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Abstract. This paper presents an exergy analysis of indaissioybeans drying plants. The main purpose ofatedysis was to
verify whether cogeneration and trigeneration at@ives can increase exergy efficiency of such tpla€ogeneration
configuration (just to meet power needs) yieldsrinheat load while electricity is generated. Trgeation provides cool thermal
energy in addition to heat and electricity. A refece plant has a continuous mixed-flow direct-ficetumn dryer with forced-air
drying and cooling. Such features are found intnecosn and soybeans dryers in the industry. A flegime of 100 t/h of soybeans
was set, even though dryers can operate up to A00The dryer studied was divided into four contvolumes, namely, (1) the
heater/burner, (2) the mixing chamber, (3) theletmpchamber and (4) the drying “zone”. Technicglecification matches those
of most Brazilian manufacturers. Microturbines wepnsidered for cogeneration and an assemblatibsiary fuel cell and water
chiller was considered in the trigeneration plafithe exergy analysis was based on simulations a@fetldifferent energetic
alternatives performed in Stanescu et al (2003suURs are presented in tables and Grassmann chiis reference drying plant
showed an exergetic efficiency of 5%, and littlenga obtained when cogeneration is introducedigd@meration also presented
little gain, but raised exergetic efficiency as thigs 8%; a relative gain of 60%. The cogeneratonfiguration presented the
highest energy efficiency. The dissipative natirérying plant prevails if cogeneration or triggaéon are in low levels of power
generation. Results based on the exergy analysisepted in this paper will be the basis of a thexmooomic analysis and
technical feasibility studies of natural gas asadternative fuel for food industries.
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1. Introduction

This papers presents energetic and exergetic @salysoybean drying plant. Such plants operatéhtthermal
load in an intrinsically dissipative process (hwatemove moisture). Even though energy efficiecay be near 75%,
very low exergetic efficiency may be expected iflinary fuels are burnt. One solution that comesnind is to
rationalize the way high-grade thermal energy ismfyraded to 60C, temperature under which soybeans must be
dried in order to hold commercial quality.

In order to shed some light in this matter, firslrging plant must be analyzed in view of its eyeagd exergy
performance. After that cogeneration and trigemn@nasre then studied. Performances are comparéd@mclusions
are drawn.

A “reference” drying plant was the basis for conipgrenergy alternatives. Microturbines (low lewélpower
generation) are added on the drying plant to makeik under cogeneration. Trigeneration is achielg adding an
assembly of stationary fuel cell and hot-waterlehibn the reference plant.

A continuous mixed-flow direct-fired column dryeitiwforced-air drying and cooling was selected ¢otlhe main
equipment of the reference drying plant. Suchufest are found in most corn and soybeans dryettgeimndustry. A
flow regime of a 100 t/h of soybeans was set, rthe@ss dryers can operate up to 500 t/h.

Models were devised to simulate all the three ptamtfigurations covered in this study. The refeeeptant was
divided into four control volumes, namely, (1) theater/burner, (2) the mixing chamber, (3) thelingachamber and
(4) the drying “zone”. Additional control volumesere added on when cogeneration and trigeneratiore w
introduced. Complete details of those models dra mhathematical (numerical) procedures used am lad$ng
presented in this meeting (Stanescu et al, 20Pa)ts of those models were first developed in Hili(2002).

Exergy analyses were carried out for each one eftlihee alternatives. Results were summarizedbites and
illustrated in Grassman type charts.

This study leads to the conclusion that low lew#lsogeneration are not enough to improve exerfigieficy of a
drying plant when typical fuels are used, thathis is a case of great mismatch between energgsaund the purpose
of the process. Attempts to improve exergy efficienf such plants ought to compensate the intridisicissipative
nature of the processes involved.
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2. Description of the processes of the soybeans feeence” dryer

Recently a survey identified typical equipments amerating conditions of grain drying plants in tB&ate of
Parana (Errera et al, 2003). Most of the equipmeste made within Brazil and are very similar. Dyiplants operate
with up to three dryers. Commercial dryers can atgefrom 100 to 500 t/h of soy and corn beans.picgt dryer was
chosen as reference case. The operation regimsaetas 100 t/h since scale was not relevant ferpilrposes of the
present study.

