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Abstract. This work presents a methodology to evaluate the energetic efficiency of Oil and Gas Production Units based on
the exergetic analysis method. The concept of exergetic efficiency is used to evaluate the unit energy consumption based on
the transformation potential of the involved energy amounts taking its actual environment as the reference and to evaluate
the best exergetic efficiency that is technologically feasible using tha available producing technology. The concept is used to
evaluate the overall unit efficiency as well as the efficiency of each one of its components.
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1. INTRODUCTION

As is well known, oil and gas producing units havelarge quantity of different components. Each ofethese
components operates with a different form of enesych as chemical energy from fuels, electricargy and thermal
energy, and adopts also a specific producing methodder to perform a specific task.

Typically, the performance evaluation of such uistbased on the energetic efficiency. This efficieis calculated as an
overall parameter of the whole unit as well as magividual parameter for each one of its componehtsgeneral, the
efficiency is calculated comparing the ideal amaafnénergy necessary to attain the process desffect with the effective
amount of energy actually used to realize it. THifeidnce between these quantities is regardedsse$ due to inefficiencies
or to the intrinsic irreversibility of the actuaérformed process. One specific method is usedltulese the performance of
each component. As a result it is not always péssib compare the efficiencies of each individuainponent in order to
optimize the performance of the whole plant. Thisrgetic efficiency analysis is based on the fast of thermodynamics,
without taking into account the intrinsic quality the energy losses to the environment. In geneibland gas producing
units can exchange large amounts of energy with gmvironments. But the energetic efficiency stcakated may not be
used to properly compare the performance of diffetmits operating in the same environment or afaégnits operating in
different ones.

Another method to evaluate the efficiency of a pridg unit is based on the transformation poterdfathe amount of
each form of energy involved with the process. Thasisformation potential is measured taking thérenmental condition
as a reference. It is called exergy. The exergyhateestablishes a common ground to compare thet@iteo do work of the
different forms of energy involved in pursuing tbeerall task of the unit and the specific task a€le of its components.
Compared with the energetic analysis, the exergatalysis produces more information concerningriadtitve possibilities
for the design of new units or for adopting openaai and structural changes in existing ones.

The first objective of this paper is to describmethod for the determination of the actual ovesairgetic loss or exergy
consumption of oil producing plants and for eacle af its components. The second objective is tabdish a possible
minimum overall exergetic consumption for the umig,, the technically feasible maximum unit exd¢igefficiency. This
maximum corresponds to the most efficient use efitivolved energy resources to be obtained withatfzlable technology.
The analysis uses the exergy of the input and owipergy fluxes, calculated from the point of viefvan external observer
to a convenient defined control volume (Ghiorzi9Zp The exergetic efficiency calculation referghe actual configuration
of a certain design or to the real operational d¢@ of an existing unit, whereas the proposéereace calculation refers to
the state of the art of the available producinghnetogy. The proposed analytic model establishéschnically feasible
reference for the maximum exergetic efficiency aftationary producing unit. Although it is not @oim this work, the model
can be extended to take into account economicalctspelated to the exergy fluxes across the boiesaf a control volume
involving the unit or each one of its componentss Ithus believed that the proposed method reptesemore realistic and
global basis for the evaluation of oil and gas pridg units.

2. MAIN SYSTENSOF OIL PRODUCTION UNITS

The model is limited to the unit's main systemsenms of sources and demands of exergy. Each ottesé systems
transfers exergy to the unit’'s products or actadsnd of exergy source to the unit (Neves, 2008a)he most common
configurations, these unit's systems are the edttnent and transfer system - including the watsradd component; the gas
compression system; the electric energy and harvggineration system; and the water injection syste

The oil treatment and transfer system receivegtthée oil flux from the submarine producing well$ie oil is processed
in order to attain a given BSW (basic sediment @&atkr) specification. Basically, this system sef@srahe incoming crude
oil into gas, oil and water, directing each on@ agparated stream to its destination.

