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Abstract

The petroleum refining industry is one of the largest users of digtillation
technology. The crude distillation unit is one of the most important refinery operations
fractionating preheated crude oil into respective product fractions like Heavy Naphtha,
Kerosene, Aviation Fuel, Light Gas Oil, Heavy Gas Oil, Reduced Crude Qil, etc. It
uses heat supplied at higher temperature levels, and rejects aimost equal amount of
heat in the condenser at lower temperature levels yielding a separation work of
mixtures. Therefore, it becomes important to study the energy and exergy of the crude
oil fractionation tower to analysis the energy efficiency.
The present study deals with a thermodynamics analysis, energy and exergy
efficiencies and the irreversibility rate for of the crude oil fractionation tower (AFT).
The results shows that the total irreversibility losses are 90.7 MW, 95% are
contributed by the AFT, and 5% by the furnace, for a flow rate of 159.2 kg/s of crude
oil processed. The energy efficiencies are 0.597 for the AFT, 1.0 for the furnace as we
are assuming adiabatic heat transfer in the process and 0.704 for the overall system.
The exergy efficiencies are 0.5867 for the AFT, 0.974 for the furnace and 0.638 for
the overall system. From the values of the energy efficiencies, exergy efficiencies, and
the irreversibility rate in spite of the decline of the fractionation unit equipments, it
shows that the operating conditions used (especially the temperature profile and the
pressure profile of the AFT and the flow rates of the different streams) gives the best
results.
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I ntroduction

Exergy is defined as the maximum
amount of work that can be extracted
from a stream as it flows toward
equilibrium. This follows the second
law of thermodynamics, which states
that not al heat energy can be
converted to useful work. The portion
that can be converted to useful work is
referred to as exergy, while the
remainder is called non-exergy input
Exergy anaysis provides a powerful
tool for assessing the quality of energy
and quantifying the portion of energy
that can be practicaly recovered.
Exergy analysis uses parameters such
as temperature or pressure to determine
energy quality and calculate potentially
recoverable energy. Exergy or energy
quality, diminishes each tune energy is
used in a process. For example, alarge
percentage of energy content can be
extracted from flowing steam at high
temperatures. As the steam temperature
drops (e.g., after passing through a heat
exchanger), the percentage of energy
that can be recovered is reduced. This
drop in energy quality is referred to as
aloss of exergy or energy degradation.
Exergy analysis is an efficient
technique for revealing withers or not
and by how much it is possible to
design more efficient thermal systems
by reducing the inefficiencies of the
units in a system. Also for determine
which unit of the system are most
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influence on its exergy efficiency [1-
5].

In general, separation processes in the
process industry require a large input
of energy. Therefore, many kinds of
thermodynamic analyses have been
performed, especialy for distillation
columns, from the viewpoint of energy
saving.

Extensive amount of exergy analysis
was caried out on standard
thermodynamic cycles and their
application in industry such as power
plants, refrigeration systems and to
some extent use of solar energy.
However attention is focused mostly
on energy analysis for industria
processes rather than exergy analysis
[6].

Abdi and Meisen, [7] studied the
purification of contaminated amine
solution using didtillation column.
They showed that by modifying the
process into two-stage digtillation and
varying the process parameters, full
recovery of pure substance can be
achieved.

Doldersum,[8] used exergy analysis to
prove viability of didtillation process
modification and showed that by
decreasing the operating pressure and
thus lowering operating temperature,
using high pressure steam reboilers
instead of furnace and splitting feed
stream, total exergy losses may be
reduced by 70% that directly results in
aprimary fuel reduction of almost 40%
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and energy saving of 10% due to
splitting of the feed stream.

Ji, [9] in his study was only involved in
the energy analysis in terms of fuel
consumption ratio to crude ail
processed which was about 2%. He
optimized processing of two types of
crude oil, and also considered two
aternatives to conventional design of
crude oil digtillation plant; the pre-flash
design and the stripping type design.
Taprap and Ishida, [10] adopted the
graphical construction called an energy
utilization diagram for analysis energy
transformation and exergy losses in a
digtillation column. The overal exergy
loss on one plate of a column can be
decomposed into six kinds of energy
losses and are represented graphically.
The concept of individual energy level
was applied.

Mustapha, et. a., [11] analyzed the
performance of the separation process
by introducing thermodynamic concept
of exergy through exergetic efficiency
of the column. The results showed that
the exergetic output is relatively low
and the produced irreversibility fluxes
are distributed throughout the whole
column in a non-uniform manner. They
are paticularly significant in the
condenser, boiler, and tray feed. The

influence of  various  operating
parameters; temperature,
concentration, and irreversibility in

both sections of the column, was also
established.