The drying process is very peculiar and by no meavisl. While drying plants operate around theck during
the harvest season, and loaded trucks queue ug tiderhighways, grains cannot be injured mechdyiogither dried
abruptly. Drying cycles are carefully establistiedeach kind of grain. Drying process is con&dlimechanically and
thermally. For instance, drying temperature camxceed 60C for soybeans.

Usually soybeans leave the fields with 18% of motsttent and must be dried out until 13%. The tlatremergy
load to dry 100 t/h of soybeans is about 4.000Kiz0/'h (266kW) and 65 kW of electricity (Erreraatt2002).

The core of the dryer is formed by a stack of hmrial staggered air ducts. Grains are loadedeatogh and then
fall down by gravity in cross flow with the air ¢fie ducts stack. One third of that stack is deditdb the cooling
chamber, where ambient air is pre-heated whileigcgakarm soybeans. Studies (e.g., Errera et &I2R6ecommend
that soybeans should not leave the dryer as warrfivasdegrees above ambient temperature. Such tqeab
requirement relies on the fact that possible mogsta-absorption may take place and storage patesitiegraded.

Figure (1) illustrates the main features of theimyyplant under discussion. Wide arrows showlaivf Ambient
air, flow (6), is drawn into the dryer, and therolsowarm dry-soybeans, and ultimately it is mixdthvinot combustion
gasses.

The reference plant of Fig. (1) is divided into faontrol volumes. The theoretical structure, &l @s detailed
chemical species flows are shown in Fig. (2). Hemt electricity fluxes are also shown. Poteraiad kinetic energies
are negligible. In the drying process water parfiedssure plays major role since it is the drivingchanism of
moisture removal. Hence a detailed calculatiorwafer partial pressures is performed since ordimeigrometric
calculations do not apply.

More comments on the mathematical model are predentthe next section.
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Figure 1. Schematic view of the “reference” indiastdryer considered in this study.




3. Mathematical model and simulations

Studies of energy and exergy performance rarelg nee@ccount for transient issues, since it remtsseery little
on the overall energetic performance of the plaherefore, only steady-state regimes are considefedombination
of manufacturers data, mass conservation prineipte Thermodynamics (First and Second Laws and statelations)
made possible to calculate chemical species, gnttaid exergy balances for each one of the foutrabwolumes
drawn in Fig. (2).

Wood and fuel oil are the most common fuel for sptants for many reasons, as for instance, gaseels such
LPG and natural gas (NG) have been unavailable eny expensive in the past. Nevertheless, Embrajma-S
recommends gaseous fuels for high quality dryinge(fa et al, 2002). Thus natural gas was seledtkat source for
the drying process.

Natural gas (NG) was considered pure methane)CNatural gas is fully burnt such that all carbsmpresent as
CO, and hydrogen is present asHin the combustion gasses. Soybeans do not undengahemical reaction; they
just exchange moisture with drying gasses. Presdwap was considered negligible.
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Figure 2. Control volumes and chemical speciesdlofithe “reference” industrial dryer.

The physical principles lead to a non-linear systéraquations that is solved for given parametéigrther details
on the model, numerical procedures and simulaoasvailable in Filipini (2002) and in Stanescalg2003).

Next sets of microturbines are added on the refereplant of Fig. (1) and the resulting cogeneratitemt is
discussed.

3.2. Soybeans drying plants with cogeneration

At the furnace temperatures can go as high as PG0hen natural gas is burnt. The combustion ggaseiiced
in the furnace must be mixed with air so it is eabtlown to moderate temperature. The resultingrgetsire is often
called “drying air”. Those combustion gasses mustrtixed with air to cool down in order to consetuhe so called
“drying air". One can identify the opportunity tmprove exergy efficiency by introducing a heat ieegto produce
work as high grade thermal energy is downgradeébtm the “drying air”. Cogeneration presented ftsed good
alternative.

In this section the cogeneration plant is preserged discussed. A low level of power generationfirst
considered, mainly to meet electricity needs of tiiger. A relative new product in marketplace ailtealled
microturbine” was considered to be the heat engine.

Microturbines are devices that operate under am-g@peled Brayton Cycle with natural gas as fuel.yTére sold
in modules of 30 and 60 kW (power).

Sets of microturbines are added on the refererau@ pf Fig. (1) and the resulting cogeneration plan

The resulting new physical structure of the plarghown in Fig. (3), where one can notice the fifthtrol volume
that is related to the microturbines (e.g., a tpgbssures gaseous fuel 330 Capstone Micro-TufBjndn that control
volume both heat and electricity are produced.



