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Abstract

Energy and exergy balances were evaluated for the pre-distillation unit (Un-0100) of an aromatics plant from a
Portuguese refinery. The main objective of the study was to find out the relevant thermal energy losses in order to
implement energy recovery procedures, without questioning the operating processes of the plant. In its overall
analysis, the Un-100 obtained an energy efficiency of 13.4% and an exergy efficiency of 2.3%. The equipment that
has higher energy losses in this unit is the air coolers, representing 59.9% of the energy losses, i.e., most of the
energy lost in this unit is due to the cooling process. The irreversibility observed in these equipment groups was
11.2%. Moreover, the furnace represents 15.6% of energy losses, but this component stands out in the irreversibility
analysis, with 56.3% of the total. Based on these values, it can be said that this equipment presents a high potential
of improvement of its energy and exergy performance. These results, concern a small part of a more general case
study about the performance of the aromatics plant, and clearly show the need to establish complementary energy
and exergy balances in order to increase the energetic performance of the unit.
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1. Introduction - The Energy in the Petrochemical
Industry

In oil refineries, a reasonable amount of energy is used
for processing. Refineries ensure all the services required
for their operation through more or less complex
transformations of energy, using some of the products
obtained by oil processing. Therefore, the oil to refineries is
not only a raw material but also the main source of energy,
needed for crude oil processing.

The level of energy consumption can be represented by
a special indicator, which is no more than the amount of oil
required for the refinery to meet its energetic needs. This
proportionally, the fraction of total quantity of processed oil
used for energy production is often observed as an indicator
of bad or good energy performance of the refinery.
Currently, for oil refineries, the share of crude oil used for
energy production is between 4% and 8%, depending on the
level of complexity of refineries [1].

Inefficient refineries can reduce their energy
consumption by about 20-30% through the use of more
efficient technologies and better energy solutions. This
percentage is not small, considering the share of energy
costs in total costs of crude oil processing; a refinery whose
oil quota is 5% energy for own consumption, has to operate
16 days per year to meet its energy needs [1].

In recent decades there has been a marked development
of the petrochemical industry, driven by increased demand
for high value-added products. This factor, coupled with the
need to respond to an increasingly competitive global
market and the obligation to respond to environmental
compliance, increased the concern of the petrochemical
industry towards increasing energy efficiency [2]. This
recent concern lead to some studies concentrating on the
recovery of flare gas energy [3, 4], on the adequate use of
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waste heat through organic Rankine cycles [5] and through
the retrofitting of some refinery processes to improve the
energy efficiency in oil refineries [6].

The thermodynamic analysis of the separation systems,
either through conventional basic approaches [7], or
through the use of adequate commercial software [8,9], has
not only been oriented towards the petrochemical systems,
but also for the biodiesel production [10]. The work that has
been carried out in the thorough analysis of the distillation
processes is justified by the heavy energy burden the
distillation processes impose upon the petrochemical and
chemical industries [11]. There is consequently the need to
improve the environmental and energy sustainability of
these industries [12,13]. Of course the main target is to
minimize energy usage and waste formation through
adequate process integration procedures [14].

An exergy balance of any equipment or process can say
quite a lot about its potential in terms of the useful work
that is being processed. The exergy destruction, or losses, is
a quantitative measure of the process inefficiencies [15].
Therefore the exergy analysis represents a new light with
respect to an energy-efficient target [16]. Accordingly,
exergy analysis, when used in conjunction with the mass
energy balances, becomes an effective tool both to achieve
an efficient use of energy with low environmental impact
and high sustainability, and to provide optimal points of
operation in the process and in systems design [17-19].

The pre-distillation unit studied in this text, Figure 1, is
usually feed by reformed produced in the combustibles unit
to which it is attached. This unit is constituted by three
distillation columns (AS(T)-0101, AS(T)-0102, AS(T)-
0103), one furnace (H-0101), three heat exchangers (E-
0101, E-0109, E-0110), two reboilers (E-0104, E-01074)
and two steam exchangers (E-0102, E-0108).
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Figure 1. Diagram process of Un-0100 [20].

The cooling of the unit is made through eight air cooled
condensers (E-0103, E-0106, E-0113, E-0116, E-0117, E-
0118, E-0119, E-0120), and five air coolers (E-0105, E-
0111, E-0112, E-0115A, E-0115B). Besides, the unit has
six fluid circulation pumps (P-0102, P-0103, P-0104, P-
0105, P-0106, P-0107) and three collectors (D-0101, D-
0102, D-0103), as shown in Figure 1.

