE INFO ABSTRACT

Biomass based energy system play an important role for developing countries like India which is rich in
biomass. In this work, biomass is utilized in decentralized way for multiple utility generation through
polygeneration. However, for the maximum utilization of biomass, proper design of energy system is

necessary. For this purpose, exergy analysis shows better insight about the scope of the possible
improvement. Results indicate the critical components and processes of the polygeneration from the
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viewpoint of exergy. Most of the exergy losses and destructions occur in gasification, ethanol production
and combustion processes. Thermodynamic parameters for all state points of the polygeneration are
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Nomenclature

Ex Exergy (kJ)

Ex Exergy rate (kW)

ex Specific exergy (kl/kg)

Enthalpy (kJ/kg)

Mass flow rate (kg/s)
Efficiency

pressure (bar)
Heating/cooling (kW)
Gas constant (kJ/kg-K)
Entropy (kJ/kg-K)
Temperature (K)
Power (kW)

Mass fraction
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1. Introduction

Biomass can be a good source of secondary energy if it is used properly
[Bentsen et al., 2014]. However, design of energy system using locally
available biomass is crucial for maximum utilization of biomass [Jana
and De, 2015a]. As biomass have less energy density than fossil fuel,
system should be efficient for the bettermentof performance which is
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reflected on its environmental and economic parameters [Jana and De,
2015b]. For proper utilization of biomass, suitable conversion
technologyis also required. For maximum utilization of biomass to cater
to the needs of local people polygeneration is an promising option [Chicco
and Mancarella, 2009]. Polygeneration is an efficient energy system for
obtaining multiple utility outputs from a single unit by proper process
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integration [Serra et al., 2009]. Energy efficiency is the simplest
thermodynamic way to measure the performance of polygeneration.
However, possible improvement in energy efficiency can be measured
through the exergy analysis.Exergy analysis shows the components where
the maximum work potential is lost within the polygeneration. It also
grossly measure the sustainability of an energy system [Dincer and Rosen,
2013].

Biomass input to the polygeneration should be selected for long-run
operation [Jana and De, 2015a]. Rice straw is a good source of ligno-
cellulosic biomass with reasonable calorific value [Bentsen et al., 2014].
Plenty of rice straw is available in developing countries like India, China
etc [Gadde et al., 2009]. This straw can be used to cater to the needs of
local people through polygeneration. Secondary energy demand in the
locality is mainly electricity. Apart from electricity, cooling utility is
required for cold storage to preserve the agro-products or food products.
Another important secondary energy demand is transportation fuel. It is
the second largest form of secondary energy demand after electricity
[IEA, 2016]. Heating is another utility demand for room heating or food
processing. Use of biomass as a input to the polygeneration was reported
in literature [Chen et al., 2016; Vidal and Martin, 2015; Trippe et al.,
2011; Li et al., 2014]. Jana and De [2017] reported the polygeneration
for electricity and ethanol by thermochemical conversion of biomass.

The main objective of this work is exergy analysis of a polygeneration
plant which produces electricity, ethanol, heating and cooling. This
polygeneration is fuelled by rice straw. For the exergy analysis,
thermodynamic state points are calculated through simulation. The
simulation is done in Aspen Plus®. Destruction and/or losses of exergy
within the various components of polygeneration are shown in this paper.
These results will help to identify the components for possible
improvement. This improvement increase the thermodynamic efficiency
of the polygeneration plant.

2. Materials and method

The performance of polygeneration plant depends on thermo-chemical
properties of rice straw. The properties of rice straw are HHV 14.56 MJ/
kg, LHV 13.76 MJ/kg, FC 13.33%, VCM 62.31%, Ash 24.36%, C
34.6%, H 3.93%, O 35.38%, N 0.93%, S 0.16%, Residue 25% [Domalski
et al., 1986].

2.1 System description

In this work, an energy system is modeled to deliver power, ethanol,
heating and ccoling. The schematic of the system is shown in Fig.1.From
this figure, it is noted that there are several blocks associated in this
system. Discussion on this blocks are given below. Operating parameters
of the polygeneration is given in Table 1.