In this study, an energy and exergy
analysis of the crude oil fractionation
systems is conducted and the work is
extended to study the effects of the key
system parameters in terms of the
crude oil fractionation unit
temperature, pressure, and mass flow
rate of different streams on the system
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energy and exergy efficiencies at
various conditions.

System Description

The crude oil fractionation unit has
many components, e.g. crude oil
funace (F), the  atmospheric
fractionation tower (AFT), Figure (1)
illustrate a schematic diagram of the
crude oil fractionation unit that
considered in the present work. There
is also a heat exchanger network which
is not shown in the figure, but its effect
via utilizing high temperature product
streams to preheat the crude oil as well
as the product streams should be
cooled using the crude oil feed. In the
energy and exergy anaysis this
preheating effect is not considered
taking the worst condition to
maximizing the furnace duty as the
plant operated for the first time, [13].

In the present model, a charged crude
oil which is processed in Al-Daura
refinery fractionation unit with flow
rale of 159.2 kg/s (100,000
barrels/day), is considered. This crude
oil have API of (32) consisting of 30%
of Kirkuk crude oil (35.5 API), 65%
of Basrah crude oil (29.5° API), and
5% of Naft Khana crude oil (42 API)
(stream No. 1 in the figure (1)). Crude
oil is a mixture of thousands of
hydrocarbons ranging from very light
to very heavy components depending
on the difference of the boiling
temperatures. The refinery complex
objective is to produce desired
products, e. g. fuel gas (stream No. 12),
liquid petroleum gas (LPG), (stream
No. 3), light naphtha (stream No. 4),
heavy naphtha (streeam No. 5),
kerosene (stream No. 6), light gas ail
(stream No. 7), heavy gas oil (stream
No. 8) and atmospheric residue (stream
No. 9).

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

.& Tech. Journal, Vol.28, No.20, 2010

Energy and Exergy Analysis
of the Crude Qil Fractionation Units

So, for the optimum separation of the
fractionation unit, accurate
temperature, pressure and flowrates of
different streams are of paramount
importance.

Energy and Exergy Analysis

There are three governing equations
that are commonly used in the energy
and exergy (thermodynamics) analysis
of the control volume systems, namely
conservation of mass equation,
conservation of energy equation, and
entropy  generation  equation, as
available in some reference books (e.g.
[14,15, 16]). These equations are
applied to the steady-state flow
conditions for the case of negligible
changes in kinetic and potential energy
changes with ambient conditions, T
=25 °C=298.15 K, P,=1 atm=101 kpa.
For every individual component, the
three conservation equations are
applied to calculate the heat added, the
rate of exergy losses, and the exergy
efficiency. After simplifications, the
mass, energy, and the exergy balance
equations respectively, are:-
Zmin = Zmout

ZEin + ch =ZEout +ch

Knowing that, energy is aways
conserved in a system, exergy is just
converted from one form to anther like
from heat to work or from heat to
increase in internal energy of the
system. Energy balance equation does
not tell in which direction should the
process go. Energy efficiency n is
defined as the ratio of the energy
output desired to the energy input
given by the relation:-

N = Eou/ Ein ...(4)
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Exergy is only conserved for reversible
system. For real systems, there are
always exergy losses or irreversibilities
associated, and actual systems aways
move in the direction of decreasing

exergy. Exergy loss is directly
proportional to the entropy generation
in the system.

Where the exergy losses from a control
volume and the total exergy are given,

respectively, as:
ICV=WCVI'EV_WCV .....(5)
Exr = U+PoV-To StYua Ni  ....(6)

Exr=H-To S+Y. po Ni = X g+ EXTar....(7)

The exergy is composed of physical
exergy, which is the maximum shaft
power a system can produce when it is
brought to the reference temperature
and pressure. This exergy is dealing
with mixtures, another exergy term
comes into the picture, the chemical
exergy, which is defined as the
maximum shaft power a system of
mixtures can produce when the
composition of the components in the
mixture are brought to the reference
state. In the system studied in the
present work, the reference molar
composition of the components is
assumed to be 1.0.