The main objective of the present study was not to
question the technological process being followed in the
unit, or to present any new methodology of analysis, but to
find out situations where the exploitation of energy wastes
and losses could improve the energy performance of the
plant in its present operating layout. This study refers to a
small part of a more general case study concerning the
energy and exergy performances of an aromatics plant
where this pre-distillation unit is used [21].

In the present study the relative importance of the main
components of Un-100 is discussed, while in the general
case [21] the discussion is centralized on the relative
weights of all the units composing the aromatics plant
without going into the detail analysis of the respective
equipment. Although there are advanced software tools that
can be applied to the analysis of chemical units, in the
present work a basic conventional approach by means of
the development of a worksheet, was the adopted
procedure.

2. Methodology of the Analysis

The first step of the study was to perform the overall
mass and energy balances of Un-0100. The global energy
efficiency of the unit was determined, corresponding to the
ratio between the useful output energy in the process flow
currents and the consumed energies. In the second step, the
energy analysis was complemented by an exergy analysis,
looking at the qualities of the several energy forms that
were handled in the process.
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In order to perform such energy assessment, a scrutiny
of the different energy quantities involved in the equipment
of the unit was carried out according to the energy balance
sheets of the unit from January to July 2011. Based on the
daily energy consumption, processing currents mass flow
rates, as well as temperature and pressure readings, monthly
and annual average values were determined. Whenever
necessary, mass and energy balances of the equipment were
executed in order to complement missing values from the
unit data sheets. The energies supplied to this unit were
electrical, chemical and thermal. The electricity was
consumed by pumps, fans and lighting. The chemical
energy was supplied as fuel oil and fuel gas from the
refinery. The thermal energy was composed by medium
pressure steam at 260 °C and 1700 kPa absolute pressure,
also from the refinery. The reformate flow rate entering unit
Un-0100 at a high inlet temperature was also considered as
an inlet energy flow. The output flows of the unit were C5’s
cuts (light gasolines), the benzene and toluene cut, and a
mixture (p-xylene, o-xylene, m-xylene and ethyl benzene)
of C8s cut and C9’s cut. For these flows, all the
thermodynamic and thermochemical properties were
calculated at the average temperature between the reference
state temperature and the temperature of the fluid under
consideration. When phase changes took place, the liquid
phase properties were determined at the average
temperature between the reference temperature and the
vaporization temperature, whereas the gaseous phase
properties were determined at the average temperature
between the vaporization temperature and the temperature
of the gaseous phase under consideration. The adopted
reference state was 1 atm and 0 °C.

3. Energy Balance
3.1 Enthalpies of the Operating Mass Flows

For the energy balance, steady state operating
conditions were assumed. In the calculation of the
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thermodynamic properties of the several fluids, the liquids
were considered incompressible and the gases as perfect
gases. This simplified approach was imposed by the
difficulty of finding thermodynamic tables for all the fluids
considered in the analysis. On the other end, correlations or
tables, for the calculations of specific heats, either for
liquids or for vapors, were easily found.

For the calculation of the corresponding enthalpies,
average liquid and gaseous phase specific heats were used,
as well as the latent heats of boiling or condensation,
according to the phase change taking place. To find out
whether the fluids under analysis were either in the liquid or
in the gaseous phase, their temperatures were compared
with the boiling temperatures, function of the corresponding
pressures. Knowing the pressure through the extended
Antoine equation,

+E T2, ()

vap

+D; Tvap

Bl
I0910 p vap— Al + T + Cl IOglO Tvap

vap

the vaporization temperature for each component was
determined [22]. Here, Ai, Bi, Ci, D1 and E; are the
Antoine constants; the vaporization pressure p,,, is in
mmHg and the vaporization temperature T, in K. A
shorter version of Antoine equation was also used [23],

i @)

IOglO p vap— A2 -

where p,,, isstill in mmHg, but T ., is now, in °C. Az, B:

and C, are the constants for this shorter version of the
Antoine equation.

For the calculation of the molar base specific heats for
the liquid phase region, the correlation proposed by Yaws
[22] was used,

§ =Ag+B;T+Cy T2 +D, T +E,T* 3)

with As, Bs, Cs and D3 as the characteristics constants for
each fluid under consideration and T taking values in K.