The performance of the cogeneration plant is dssdisn section 5.2.
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Figure 3. Physical structure of soybeans dryer nétural gas cogeneration.
3.3. Soybeans drying plants with trigeneration

Another promising solution to improve exergetici@éincy of the drying plant is to add auxiliary gmuents to
assembly a trigeneration system, that is, a plaattwould produce electricity, thermal energy andl@nergy. There
are many ways a plant can be turned into a triggioer plant. In this work the new technology dtiinary fuel cells
is considered. A stationary fuel cell is combimégth a hot-water fired chiller and a set of micnditines.

The whole plant is still run solely by natural gasrt is burnt in the dryer furnace, part in thenmiurbines and
part in partially burnt in the reformer of the fusgll. It is worth mentioning in this paper thaghiefficiencies in the
fuel cell with methane reformer can only be achitiféhe waste hot-water is further utilized.

Figure (4) illustrates the new physical structuiréhe drying plant.

Under the trigeneration configuration, the totao#licity generated surpasses the drying plantsxeed can be
utilized elsewhere in the plant site. The wastewster is further heated in the mixing chambefeed the chiller.
That last feature will contribute to overall efécicy by making use of a wasted exergy of the fakl(almost 50%) and
will cool ambient air to speed up grains coolingtie cooling chamber.

The new configuration presented in Fig. (4) shoew rontrol volumes, namely, CV6 — fuel cell (ea.ONSI
Corporation PC28'C Fuel Cell) and CV7 — absorption chiller (e.gYazaki Energy Systems, Inc WFC-10 water fired
chiller) and CV8 — heat exchanger to cool ambientbafore it enters into cooling chamber. There aow eight
control volumes.

4. Thermodynamic issues of the analyses

Studies like this one are based mainly on the thdymamic property called exergy, which is a comtiamaof
energy (enthalpy) and entropy. It has been showvthe literature that exergy based studies are i@y to succeed
in identifying critical energy conversion processes plant (e.g., Kotas, 1985, Bejan, 1996, amotigrs). That is
possible because exergy is not a conservative gyopech as energy. The main advantage of introdutie exergy
concept is that one can keep track of the mismatbhbveen energy source and the purpose of theggamder study:
the more exergy is destroyed greater is the migmathe amount of exergy destroyed is equal to itreversibility
produced in the process.

Exergy, energy and enthalpy are thermodynamic ptiggethat should be calculated carefully. A costel
discussion of all hypotheses considered to perftrencalculations can be found in Filipini (2002}arsescu et al
(2003) and Errera (2002).

All the gaseous substances were modeled as idsal $aybeans are assumed to be pure substancey ihat a
constant heat capacity could be used. Entropyeatitalpy of all substances were calculated basdbeoheat capacity
of the gases, water and soybeans. The equatiaestypacally:
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Figure 4. Physical structure of soybeans dryer néttural gas trigeneration.

Once mass flow, concentrations of chemical speeilgthalpy and entropy were obtained, the exergyeobrof the
flows were determined by the general equation bémg:, Kotas, 1985):

E =EC+E" = E =3 VE+RT SV InyY, J+((h-h) - T,6-s)) 3)

where , is the activity coefficient of chemical speciesand they are all equal to one in this case. Tkental

component of the physical exergy is negligible aads potential and kinetic component. Valueshafaical exergy of
the flows were obtained based on ModBI Tlable C.2 of Bejan (1996).

Irreversibilities were calculated by its equivalexalled destroyed exergy, which is the differencehie exergy
inventory on each one of the control volumes, thus:

1= =D Erau @)

All calculations were performed within the computede such that conditions could be varied.



5. Energetic and exergetic analysis

In previous sections three different drying plantse introduced. The rationale behind the synshekieach one
of them was discussed. The mathematical modeltandheoretical aspects were also reported. Tlkeatiwesult at
this point is a computer code that can simulateetdifferent energy configurations of drying plaintsany operating
condition. This section presents energy and exinggntory of all three systems addressed in thidys Since plant
operation management vary considerably from plardrtother, all equipments of all three plants waesidered to
operate under design conditions.