The gas flows to the gas compression system. Hnene it can be exported to onshore consumers,robeae-injected in
the subterranean reservoirs through submarinetimgeevells; it can be also used to gas lift. Thenjection is a way of
postponing the gas utilization and the gas lithis most common method of oil artificial lift.



The oil is delivered to transfer pumps. From thiere pumped to other units, or to storage shipgipelined to the shore.

The produced water flows to a specific treatmestesy. The residual oil extracted is sent back éocihtreatment and the
clean water is discarded.

The water injection system is responsible to caps@awater, treat it and inject it into the prodgaieservoir, trough the
sub-sea injection wells. The purpose of this waigction is to maintain the reservoir static press in order to keep the
liquid producing levels during the unit’s life cycl

3. APPLICATION OF EXERGETIC ANALYSISTO OIL PRODUCTION UNITS

An oil production unit can be described as an apetem. The mass flux input is the flux of a migtof oil, gas, water,
sand and other contaminants and the mass outmiteeastreams of natural gas, specified oil andymred water. The control
volume to a unit external observer is showed iufédL. The feed power can be obtained through:

e Burning of the produced gas;
»  Burning of other fuels (external in relation to thlant), typically diesel;
» Electrical energy from the concessionary, or gardran other unit.

The exergetic analysis of a system takes into axtdhie exergy of the input streams, the exerghefdutput streams, the
process irreversibility and the losses to the emvitent. The oil production unit must maximize thedoction with a
minimum feed exergy. In other words, it has to aperwith a minimum exergy destruction and minimwsasks to the
environment. It is also desired that most of thefexergy follows to the unit's products streantse €Themical reactions that
occur in the unit in order to separate the inpueash are minimal. Then, the chemical exergy of éhglseams are not

considered, because, there are almost no changes ohemical exergy of the output streams in coispa with its amount
in the input.
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Figure 1. Mass fluxes crossing the boundaries@ttntrol volume of an oil production unit.
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The physical exergy of crude oil input stream afthe output streams takes into account the eritakskergy and also
the potential exergy and the kinetic exergy of dstreams. The so calculated exergy is called thernbamical exergy. But,
this procedure is common only in part of the redigechnical literature (Neves, 2008b). Likewiselydhe enthalpic exergy
is considered in this work. The calculation of i@ and of kinetic exergy fluxes requires the \iexige of very specific
characteristics of a real unit. In this case, tbeyld be calculated without difficulty and not cmlesing then doesn't affect
the consistence of the proposed method.

Two kinds of main systems are considered to desdtie unit. First, there are the systems that fiearexergy to the
outputs fluxes or are exergy sources to the ueito8d, there are the auxiliary systems which danaoisfer exergy to those
fluxes or that are not exergy sources. Examplethisfsecond kind are the ones responsible for atanmjections and for
seawater delivery, as well as the work and sleemso The exergy consumed in these systems aredeoedifeed data.

In order to calculate the specific energy, the mmrmental conditions taken as reference are thespre at sea level,
101.325 kPa, and a temperature of%Neves, 2008c). The necessary thermodynamic giepeof the input and output
fluxes are determined based on the following cdmlt assumed just to set up the model:

e The crude oil that enters the unit crosses theralbomblume on the unit crude oil manifold, upstretorthe heat
exchangers and to the oil separation system;

* The specified oil to be exported crosses the cbmolume just immediately downstream of the oilnisger
pumps;
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e The natural gas to be exported or to be directedhéo gas lift process crosses the control volurst ju
immediately downstream of the last stage of thecgagpressor systems;

* The separated water crosses the control volumeatitiospheric pressure and at the same temperdttire oil
separation process;

*  The injection water crosses the control volume jmshediately downstream of the water injection psmp

4. EXERGETIC EFFICIENCY BASED ON THE DEGREE OF THERMODYNAMIC PERFECTION

The exergy balance can be written in terms of ehleviing fluxes:

EFzEP+ED+EL (1)
The meaning of each term is:

EF — Fuel exergy flux.
EP — Product exergy flux.
E'D — Destroyed exergy flux.

E, — Loss exergy flux.