Two correlations proposed by Perry and Green [23]
were used for the calculation of the specific heat at constant
pressure in molar base for gaseous fluids. The first equation
was for the propyl benzene,

C

being A4, B4, C4 and D4 the constants for this component,
while,

2 2
CS ES

- T T
p
sinh[CSJ
T

+Ds : 5)
cosh(sj
T

was used for the other components, with As, Bs, Cs, Ds and
Es as the corresponding correlation constants.
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When necessary, the latent heat of vaporization, in
molar basis, was calculated from [23],

— 2
hlv — AG (1 _ 7; )BG+C6 T, +Dg T (6)

where the constants As, Bs, Cs and Dg were chosen
according to the components; T, is the respective reduced

temperature, while T_ is the fluid critical temperature.

So, for a component in the liquid phase, its specific
enthalpy was calculated by,

h=q (Tf - Tamb) U]

while, for a component in the gaseous phase,

hg = Clg (Tvap - 7-amb)-'_ hlv + Cvg (Tf _Tvap) (8)

The reference state of pamp = 1 atm and Tamp = 0 °C was
chosen to coincide with the ambient reference state also
used in the exergy calculations.

The enthalpy of a given current mixture of components
was the weighted value according to,

H =2 hiy; )

if all the mixture components were in the liquid state. In
this equation, m; is the total mass flow rate of the current

entering or leaving a given component of the plant, h;; the
specific enthalpy of the component i that has a mass
fraction y;.

When the current was a mixture of liquid and gaseous
components,

H= mg [Zhn Yii +Zhgi ygi]

where y; and Ygi are, respectively, the liquid and gas

(10)

mass fractions of component i.
In the case of condensers and air coolers, a thermal heat

loss power in absolute terms Q, , was defined as,

QL = |_.Iin - |_]out (11)

For other types of heat exchangers transferring heat
between two processing flows, the thermal heat loss power

in absolute terms was defined as,
Q =AH,—AH, (12)

with AH_ as the enthalpy power reduction of the hotter

flow and AH, as the enthalpy power increase of the cooler
flow.

3.2 Fuel Gas and Fuel Oil

Fuel gas and fuel oil were the fuels used in the furnaces.
Their input power was known through the annual average
mass flow rate data and thus, for a generic fuel,

R =mLHV; + g e (T=T,,) (13)
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being . the mass flow rate of the generic fuel, LHV, the
corresponding low heating value, while iy c. (T -T,.,)

refers to its sensible energy. So the total fuel input power
F was given by

F =Fo+Fo (14)

3.3 Medium Pressure Steam

The power input associated to a given mass flow rate of
medium pressure steam was determined through the
difference between its enthalpy and the enthalpy of the

corresponding saturated liquid state, assuming that the
condensate return was saturated liquid,

l_.|mv—in = n.’]mv—in (hv—in - hI—in) (15)
h,, is the steam enthalpy, h,_, the corresponding
saturated liquid enthalpy and ..., the mass flow rate of

medium pressure steam entering the equipment.

There is also medium pressure steam being used as fuel
atomizing fluid in the furnace. The input power of the
atomizing medium pressure steam sent to the furnace was
calculated through,

|_'|mv-in-F = mr'r‘lv-in-F hmv—in-F (16)

where m,_ .. is the mass flow rate of atomizing steam and
Now—inr its specific enthalpy.

The total medium pressure steam input power for the
unit was then,

I_'|mv—in—T = Z |_‘|mv—in—HE + Z |_’imv—in—F

the index HE refers to the heat exchangers, while F to the
furnace.

A7)

3.4 Electricity

The input electric power supplied to pumps and fans
was daily controlled and registered by the utilities
department of the plant. As electrical energy is pure exergy
[15, 24 — 26], its calculation was immediate.