The following sub-sections will present results alistussion of the inventories of the plants in dkquence: (i)
Reference drying soybeans plant; (i) Referencéndrgoybeans plant with cogeneration with microtueb; and (iii)
Reference drying soybeans plant with trigeneratiith microturbine, fuel cell and absorption chiller

5.1 “Reference” drying soybeans plant

The first results concerns the reference dryingntpl@able (1) presents the values of temperatyressg§ure was
nearly constant) and mass flows, as well as erangyexergy flow obtained from the numerical sinmatat

Table 1. Temperature, mass, energy and exergy floassign condition of the reference drying plant

flux description T m E EX
°C kgls kW kW
1 natural gas heater 20.00 2.82 6,305.89 5,758.30
2 combustion gases 1,503.45 2.82 6,068.43 3,614.17
3 drying gases 100.0p 81.03] 10,742.61 909.83
4 hot gases 39.3p 78.21 4,893.47 245.26
5 saturated gases 31.50 82.42 8,607.09 312.67
6 air (6) 19.75 78.21 3,327.10 221.47
7 soybeans (7) 20.0p 29.17 1,549.53 3.22
8 soybeans (8) 48.0D 27.78 3,439.84 60.39
9 soybeans (9) 24.76 27.78 1,773.68 -
20 |electricity - - 66.24 66.24

It is not an easy task to establish performanderaiin plants like the one under study. Kot&38) among others
recommends the use of “rational” efficiency. Instbase, the rational efficiency of the refereneapis best defined if
the useful effect (purpose) of the plant is moistamoval, that is, the amount of moisture in f®) saturated gasses.
The resources to accomplish that are natural gms,(1), air in flow (6), humid soybeans of flow)(@nd electricity of
flow (20). Therefore the energy efficiency of tledarence plant is 76.52 %, while the exergeticigificy is 5.17 %.

Figure (5) is Grassmann type diagram. It showsplgcally, that a major exergy destruction takex@lan the
mixing chamber, control volume (2). The dissipathature of the process is clear. The figurebéndiagram refer to
percentile of local exergy destruction in each ofhthe control volumes.

I cvt |
I

Figure 5. Grassmann type diagram of the “referemadtistrial dryer.



5.2 Cogeneration

Results of the simulation of the second alternatiu@en cogeneration by microturbines is includethareference

plant, are presented and discussed in this sulpsecthey are summarized in Table (2).

The overall rational efficiency of the plant is @alated. Now, surplus electricity (flow 22) is @lsonsidered a

useful effect (product) of the whole plant, whilearicity (flow 20) is no longer a needed extemredource.

Table 2. Temperature, mass, energy and exergy flodssign condition of the drying plant with cogeation

flux description T E
°C kg/s kW kW
1 |natural gas heater 20.00 2.60 5,823.59 5,317.88
2 |combustion gases 1,503.45 2.60 5,604.29 3,337.74
3 |drying gases 100.0p 81.00] 10,743.56 909.73
4 |hot gases 39.3p 77.47 4,846.95 242.93
5 |saturated gases 31.50 82.39 8,610.23 313.10
6 |air (6) 19.55 77.47)  3,279.69 219.65
7 |soybeans (7) 20.0p 29.17 1,549.53 3.22
8 |soybeans (8) 48.0D 27.78 3,439.84 60.39
9 |soybeans (9) 24.7p 27.78 1,773.64 -
10 |microturbine gases 272.00 0.93 338.32 74.00
11 [natural gas microturbine 20.00 0.93 561.11 487.46
20 |electricity - - 66.24 66.24
22 [surplus electricity microturbine - - 23.76 23.79

The implementation of cogeneration did improveulasy energy is utilized in the drying process. Néwdess the
gain is almost negligible. The energy efficienegbme 76.99% and the exergy efficiency turnedmbet5.59 %.

The new Grassmann chart of Fig. (6) shows the gxeomtribution of the microturbines to the dryintamt,
namely, electricity and exhaust gasses. The éofanditure of natural gas is a little lower (2Kg3s).
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Figure 6. Grassmann type diagram of the soybeafirsgdplant with cogeneration (natural gas).

5.3 Trigeneration

The last energetic alternative studied in this papeahe drying plant with trigeneration, as ddsed earlier in
section 3.3. The results produced by the numesitallation are summarized in Table (3). Thererniew three




equipments making use of natural gas as fuel. eTfel new additional useful effect of the wholanpl namely,
surplus electricity of the fuel cell. The overallergetic rational efficiency improved near 50% witempared to the
reference plant performance: it was raised to 7.92%sigeneration was even more interesting becausie it
considerably increased exergetic efficiency it lgtdithe energy performance down to 73.02 %.