The exergetic efficiencg is defined as:

g:;:l
E E

F F

E E+E
-—t o (2)
The exergetic efficiency is also called thermodyitadegree of perfection of the process, SzarguB&L9Synthetically,

it means that a process is more “perfect” thanterobne if it destroy less transformation potentia., if the difference

between the input and output exergy fluxes is smalfor the purpose of the present analysis, tlnba of the exergy fluxes
assumes the following qualitative form:

Crude oil physical exergy input + fuel gas physies¢rgy input = main products physical
exergy outputs + exergy consumed as eletricityhenatuxiliary systems + exergy loss and ( 3)
exergy destruction

It follows then:

. : . . . . (4)
EcotE; = (Eot+ Eg+Epw+Ew)+(E

aaros W ) + (EL+Eyp ).

The meaning of each term is:

E‘Co - Flux of the physical exergy of the crude oil teaters the unit, considered a fuel;
EF - Flux of the chemical exergy of the fuel gas,sidared a fuel;

Eo - Flux of the physical exergy of the specified obnsidered a product;

Eg - Flux of the physical exergy of the separatedirstgas, considered a product;

E e - Flux of the physical exergy of the produced watensidered a product;
Ew - Flux of the physical exergy of the injection wateonsidered a product;

W;\ux - Electrical power consumed in the auxiliary system

Physically, the flux of destroyed exergy doesn'dss the unit's control volume. Considering all tat's exergetic
consumptions as products, the exergetic efficieficiie unit can be written as:



5:(E0+Eg)+(EPW+E.W+WAUX)I (5)
EF + Epe!

Although the exergy of the produced water or thergx consumed in the auxiliary systems actuallyrexteexergy of the
products of the unit, they must be assumed as sodier to make it possible to compare the perforaasf different units.
For instance, if the produced water would not lierneas a product, a plant that process crude til 89% of water content
would be seem as less efficient than other thatllearcrude oil with 20% of water content. For thene reason, a unit that
has high auxiliary systems exergy consumption, tués products characteristics — for instance,gh ftoncentration of
sulphur, would be under evaluated if compared withpler units. But, as these characteristics aveptuticular of each real

unit, for the determination of the plant exergetfticiency it is considered as products only thecsied oil, the separated
gas, the produced water and the injection watdolltws:

_(E0+Eg)+(EPW+EIW) (6)
E.+Eg
The exergy consumed in the auxiliary systems issidemed by means of a particular indicator thatwshds relative
influence compared with the total input of exergy.

Princ

_ W Aux
Xowe = (7)
EF + Eco
In analogy, another indicator is used to evaluagtestikergy loss and destruction of exergy:
_(E.+E,)
/YEL+D = ( 8 )
EF + Epel

To separate the exergy loss of the destroyed exemgguld be necessary to quantify the losses, tduaring; losses on
the machine exhausts, and the thermal exchange thétrenvironment. This calculation procedure is $pecific for the
purpose of a general methodology. But they carsbimated as a difference, as follows:

(E.+Eo)=(Er+Eco) —[(E,+E,) + (Erw+Em )+ (W a)]. (9)

5. EXERGETIC ANALYSISAPPLIED TO DESIGN OR TO EXISTENT OIL PRODUCING UNIT
5.1. Calculation of the Fuel Exergy

The fuel exergy of the unit is basically the cheahiexergy of the gas used to generate electrioabpoEventually, this
power is used to drive the compressors and to é@naA small amount of the fuel exergy is due ®ghysical exergy from
the incoming crude oil.

The calculation of the gas turbines mass flow raﬁ’&m , requires the knowledge of their thermodynamicgcigfhcy,
N, , of the low heat value of the gas, LHV, and of tbial electrical power consumption, Pow, consumedhe main and

auxiliary systems. It follows:
Pow

LHV 7

The thermodynamic efficiency of the gas turbinesvaluated as a function of its heat rate, HR. &t rate is a well-
known characteristic of this kind of machines, mhed by the different manufacturers. This parametpresents the
necessary thermal energy required in the gas cdinbugaction to generate a unit kW of electricalvpr.