2.1.1 Gasification

Firstly, biomass i.e., rice straw enters to the atmospheric pressure
gasifier. Before entering to the gasifier, moisture of the straw is reduced by
suitable drying process. Solid biomass is converted into the gaseous
products. The main reactions occurs in the gasifier are given as follows-

20+ 0, « 2C0O Partial combustion ofchar

2H; +0; « 2H-0 Hydrogen combustion

C+ H20« H.+CO Water gas reaction

CO+C < 2C0 Boudouard reaction

CO+H,0 « COy+H, CO shift reaction

C+2H»+ CHy Methanation reaction

CH4 + H,0 « CO + 3H, Steam-meathane reforming

2N>+3H, «» 2NH; NH; formation

H>+Se H.S

The products of the gasification is calculated by Gibbs free energy
minimization method in Aspen Plus. Temperature of the gasification
process is kept below the ash agglomeration and silica sand agglomeration
temperature of rice straw (~800 °C). Assumptions for this simulation are
obtained from literature [Jana and De, 2015c].

H-S formation

Table 1: Operating parameters of the polygeneration plant [Jana and De, 2015c¢]

Configurations Parameters Value

Biomass feed Mass flow rate 1t/h

Reaction in gasification Pressure 1 atm
Equivalence ratio 35 % of stoichiometric air

Air compression, Pressure ratio 10

Syngas compression Isentropic efficiency 0.9

Gas cleaning Separation efficiency of solids particles 85 %

Gas turbine combustor Pressure 10 atm
Heat duty 0

Gas turbine Discharge pressure latm
Isentropic efficiency 0.9

Heat recovery steam HP stage temperature 480 °C

generator (HRSG) HP stage pressure 7MPa
LP stage temperature 500 °C
LP stage pressure 3.2 MPa

HP and LP Steam turbine Isentropic efficiency 0.92
LP-ST discharge pressure 0.07 MPa

NH,-H,O mixture feed to Total mass flow rate 2000 kg/h

refrigerant pump NH, mass fraction 0.5

Evaporator Temperature -50C

‘Water gas shift reactor Pressure 4 MPa
Temperature 215 °C

Ethanol synthesis reactor Pressure 9.6 MPa

Two phase separator of liquid Temperature 220 °C

(water-ethanol) and gas mixtures Temperature 40 °C

CO, capture Efficiency 90 %
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2.1.2 Power generation

After gasification, syngas is cooled and cleaned. During the cooling,
heat of the syngas is utilized for superheating of steam and generating
process heat for subsequent use. Then 60% of the produced syngas is
used in combined cycle (CCGT) power generation and rest is used for
ethaol production. However, this can be varied according to demand of
the utilities. Power required in the ethanol production unit is supplied
from the power generating unit of CCGT.

2.1.3 Ethanol production

A fraction of the syngas (40%) from the splitter is utilized for ethanol
production. Cleaned syngas is compressed to 4MPa for the subsequent
water gas shift (WGS) reaction. This WGS reaction is necessary to achieve
the desired ratio of H, and CO (i.e., 2:1) as a gas mixture for conversion
to ethanol.

To obtain the desired H, and CO ratio (2:1), WGS reaction is done
before ethanol synthesis as given below.

CO+H;0 « COsx+H» AHa9s= -41.0kJ/mol

Ethanol synthesis is done by the reaction between CO and H, as given
below in presence of catalyst (MoS,) as the reaction given below.

2CO+4H> CoHsOH+H,O - AHao5= -255.7 kJ/mol

Both rections are exothermic, hence, heat can be obtained from this
reaction. This heat is used for process steam generation.

2.1.4 Process steam generation

Part of the process steam is generated during cooling of the syngas.
Another part is obtained from the ethanol production process. In this
process heat is obtained from two exothermic reactions as stated in previous
section. Latent heat of this steam is used for refrigeration and sensible heat
is used for utility heating.

2.1.5 Refrigeration

Vapor absorption method is used for this refrigeration process.
Ammonia-water solution is the working fluid for this process. Input heat
to this refrigeration is given by generated process steam in the
polygeneration process. Latent heat of the process steam is used in the
generator of the vapor absorption refrigeration. Cooling temperature of
this process is kept constant at -5 °C.

2.2 Exergy analysis

Exergy analysis was done for both overall system performance and
individual equipment within the system. Exergy balance for each
component was done by following equations,

YinExy + Exg = Boue Exy + Exp + Ex,, (1a)
El'n Ei’k + E;YQ — erse}'u!E‘xk + Ziuss Ekk o E:XD + Ei‘w (lb)

Equation (1b) was used when a part of output exergy from a component
was lost to environment (e.g. in the form of ash from gasifier or flue gas
through stack).