Table 3. Temperature, mass, energy and exergy flodssign condition of the drying plant with trigeration

flux description T m E EX
°C kals kW kW
1 natural gas heater 20.00 2.73] 6,100.19 5,570.45
2 combustion gases 1,503.45 2.73 5,870.44 3,496.27
3 drying gases 100.0p 81.72] 10,862.171 919.02
4 hot gases 39.3p 78.07| 4,884.53 244.81
5 saturated gases 32.05 83.11] 8,72493 317.85
6 air (6) 17.15 78.07] 3,113.79 225.62
7 soybeans (7) 20.0p 29.17 1,549.53 3.22
8 soybeans (8) 48.0D 27.78  3,439.84 60.39
9 soybeans (9) 21.9D 27.78] 1,569.43 1.15
10 microturbine gases 272.00 0.93 338.32 74.00
11 natural gas microturbine 20.00 0.93 561.11  487.46
12 cooling air 17.15 78.07] 3,113.79 225.62
13 air (13) 20.00 78.07] 3,341.031 220.73
14 water (14) 14.0( 8.33 488.09 6.67
15 water (15) 7.2( 8.33 251.02 17.46
16 water (16) 88.0( 9.52] 3,506.3Q 250.27
17 water (17) 82.94 9.52] 3,306.64 212.05
18 water (18) 83.5( 9.52] 3,327.00 215.80
19 natural gas fuel cell 20.00 2.63 703.64  557.03
20 electricity - - 66.24 66.24
21 surplus electricity fuel cell - - 133.74¢ 133.76
22 surplus electricity microturbine - - 90.00 90.00
23 heat (23) 25.0( - 382.6( -
24 heat (24) 50.0( - 271.27 -

24

Figure 7. Grassmann type diagram of the soybea#sgdplant with trigeneration (natural gas).
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The Grassmann chart of Fig. (7) shows the contahudf the fuel cell and of the microturbines toimdrying
plant. It also shows that even though fuel ceknswn to be very efficient, that does not happd®nvhydrogen is
generated at the spot.

6. Results and Discussion

The low exergetic efficiency of the reference dgyiplant show that indeed those plants are dissgmti that
cannot be directly concluded by the energetic iefficy since it is around 70%.

Grassmann chart of Fig. (5) show that most of ttexgy destruction take place at the mixing chambet,at the
furnace.

In the cogeneration plant, the use of exhaust gaséhe microturbines in the drying air mass digliove the
overall performance of the plant. Surplus elettyriwas also generated, and yet little efficieneyngvas observed.

The plant with trigeneration showed the best exargmerformance and the poorest energetic perfocmanthe
exergetic efficiency was almost 8%. That shows thexdissipative nature of the process still piteva

7. Conclusions

This paper presents a complete thermodynamic asabjsa conventional soybeans drying plant. Eneagy
exergy inventories were carried out for a “refeegmdrying plant that matches most of Brazilian pganThe exergetic
performances of such plants are very low and fat thason two energetic alternatives were deviged:alternative
with cogeneration by microturbines and trigenerabyg an assembly of fuel cell and absorption chille

A mathematical model was devised to simulate tlegnconversion processes in the plants. A commage was
implemented. Numerical simulations provided resfdtr mass, energy and exergy balance, and ratecgérsibilities
as well. The results were summarized in tablesGuagsmann type charts.

The main conclusions are that those plants areggmetensive and very inefficient in regard to ®econd Law of
Thermodynamics. The conventional plant and the bMernatives present a very dissipative behavi@uch
characteristic is not shown by conventional enemgglyses, which show that exergy must be considarady effort to
improve the way energy is used to dry grains.

The present analysis also showed that most ofxheyg destruction takes place in the mixing chambdrerefore
that part of the equipment studied further.

One qualitative conclusion that can be drawn fraedxergetic analysis is that there is a great atidmbetween
energy source and the needs of the process. ®heréigh levels of cogeneration or perhaps biorgasses that yield
moderate flame temperature should be investigated.

The next step in the quest for solutions is tooihtice the tools of Thermoeconomics.
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