MreT = (10)

If the gas compressors are driven by gas turbihespecessary fuel gas flow raf8% is calculated using its demanded
compression powe?0W . , and the thermodynamic efficiency of the turbo poessors/j. :

Pow,
LHV7.

M (11)
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If there are furnaces present on the unit, its sesy fuel gas flow ratem rru, IS @ direct input data as well as the mass

gas flow rate that is burned in the unit flaﬁ@ﬂare. In resume, the fuel exergy can be calculated as:
Efrea = [lOS?(mFGT + Mec + Mery + Miare) LHV] + Eco . (12)

Here Eco is the physical exergy of the crude oil. The doaffit 1.037 represents the change from the LH\@nbase to
the exergy base (Neves, 2008d).

5.2. Calculation of the Physical Exergies of the Input and Output Fluxes

As already mentioned, the exergy of the streantsetased in the calculations corresponds only tw gie/sical part, in
such a way that:

en =(h—-h)-T,(s-s,) - (13)

The liquid streams - the liquid part of the crudke the specified oil, the produced water and thiedtion water — are
considered incompressible. Crude oil exergy betvigeh conditions and the reference state:

: : 1 T
Eco = Mco(CAT +—Ap-T,cln—). (14)
P T
Specified oil exergy between outlet conditions Hrereference state:

. 1 T
Eo = mo(cAT + =Ap-T,cln—). (15)
p T
Produced water exergy between outlet conditionstlamdeference state:

: : 1 T
Erw = mMpw (CAT + —=Ap-T,cln—). (16)
o T
Water injection exergy between outlet conditiond tre reference state:

Ew = mw(CAT +£Ap—TocInl). (17)
P T

The same analysis can be done to the gaseous stre@snociated gas on the crude oil and separatedtonsidering that
they can be considered as the ideal gas. Assogagedxergy between inlet conditions and the reterstate:

Emme = Mac{(C,AT) = Ty[c, (IN=) - RIn—)]} . (18)
To pO
Separated gas exergy between outlet conditionshendference state:

E s = Mas{(C,AT) - Ty[c, (In Tl) ~R(n ?p)]} | (19)

5.3. Calculation of the Loss and the Destroyed Exergy

Eq. (9) is used to calculate the loss and the algstrexergy.

6. DETERMINATION OF A FEASIBLE REFERENCE MODEL

The reference model is used to compare a realtisituaf exergetic consumption of the oil producimt with that of a
unit operating under ideal conditions. This ideahdition is basically referred to the use of audgaechnologies in the main
systems and to the maximum technically feasiblentbdynamic and mechanical efficiency of their maguipment - gas
turbines, compressors, pumps, electrical motorsedextrical generators. Besides, the reference hadsie looks for a better
integration between the exergetic sources and desvands, specially the thermal ones.

The main source of thermal energy is the gas exhafushe gas turbines of the electrical generasgatem. Most
frequently, this thermal energy is already usedpaxess heat, although its total energy capacitgois expended. This
residual capacity can be used to increment thegetierefficiency of the gas turbines by cooling étstrance air with an
absorption chiller. Another source of thermal egdggthe heat reject in the gas compression systéiis. heat rejection can
be used also to preheat the crude oil before tharaton. All these opportunities of using therraaérgy are evaluated in the
reference model.



The power demands of the main systems are caldulsiag the maximum feasible thermodynamic and aeichl
efficiency.

Electrical power demand of the gas compressioresyst

n n-1
n

HP =——RT[(r, n —1)] ! (20)
n-1

We = M HP , (21)
el Tres

Here:

HP - compressor politropic head (specific work);
n - gas politropic exponent;

R - individual gas constant;

Ts - suction temperature;

Rp - compressor pressure ratio;

m, - gas mass flow rate;

We - compressor demanded electrical power;
1], - compressor politropic efficiency (maximum teiciatly feasible 80%);

... - compressor system mechanical efficiency (maxirnechnically feasible 98%).