3.5 Combustion Gases

The exhaust combustion gases, expelled at high
temperatures from the furnace towards the environment,
still had elevated energy values. This energy was
quantified, not only for auditing reasons, but also because it
would be necessary to evaluate the possibility of its further
use as an energy source. The mass flow rate of combustion
gases had three main components: the wet base combustion
gaseous products that include the water formed in the
process m,_,,.; the water vapor that entered in the air to the
combustion M, o ;,; and the fuel atomizing steam sent to
the furnaces, in the case of fuel oil combustion M .-

The thermal power of this flow of combustion gases was
then expressed as,
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H g—out = (mg-outcpg—out + r.hHZO—inCpHZO + rhmv—in-FCpmv—in-F)

18
(Tg—out _Tamb) ( )

where cp, . Is the average specific heat at constant
pressure of the combustion products and T, the fumes

exit temperature. For the quantification of the water
introduced with the combustion air M, q_;,, an average

absolute humidity of 0.006 kg of water per kg of dry air
was determined, taken into account the typical atmospheric
conditions found in the region for the time period under
analysis. The mass flow rate of the atomization steam, 0.5
kg of steam per kg of fuel oil, was obtained from a previous
study on the evaluation of the performance of the furnace
[27]. The specific heat of the combustion products was
calculated by assuming that the combustion was complete
with excess of air. The excess of air and the mass fraction
of the fumes components were determined from the
combustion mass balances based upon the measured
composition data.

The exhaust temperature of the fumes was daily
monitored and, knowing the fuel composition and the
fumes composition, the remaining information was
determined through combustion calculations and furnace
energy balances. In these energy balances, the input
energies were the fuel energy, the energy of the fuel
atomizing steam and the latent heat of the water vapor in
the combustion air. The energies leaving the control volume
were the energy losses of the furnace, the useful heat
transferred to the processing current and finally, the energy
available in the exhaust combustion gases.

The fuel oil had 15% (w/w) of hydrogen and 85% (w/w)
of carbon, while the fuel gas was composed by 80% (v/v) of
methane, 10% (v/v) of propane and 10% (v/v) of butane. As
the mass flows of fuel gas and fuel oil introduced in the
furnaces were also known, their mass fractions were easily
obtained,

mFO

Xeo=—— (19)
Meo + Mg
m,
X6 = —— (20)
Meo + Meg

The global composition of the mixture of fuel gas and
fuel oil supplied to a given furnace was then determined by

the following equation where the Y,’s are the mass
fractions of the components

XroYc t XroYh, T Xr6Yon, T XrYegny + XrcYeymyg 1)

The chemical equation for the combustion with air in
excess was then written as

Xro Y XrGY XrGY Zr6 Y
XroYc c4 2o H, + G YcH, CH, + FG YCaHg c G YCahyg c

Hg +
Mc My, cH, CaHg Cabho

(1+e)ng (0, +3.76N, ) = n,CO, + N,H,0+ 3N, +n,0,

Hip +

(22)

where e is the excess air fraction.

From the balance of chemical species, plus the
knowledge of the molar fraction of oxygen in the
combustion
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products all the p; s for the reactants and products were
determined.

3.6 Convection and Radiation Losses

In the literature, radiation and convection losses are of
the order of magnitude of 2% at maximum output regime of
the plant, but can reach up to 10% for lower operating
regimes [28, 29]. Here, the radiation and convection
thermal losses were determined according to average local
atmospheric and wind conditions and also by taking into
account reactor and columns dimensions. For the
calculation of the columns heat losses, an average velocity
was determined based on monthly average wind velocities
in the plant region and also on average wall external
temperature, determined according with the average
temperature of the current that flows in the columns minus
20 °C, corresponding to the thermal resistance in the wall.

3.7 Energy Efficiency
The energy efficiency was defined as the ratio between
the energy available in the output currents of the processed

fluids P, and the energy supplied En in the inflow

out

currents and utilities serving the unit,
out
=& (23)

4. Exergy Balance
4.1 Exergy Concept and Definitions

The exergy is a combined property of the system and of
the environment as its takes into account both, the system
thermodynamic state and the reference environment
thermodynamic state [26]. In the present work, the
environment reference state was considered as 1 atm and 0
°C. Although the exergy of a given current has several
components, kinetic, potential, physical or co-enthalpy [15,
24] and chemical, in the present work only the physical and
the chemical components were considered. As the process
flows did not suffer any chemical reaction, only physical
exergies were taken into account, whereas the chemical
exergy was only considered in the analysis of the furnace.
For a steady state flow condition the exergy balance is
given by,

DEX =D ExX 1y

where ZEXin is the total exergy power entering the

(24)

control volume, > EXx

ot the total exergy power leaving
the control volume and I'P the irreversibility power or

exergy losses.
The physical exergy for a given flow neglecting the
kinetic and the potential components [15, 24] is,