Note that the physical exergy, Exrp=
H -T, S, and the chemical exergy Exrg
=Y Wai Ni, where pgi=hgi-To Soi -
Introducing the exergy efficiency as:
Y=YEX ot/ Y EXin ....(8)
Crude Oil Heating Furnace (F)

By applying the energy equation (2),
and assuming heat input is equal to the
heat output (adiabatic process), to find
the required fuel gas mass flow rate
Myo:

M=y [(he-hy) / (Maz-hys)
The exergy efficiency is not defined
for the furnace as the process here is
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adiabatic. Applying the exergy
equation(3) to find the exergy losses
(irreversibility rate), and noting that no
chemical exergy will take place in the
furnace, since the chemical
composition of the crude oil did not
change as no separation takes place in
the furnace:

le=my (eX]_-e)(z) + Mo (eXlg-exlg) e (10)

The exergy efficiency was determined
from the relation:
lPF: (ZEX in~ ||:)/ ZEX in (11)
Where the exergy input rate for the
crude oil heating furnace was given by:
ZEX in = My X1 +Myo EXq2 (12)
Atmospheric Fractionation
Tower (AFT)
The heat transfer rate from the tower
was found by applying the energy
equation (2):
Qarr=ms hg +my hy + ms hs +mg hg +
m; hy + mg hg + mg hg +my; s — My hy
— My h]_o e (13)
The energy efficiency was obtained by
applying equation (4):
Naer = (Mg hg +mMy hy + Ms hs +mg hg +
my h7 + mg hg + mg hg +myy hyq) / (Mp Oy
+ My o
Using exergy equations (3) and (7), we
got the physical and chemical exergy
losses respectively, because of the
Separation process:
[ph = My €X2 +Myp EX10 —Mg EX3 — My EX4
— M5 €X5 —Mg €Xg — M7 EX7 — M3 EXg —
Mg €Xg — Myq €X11 +Y° (1-To/T) Qarr

lch = My EXy +Myp EX1p — Mg EX3 — My
€Xg — M5 EX5 — Mg EXg — My €X7 — Mg EXg
—Mg EXg — My1 EX11 s (16)
The exergy efficiency was found by
applying equation (8):

Warr = [2EX in + 2 (1-To/T) Qarr- lpn] /
SEXin . a7
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Where the exergy input to the
atmospheric fractionation tower is:
ZEX in= My Xy +Myg X190 ... (18)
Overall System (ALL)

Taking the whole unit, we noticed that
the heat transfer occurs as follows:

Ein=my hy + my hig + mpo hpo (19)

Eout = Mg hg +my hy +ms hs + mg hg +my
h; +mg hg + Mg hg +Myy hyy + Myz hys

The overall efficiency was obtained
from equation (4):

n= Eout / Ein

The total irreversibility rate is the
summation of the irreversibility rates
of the individual components:

lace = e+ lapr
The exergy efficiency was obtained by
applying equation (8):

War = [XEX in + Y (L-TJT) QarLL -
laud / SEX in
Where

YEX in =My eXq + Myp €X 19 + My EXpo

2 EX out =Mg €X3 + My €X4 + M5 EX5 + M
X + M7 X7 + Mg EXg + Mgy EXg + My
€X11 Mz €Xa3
Results and Discussion

The calculations are run for the actual

operating conditions of Al-Daura
petroleum refinery fractionation plant.
The input data are presented in Table
1, where the different streams are
identified  with  their  properties
(temperature, pressure, flow rates and
specific enthalpy and entropy). These
describe the input of unit operations
including the atmospheric fractionation
tower (AFT) and the crude oil furnace.
The results are summarized in Table 2.

The compositions of the products of
the  fractionation tower vary
substantially in the same plant
depending on the properties of the
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crude oil used and the operating
conditions namely the fractionation
tower temperature and pressure
profiles.

Here, it was studied the influence of
these operating conditions on AFT
unit. The calculation sequence
including energy and exergy anayses
are conducted of the crude ail
fractionation, focusing on the main
devices. an AFT and the crude ail
furnace, we can find the heat balance,
energy efficiency, exergy efficiency,
and the irreversibility rate for the
individual components and the overall
system. The calculation for exergy are
made twice; one with neglecting the
chemica exergy and the other
including the chemical exergy loss
inherent to separation process. This is
done to see how much is the
contribution of chemical exergy loss to
total exergy loss.

The energy efficiency of the AFT is
0.597; this efficiency is low because
the main separation takes place there.
The energy efficiency of the overall
system is 0.704. the energy efficiency
of the furnace is 1.0 as we ae
assuming adiabatic heat transfer in the
furnace.