Eig=(1-7)0 2
Exy =W (3)

Total exergy input to a component was in the form of physical and
chemical exergies (neglecting kinetic and potential exergies). Total exergy
through a stream is,

Ex = Exp + E'xc (4)

If a stream consists of multi component, then exergy flow rates of
individual species were calculated by the following equation,

Ex; = mex; . (5)

Exergy of a stream consists of physical and chemical exergy. Physical

and chemical exergies were calculated by equations (6) and (7)

respectively.
ex, =(h—"hg)—To(s — o) (6)

exch= X xiexe (+ RTy Tty xi Inx; (N

Enthalpy and entropy values were obtained from Aspen Plus®
simulation. Enthalpy and entropy at the reference state were obtained by
using temperature and pressure of the dead state of respective streams
[Jana and De, 2015b]. Chemical exergies of individual species were
obtained from literature [Kotas, 1985]. Exergy of cooling is calculated

by the equation (8).
(1-75)
Tevp,

Exergy of biomass was calculated using following equation [Kotas,
1985]

E-xc = Qc

(8)

Ex; = f - LHV,
r r (9)

H N N
1.0438+0.1882 [ = )=0.2509( 14+0.7256( =) | +0.0383( =
() ( ( }) @ for 2.67= (0/C)= 0.667.

where, i = £

1-0.3035(2)

3. Results and discussion

Polygeneration is an energy system for delivering multiple utilities
from a single unit. Exergy is an indicator to measure the design efficieny
of an energy system by the second law of thermodynamics. Exergy
analysis shows the possible improvement of the design parameters on an
absolute thermodynamic scale. Exergy analysis also identifies exergy losses
and destruction in different components of the whole process. To calculate
the exergy of different streams, state points of Fig.1 is used.

The designed polygeneration is simulated by using Aspen Plus®. Input
for this simulation is given in Table 1 [Jana and De, 2015c]. Outputs of
the polygeneration are power, heating, cooling and ethanol. Production
rate of these outputs are given in Table 2. From the Table 2, it is noted
thatsignificant power can be obtained from this polygeneration and it is
obtained through combined cycle i.e., in gas turbine, high pressure steam
turbine and low pressure steam turbine.For a given fraction of syngas,
energy input though syngas to the power island depends on both mass
flow and calorific value. Depending on the input feedstock and operating
conditions, properties and mass flow rate of the produced syngas from
gasification process varies.64% of total power is produced from gas turbine.
Rest is produced from HPST (6%) and LPST (30%). However, significant
power is required in ethanol production process.In the ethanol production
unit 18% of the generated power is consumed. Production rate of ethanol
is more than 700 t per year. However, this rate can be varied by changing
the way of syngas utilization. Cooling and utility heat are the other two
significant outputs of this polygeneration as noted in Table 2. Cooling is
obtained from the residual heat of the syngas. Utility heat is obtained
from the syngas cooling process and exothermic reaction during ethanol
production process.

Table 2: Outputs of the polygeneration for feed rate of 1 t/h

Outputs Value
Net GT power 560 kW
HPST power 52 kW
LPST power 263 kW
Power input for ethanol 160 kW
Ethanol production rate 734 t/y
Refrigeration 235 kW
Utility heat 105 kW

In Table 3, mass flow rate, temperature and pressure of each state
points are given. These values are used to calculate the exergy of each
state points. From the table, it is noted that biomass enters to the gasifier
at atmospheric temperature and pressure. Then temperature increases in
the gasifier due to exothermic reactions. Then syngas is cooled and
temperature is reduced. Then mass of the syngas is splitted into two parts-
for power generation and for ethanol synthesis. Then pressure of the
syngas is increased in the syngas compressor and temperature is increased
due to combustion of syngas. Then hot flue gas is expanded in the gas
turbine for power output. Additional power is obtained though bottoming
steam cycle.

In previous section, it is staed that exergy has two components- chemical
exergy and physical exergy. In Table 4, values of chemical and physical
exergy are given.From Table 4, it is noted that the maximum exergy
input in the polygeneration process is done through biomass. Exergy is
consumed in the pump and the compressor. Product exergies are obtained
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Table 3:

Temperature, pressure and mass flow rate of the state points of Fig.1

41

State point

Connecting from

Connecting to

mass flow rate (kg/s)

Temperature (K)

Pressure (Pa)

Atmosphere
Gasifier
Atmosphere
Gasifier
Superheater-1
Syngas cooler
Splitter
Splitter
Syngas compressor
Atmosphere
Aircompressor
Combustion chamber
Gasturbine
Superheater-2
Reheater
Evaporator
Economizer
Atmosphere
Syngas cooler
Refrigerator
Process heater
Condenser
Pump
Economizer
Evaporator
Splitter
Splitter
Superheater-2
Superheater-1
Mixer