E'Xphy = ( H - |_.|amb ) _Tamb (S - S.amb) (25)

where H is the current enthalpy power, H the current

amb
enthalpy power at the reference state conditions, S the
current entropy power and S, the current entropy power
at the reference state conditions.
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The determination of the chemical exergy, in a mass
base at the reference temperature 7, , =0"C for a given

fuel, is a bulky process, as explained in Kotas [15].
However, as many fuels are mixtures of several
components, frequently of unknown physical properties, the
same author recommends a more pragmatic approach,

Camb = LHV ﬂ (26)

which will be followed in this work. A is the correction

factor for the chemical exergy [30]. There is however a
point to take into account, as the LHV is defined at To = 25
°C, and being Tamb= 0 °C in the present work, a correction
should be required,

TO +LHV TO _Tamb

Eamp =5 LHV T
amb 0

@7

However, the difference between the values given by Eqgs.
(26) and (27) is so small that it can be neglected.

For the determination of the chemical exergy of the
furnace exhaust gases, the chemical exergy for any of its
component, considered as a perfect gas, is [15],

Eamb,i = ﬁTamb In pamb (28)
amb,i
where &, ,; is the molar chemical exergy at T, and at

its partial pressure in the environment p, . ;.
For a perfect gases mixture, the relation between &, ;
and £ is[15]:

amb

g‘amb =inémb,i +§Tamb in InXi (29)
and then,
gamb = Ma_mb (30)

where M :Zx,.M,. is the molecular mas of the gaseous
mixture, and X the molar fraction of the component i

which has a molecular mass M.. So, the total chemical
exergy is given by,

E.Xchem = m gamb (31)

where m :Zmi, being m; the mass flow rate of
component i of the mixture.

4.2 Exergy of the Components

As the unit Un-0100 has only distillation processes, the
physical exergy of the several involved components were
accounted for in the evaluation of the process flows. For
each equipment, a control volume was defined and the
corresponding inlet and outlet exergy flows were
determined and, based on these exergy flows, the
irreversibility of each equipment was evaluated. For a given
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mass flow rate entering a control volume, the physical
exergy when all the components are in the same phase,
either liquid or gaseous, is,

E)(in = E.Xphys. = mzyl gphysi—in (32)

where ¢

physi-in
component i entering the control volume, vy, its mass

fraction, while m is the total inlet mass flow rate.

The entropy of the several reactant flows involved in the
system under analysis was calculated according to one of
the two following equations. For a component in the liquid
phase,

is the specific physical exergy of the

T

amb

(33)

where s, is the specific entropy of the liquid phase

component, and for a component in the gaseous phase ,
assumed a perfect gas,

Tvap
Sy =Cyg InT—+sIv +CpygIN— (34)

amb vap

where s, is the specific entropy of the component in the

gaseous phase and s, the corresponding vaporization
entropy.

Considering that the enthalpies and entropies are
calculated based on the reference state p,., and T, , the

specific physical exergy for a liquid component i entering
the control volume is given by,

gphysli—in

= hI i—in _Tamb Stiin (35)

where hy;_;, is the specific enthalpy for component i

entering the control volume in the liquid phase, and s;;_,

the respective specific entropy.
The specific physical exergy for component i entering

the control volume in the gaseous phase &,pysgi-in» 1S

gphysgi—in = hgi—in _Tambsgi—in (36)
where hy;_;, is the specific enthalpy for the component i

entering the control volume when it is in the gaseous phase,
while sg;_;, is the respective specific entropy.

When there are components in the liquid and in the
gaseous phase then,

EXin = m(z yligphysi/—in +z ygigphygi—in) (37)
The first term of the second member concerns the
components entering the control volume in the liquid phase
while the second term in the gaseous phase. For a current
leaving the control volume the procedure is similar, only
the temperature range under observation is different.