The highest irreversibility (exergy
losses) occur in AFT with 95% of the
total irreversibility losses. Thisis again
because the main separation takes
place in the AFT. Those losses are
composed of the physical and chemical
exergy losses. The chemical exergy
losses are 30.8% of the total exergy
losses. In the crude oil furnace, the
irreversibility loss is 5%, only physical
exergy losses are presented here as
there is no separation process in the
furnace.
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The components that contribute most
to the irreversibility losses have the
least exergy efficiency. The exergy
efficiencies are 0.974 for the furnace
and 0.5867 for the AFT, and 0.638 for
the overall system. Knowing that, the
efficiency of the overall system is not
equal to the product of the efficiencies
of the individual components.
Conclusions

In this work, energy and exergy
analyses of the crude oil fractionation
unit model is conducted. The model is
applied successfully for system consist
of the crude oil furnace, and the
atmospheric fractionation tower (AFT)
in order to find the effect of the
operating conditions on the energy
efficiencies, exergy efficiencies and the
irreversibility rate of the individual
components and the overall system.
The total irreversibility losses are 90.7
MW, 95% are contributed by the AFT,
and 5% by the furnace. The highest
irreversibility losses occur in the AFT
as the main separation takes place
there, 29.3% of the losses are due to
chemical exergy losses associated with
the separation process itself. The rest
of the losses are due to the physical
exergy losses mainly because of the
temperature difference. The energy
efficiencies are 0.597 for the AFT, 1.0
for the furnace as we are assuming
adiabatic heat transfer in the process
and 0.704 for the overall system. The
exergy efficiencies are 0.5867 for the
AFT, 0.974 for the furnace and 0.638
for the overall system. From the values
of the energy efficiencies, exergy
efficiencies, and the irreversibility rate
inspite  of the decline of the
fractionation unit equipments, it shows
that the operating conditions used
(especially the temperature profile and
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the pressure profile of the AFT and the

flow rates of the different streams)

gives the best results.
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Nomenclature

AFT | Atmospheric Fractionation Tower

ch chemical
cv control volume
E Energy rate, kw
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ex specific exergy, kJkg rev | reversible process
Ex | Exergy rate, kw S Entropy rate, kw/K
Exr | exergy, kJ S Specific entropy, kJkg. K
F Furnace S Specific entropy of formation,
h specific enthalpy, kJ/ kg T temperature, K
I Irreversibility rate, kw \Y specific volume, M/ kg
m mass flow rate, kg/s W Work rate, kw
N molar ratio n energy efficiency
o] reference condition 0 chemical potential, kJkg
P Pressure, kpa b Y exergy efficiency
ph physical
Q heat transfer rate, kw
Table (1) Parameter Presentation for the Operating Conditions
Mass . g
Specific | Specific
State | Stream Phase ;I;gr;perature E’krs:ure Elgtvg Enthalpy | Entropy
(o]
(kg/s) (kJ/kg) | (kJI/kg’K)
1 CrudeFeed | L 25 101 159.2 | 344 4.44
2 Heated Mixed | 346 101 159.2 | 1040 6.616
Crude
3 Off Gas G 73 205 2.55 761 4.216
Light
4 Naphtha L 73 205 22.2 198 1.62
Heavy
5 Naphtha L 121 208 7.1 326 3.0
6 K erosene L 187.8 210 19.14 | 512 3.04
7 I(;illght Gas | 221 215 2162 | 535 4.266
8 ('j”ea"y Gas || 326.7 225 604 | 837 5.016
o | Atmosphericl 3434 235 26.19 | 802 6.557
Residue
10 Steam G 350 506.5 1.7 3172.3 7.65
11 Water L 73 101 1.6 284 0.96
12 Fuel Gasin | G 1100 101 188.12 | 1180 7.987
13 FlueGasout | G 350 101 188.12 | 329 7.1
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Table (2) Model Resultsfor the Operating Conditions

Results Furnace AFT ALL

> Ein (kw) 227460 170961 232853
> Egy (kw) 227460 102031 163923
Qo (kw) 0 68930 68930
n 1 0.597 0.704
> EXpnin (KW) 172237 144304 177294
YEX phou (KW) 167737 84664 113165
Ion (Kw) 4500 59640 64129
> EXin (kw) 172237 144304 177294
> EXou (kW) 167737 58087 86587

| (kw) 4500 86217 90707
%l 5 95 100

¥ 0.974 0.5867 0.638
len (kw) 0 26577 26577
%l g, 0 30.8 29.3

AFT: Atmospheric Fractionation Tower, ALL: overall of Fractionation Unit
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Figure (1) Model of a Crude QOil Fractionation Unit
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