HPST
Reheater
LPST

Ethanol production unit

Gasifier

Atomsphere

Gasifier
Superheater-1

Syngas cooler
Splitter

Ethanol production unit
Syngas compressor
Combustion chamber
Aircompressor
Combustion chamber
Gas turbine
Superheater-2
Reheater

Evaporator
Economizer
Atmosphere

Syngas cooler
Refrigerator

Process heater

Hot water exit

Pump

Economizer
Evaporator

Splitter
Superheater-1
Superheater-2

Mixer

Mixer

HPST

Reheater

LPST

Condenser
Combustion chamber

0.2777778
0.0625
0.3371716
0.5378295
0.5378295
0.5378295
0.2151318
0.3226977
0.3226977
0.7323935
0.7323935
.159728
.159728
159728
.159728
159728
.159728
.1393611
.1393611
.1393611
.1393611

COOO

0.104637

298.15
996.3491
298.15
996.3491
922.9179
404.9064
404.9064
404.9064
771.1384
298.15
599.2628
1640.88
1054.276
993.9797
948.7956
679.9093
472.3493
298.15
384.8972
374.5936
298.15
312.1747
312.8031
558.9774
558.9774
558.9774
558.9774
753.15
753.15
757.4013
637.6114
753.15
312.1747
472.2642

101353
101353
101325
101325
101325
101325
101325
101325
1013250
101325
1013250
1013250
101325
101325
101325
101325
101325
101325
101325
101325
101325
7000
7000000
7000000
7000000
7000000
7000000
7000000
7000000
7000000
3200000
3200000
7000
1013250

Table 4: Exergy values of the state points of Fig.1

State Physical Physical Chemical Total
point exergy exergy exergy exergy
J/kg) (kJ/s) (kJ/s) (kJ/s)
1 0 0 4404 4404
2 465852.9 250.5494 2284.9 2535.449
3 392868.3 211.2962 2284.9 2496.196
4 21802.69 11.72613 2284.9 2296.626
5 21802.69 4.690451 914.6 919.2905
6 21802.69 7.035677 1372 1379.036
7 489531.2 157.9706 1372 1529.971
9 294610.3 215.7707 0 215.7707
10 1234134 1431.26 1.44E+02 1574.96
11 446223.2 517.4976 1.44E+02 661.1976
12 393270.6 456.0869 1.44E+02 599.7869
13 354972.6 411.6716 1.44E+02 555.3716
14 154199.7 178.8297 1.44E+02 322.5297
15 43686.24 50.66415 1.44E+02 194.3642
21 517990.4 72.18771 0.00E+00 72.18771
2 37760.01 5.262276 0.00E+00 5.262276
31 1731.05 0.424107 0.00E+00 0.424107
32 9229.566 2.261244 0.00E+00 2.261244
33 341439 83.65256 0.00E+00 83.65256
34 1044295 255.8523 0.00E+00 255.8523
35 1044295 102.3409 0.00E+00 102.3409
36 1044295 153.5114 0.00E+00 153.5114
37 1358888 199.7565 0.00E+00 199.7565
38 1358888 133.171 0.00E+00 133.171
39 1357207 332.5158 0.00E+00 332.5158
40 1135074 278.0931 0.00E+00 278.0931
41 1284340 314.6634 0.00E+00 314.6634
42 98392.57 24.10618 0.00E+00 24.10618
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Fig.3. Percentage of exergy losses and/or destructions in different components of the polygeneration

in the form of gas turbine power, steam turbine power, ethanol, cooling
and hot water. Exergy is lost from the system through ash including
unconverted char and flue gas from stack. Exergy loss and/or destruction
in terms of fuel exergy input to the system for different components are
shown in Fig.3.In Fig.3, percentage of exergy losses and/or destructions
in different components are shown. It is noted that the maximum amunt
of the exergy input is lost and destructed in gasifier, combustor and
ethanol production processes due to chemical and thermal irreversibility.

4. Conclusion

Exergy analysis is an useful thermodynamic tool to identify the possible
improvement of energy system. Polygeneration is an energy system for
delivering multiple utilities. Exergy analysis of polygeneration shows
different components for possible thermodynamic improvement.
Significant amount of power, ethanol, heating and cooling can be obtained
through this polygeneration. Results indicate that the critical components
and processes of the polygeneration for exergy losses and destructions
are gasification, ethanol production and combustion. This is due to
irreversibility in chemical reactions and losses through ash.
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