96/ Vol. 20 (No. 2)

4.3 Exergy of the Fuel Gas and Fuel Oil

Fuel gas and the fuel oil were the furnace fuels and the
corresponding physical exergies were determined by the
following equation,

E'Xphys—FueI = rnFueI Z[ YiCP; (TFueI _Tamb )_

Pr (38)
YiTamb [Cpi In%_ R In Pruel J:|

amb atm

with cp, the specific heat at constant pressure for the fuel
component i, and pg,, and Tg,, the fuel supply pressure

and temperature.
The fuel chemical exergy was determined through,

uel

E'Xchem»FueI = I’T‘.IFueIgchem—FueI (39)
where EXemrue 1S the fuel chemical exergy, | its
standard specific chemical exergy and g, its mass flow

rate. The standard specific chemical exergy was determined
by Eqg. (26) and the total exergy for the fuels flow was then
given by,

Echem—Fue

E.Xcombl = E.Xphys— fuel E.Xchem—FO + E.Xchem—FG (40)

4.4 Medium Pressure Steam

The calculation process of the exergy of the steam flows
was similar to that presented for the energy accountancy.
The differences in the inlet steam and outlet condensate
exergies were quantified, with the exception of the direct
steam used for fuel atomization in the furnace, whose
exergy flow was added to the fuel inlet.

For the steam used in the heat exchangers, its exergy

power Ex . Was determined by means of,

EX e = Moy (hn—HE _Tambsin—HE) (41)
where m_,_, is the steam flow rate consumed in the heat

exchangers.
For the direct steam used for fuel oil atomization, its

exergy power E_ . . was calculated by,

Erveind = Mhyein-FEmv—in-r (42)

where &,,,_.¢ IS the inlet specific exergy of the atomizing
medium  pressure steam sent to the furnace,
Emv—in-F = hmv—in-F _Tambsmv—in—F ! and mmv—in-F the
corresponding mass flow rate.

So, the total exergy for the medium pressure steam
EX,.nt IS given by,

Eva—in—T = Z Eva—in—HE + EXr'nv—in—F (43)

The first term considers the heat exchangers while the
second term refers to the atomizing steam sent to the
furnace. Because the atomizing steam did not suffer any
chemical reaction, only its physical exergy was taken into
consideration

Int. Centre for Applied Thermodynamics (ICAT)



4.5 Combustion Gases

The combustion gases exiting the furnace still possess
an exergy value to be used downstream, before their
rejection to the environment. Their exergy power is
determined through the following equation,

EXg—out-T = Exg—phys—out + Exg—chem—out (44)
+EXH20/air-phys + Eva—F

being Exg_phys_out the physical exergy power,
EXg—chem—out the chemical exergy power, EX, /i onys the

physics exergy power of the combustion air moisture and
Ex.,_r the physical exergy power of the atomizing steam.

The physical exergy power of the combustion gases was
determined by assuming that they were a mixture of perfect
gases,

E.Xg—phys—out = mg—outZI:inp i (Tg—out _Tamb ) -

45)
T —ou —ou (
YiTamb [Cpi In .? R/ In i t]:|

amb atm
where T,_,, and py_,, are the exhaust temperature and

pressure of the combustion gases, while the chemical
exergy power of the combustion gases was determined
through the following equation,

Exg—chem—out =m

(46)

g—outgg—chem—out

4.5 Irreversibility

There are some particular situations where the
calculation of the exergy destruction can be carried out with
some more detail, such as in heat exchangers in general and
in particular cases of condensers and air cooled exchangers.
For the condensers and air cooled exchangers, the exergy
difference between the inlet and the outlet flows,

I'P = Exm - AE‘Xout (47)

where I'P is the irreversibility of the current being
condensed or cooled, while for a more conventional heat

exchanger transferring heat between two flows, the exergy
destroyed is the difference between the exergy changed,

I, = AEX, — AEX, (48)

AEx, is the exergy power reduction of the heat supply
flow,

AExa = E'Xa-in - E‘Xa—out (49)

and AEx, is the exergy power of the heat reception flow,
AExb = E.Xb-out - E‘Xb—in (50)

Int. J. of Thermodynamics (1JoT)

Ex,_, is the input exergy power of the hot fluid, Ex,

the output exergy power of the hot fluid, Exb_out the output

exergy power of the cold fluid and Ex,_;, the input exergy
power of the cold fluid.

4.6 Exergy Efficiency
According to Eq. (24), the exergy efficiency 7., for

any equipment is,

z E.Xout I.P
Nex = — =l-==
Y Ex, > Ex,

This classical formulation of the exergy efficiency was
thoroughly followed in the present study.

(51)

5. Results from the Analysis of Un-0100
5.1 Overall Energy and Exergy Results
Through the energy and exergy analysis of Un-0100, the
obtained energy and exergy efficiencies were, 13.4% and
2.3%, respectively. These values are extremely low
indicating that there is a large basis for improvement, as far
as the energy consumption is concerned. In Figures 2 and 3,
representing the Sankey and Grassmann diagrams for Un-
0100, it can be seen that the set of equipment with greater
energy losses are the air coolers with a fraction of 59.9% of
the unit losses corresponding to 11.2% of the unit
irreversibility. The furnace H-0101 is the single component
with higher irreversibility, corresponding to 56.3% of Un-
0100 irreversibility. There is a fraction of 4% of energy
losses that are not clearly identified. These unaccounted
losses are due to limitations and uncertainties of
experimental measurements carried out during the normal
operation of the plant. They are the inevitable consequence
of working with data gathered in actual industrial processes.
They correspond to 29.3% of the irreversibility of the unit.
Convection and radiation heat losses represent about 5%
of the energy entering the unit. In terms of the exergy
losses, the convection and radiation heat losses are included
in the unaccountable irreversibility. The unaccountable
irreversibility corresponds to 29.3% of all irreversibility or
3.96% of the input exergy of Un-100, Figure 3.

5.2 Analysis of the Main Components of the Unit

The energy input in the Un- 0100 refers to electricity,
medium pressure steam, fuel oil, fuel gas and inlet reformed
flow. The contributions of these sources of energy are
represented in Table 1. The net power which leaves the unit
is formed by C5's cut, benzene/toluene cut, C8's cut and
C9's cut, Table 2.

The energy losses in the unit occur in the air coolers,
heat exchangers, condensers and in the furnace H-0101. In
this last equipment, losses were due to conduction,
convection and radiation, and to the enthalpy of the released
fumes. The equipment whose operational data are unknown
(pressure, temperature, composition and mass flows) could
not be analyzed. These losses were grouped together and
called unidentified losses.
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Reformed: 1065.36 kW

Fuel oil: 6427.87 kW

Fuelgas: 11062.49 kw

UN-0100

Steam: 5447.86 kw

Electricity: 833.33 kW

C5's:99.74 kw

BT: 143475 kW
C8's: 1668.82 kW

C9's: 13327 kW

S s Exchangers: 257.86 kW
Condensers: 248.26 kW
Air coolers: 1486905 kw
Furnace - fumes: 2721.79 kW
Furnace- current 1155,69 kW
Convection and radiation: 1265.23 kW
Unccountable lost energy: 982.44 kW

Figure 2. Sankey diagram for Un-0100.

Reformed: 46,02 kW

Fuelod: 6779,15 kW

Fuel gas: 12026,13 kW

Steam: 233222 kW

Electnaty. 83333 kW

Useful exergy: 511,64 kW

C5's: 4.15kwW
BT 14613 kW
C8's: 626 kW
Co% 51kW

Irreversbdities: 215052 kW

Exchangers: 310,19 kW

Condensers: 31,16 kW

Air coolers: 247576 kW

Furnace - fumes: 1380.28 kW
Furnace - current: 11007 .87 kW
Unccountable imeversibilibes : 629994 kw/

)

Figure 3. Grassmann diagram for Un-0100.

Table 1. Hierarchy of inlet energy.

air coolers. In this type of equipment all attention should be
addressed to the E-0115 A, which is responsible for 48.1%
of total losses. Figure 4 presents the hierarchy of losses in
the air coolers.

Table 3. Hierarchy of energy losses.

Source Relative weight (%)
Reformed 4

Fuel oil 26

Fuel gas 45

Steam 22
Electricity 3

Table 2. Hierarchy of outlet energy.

Source Relative weight (%)
C5's cut 0
Benzene/toluene cut 6

C8's cut 7

C9's cut 1

Air coolers 60
Condensers 1
Exchangers

Furnace - fumes 11

In order to percept were the major energy losses are
located, an energy losses hierarchy is presented in Table 3.
The major percentage of energy losses are localized in the

98/ Vol. 20 (No. 2)

Type of equipment Equipment Energy Energy
lost/ lost/ Type
Equipmen  of
t equipment
E-0105 14 % 73 %
E-0111 2.0%
E-0112 103 %
Air coolers E-0115 A 48.1 %
E-0115B 10.6 %
E-0103 0.3%
E-0118 0.5% 1%
Condensers E-0119 0.4 %
E-0120 0.0%
E-0101 0.5%
Exchangers E-0109 0.8% 1%
Furnace- Fumes 13.3% 13 %
Furnace — C9’s cut 5.6 % 6 %
Convection and 6.2 % 6 %
radiation
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Figure 4. Hierarchy of energy losses of the air coolers.

From Table 4, it is observed that 86% of the exergy
inserted in the unit comes from the fuels used in the
furnace. These values, in conjunction with the results
obtained in the energy analysis, clearly demonstrate the
attention that should be paid to the furnace in order to
obtain better energy and exergy efficiency of the unit.

Table 4. Distribution of inlet exergy.

Source Exergy (%)
Reformed 0
Fuel oil 31
Fuel gas 55
Steam 11
Electricity 3

The useful exergy that leaves the unit refer to the C5's
cut, benzene/toluene cut, C8's cut and C9's cut are in Table
5, while Table 6, presents the irreversibility hierarchy from
the Un-0100.

Table 5. Distribution of useful exergy discharged from

the unit.
Source Exergy (%)
C5's cut 1
Benzene/toluene cut 29
C8's cut 69
C9's cut 1
Table 6. Irreversibility hierarchy.
Source Irreversibility (%)
Output current exergy 2
Air coolers 11
Condensers
Exchangers 1
Furnace - fumes
Furnace- Combustion 50
Unidentified irreversibilities 29
Table 7. Hierarchy of outlet energy.
Source Equipment Irreversibility Irreversibility
by equipment by source
E-0105 0.31%
E-0111 0.55 % 16 %
Air coolers E-0112 1.09 %
E-0115 A 11.96 %
E-0115B 2.36 %
Condensers E-0103 0.05%
E-0118 0.06 % 0%
E-0119 0.10%
E-0120 0.00 %
Exchangers Egig; (1)22 Z;Z 2%
Furnace Combustion 72.40 % 2%
Fumes 9.08 % 9 %

Int. J. of Thermodynamics (1JoT)

In Table 7, the hierarchy of irreversibility of the
equipment susceptible of improvements is presented.

80%
70%
60% W Energy losses

50% | Irreversibilities
40%
30%
20%

10%

Air Coolers Condensers Exchangers

Furnace Fumes

Figure 5. Hierarchy of energy losses and irreversibility by
equipment.

Looking at Figure 6, that compares the energy and
exergy losses in the air coolers, there is certain
proportionality among the energy and exergy values,
because the temperature of the wasted energy is very close
in all the situations. Thus, in the air coolers, the exergy
hierarchy corresponds to the energy hierarchy. The
irreversibility of both air coolers E-0115 A and E-0115 B
show that this equipment should be object of further
attention in order to profit from the quality of the heat being
wasted in both of them. From Figures 5 and 6, it is quite
clear how important is the exergy analysis to correctly
qualify thermal energy losses and consequently for
prioritizing investments or equipment interventions, to
improve the energy performance of the unit.

60% -
50% -

40% 4 B Energy losses

W Irreversibilities
30%

20% A

10% 4

E-0105

E-0111 E-0112 E-0115A E-0115B

Figure 6. Hierarchy of energy losses and irreversibility in
the air coolers.

The Sankey and Grassman diagrams (Figures 2 and 3)
describe well this situation. It is evident that despite higher
energy losses are encountered in the air coolers, the larger
irreversibility was detected in the furnace H-0101.

These results clearly show that it would be advisable to
evaluate the possibility of implementing thermal energy
recovery systems and such was the authors’
recommendation to the owner of the plant.

6. Conclusions

Energy and exergy analyses of a pre-distillation unit of
an aromatics plant were carried out to characterize its
relevant thermal energy losses. The objective was not to
guestion the operational procedures of the equipment
composing the unit, but to serve as a guideline for future
waste energy recovery procedures.

The equipment group that stood out with higher energy
losses was the air coolers with 59.9% of global losses

Vol. 20 (No. 2) / 99



occurring in this unit and representing 11.2% of
irreversibility recorded in the unit. In this equipment group,
the equipment with greater performance improvement
potential is the E-0115A/B, representing 81% of the energy
loss and 88% of irreversibility observed in this type of
equipment. These excessive energy and exergy losses are
explained by the moderately high thermal energy rejected,
about 144 °C. The furnace H-0101 stands out above all
representing 56.3% of the irreversibility recorded in the
unit. The authors advised the owner of the plant to evaluate
the possibility of installing a thermal energy recovery
system.
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