Electrical power demand of the pump systems (ailgfer and water injection).

H:E’ (23)
4

w=mH (23)
n

Here:

H - pump head of each system (oil transfer or wiajection);

AP - pressure difference between discharge and suatieach system (oil transfer or water injection);
y - specific weight of the pumped liquid (waterspecified oil);

n - pump total efficiency (hydraulic, volumetrindamechanical — maximum 80%).

W - demanded electrical power on each systentrémisfer or water injection).

After the determination of the minimal feasibleattal power demand of each main system, it isibds to calculate
the required fuel gas flow rate on the turbo-getoeseof the electrical power generation systerfollbws:

Ec.= (WAux"'Wcon‘p"'WSI)"‘WIW)ﬁlO:s? ' (24)
m, = E, (25)
LHV

where:

E C - minimum fuel gas chemical exergy rate to dthewhole oil producing unit;

W s - minimum electrical power demanded on the awyil@ystems — input data of the model;
W comp - MiNimum electrical power demanded on the gaspression system;

Wso - minimum electrical power demanded on the d$jwetoil transfer system;

W w - minimum electrical power demanded on the infgctvater system;
HR - minimum feasible gas turbine heat rate, exjpaas kJ of thermal energy per kW of electrical pow

One of the most drastic forms of energy inefficient oil producing units is the use of furnacesh&at the crude oil in

order to separate into specified oil, natural gas \water. Therefore, the methodological purposéherreference model is to
use all the existent thermal energy sources talahe need of furnaces.
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To attend this goal, the free water stream thas dm emulsion in the crude oil stream is firstesaped from the crude
oil. This procedure minimizes the amount of the snfisw rate to be heated. After that, the remaintngde oil stream is
heated in counter stream with the already heatedifigd oil and produced water streams. This proseds common practice
in oil producing units. The model evaluates if thermal energy content of the gas turbines exhgassis enough to heat the
crude oil stream up to a temperature in which issosity is 10 cst. If this main source of therraaérgy is not enough, the
model tries to identify if it is possible to useetthermal energy content of the compressed galseirtampression system
(Neves, 2008d).

All the involved mass flow rates and the tempeediare evaluated in accordance with the followintgapy balance:

m]scs(Tos _Tis) = ded (Tod _Tid)' (26)

The subscripts “s” refer to the heat stream sowamce the subscripts “d” refer to the heat demanditngams. The
subscripts “i” refer to the inlet streams in thehexchangers and the subscripts “0” refer to titkebstreams out of the heat
exchangers. In eq. (26), the symbel fefers to the thermal exchange effectiveness iail determined to each particular
heat exchanger (liquid / liquid, liquid / gas, gtc.

After the evaluation of the energy available in rakntioned thermal energy sources, if this quargitgot enough, the
model calculates the minimal fuel rate of the gaeé burned in a furnace to complement the negedbarmal energy
demands.

7. CALCULATION PROCEDURES

The first step of the first calculation procedusetd determine the exergy of the products as showeékction 5. The
second step is to determine the fuel exergy andthe of the loss and the destroyed exergy. Atphist, it is possible to
calculate the exergetic efficiency and the otheapeeters shown in Section 4.

The first step of the second calculation procedsréo define the reference model, see Section Buleding the fuel
exergy and the sum of the loss and destroyed @eeigithis reference model. The next step is tbesvaluate the exergetic
efficiency and the other parameters shown in SectioThe last step is to compare the exergeticieffty and the other
indexes of the real project or of an existing itiateon with those of the reference model.

This methodology was implemented in a computatiooatine written in “C” programming language. Thiitine makes
it possible to evaluate and compare various oitlpcong units and also existing plants that havelainstructure and operate
under similar conditions. The methodology was agplio evaluate the exergy efficiency of an oil prcitbn unit during its
design phase. The following results were found:

E =120, X =6%; ¥ =82%

L+D
for the designed unit, and:
£=25%; Xun =13%; X =62%,
L+D

to the feasible reference model of the same unit.

8. DISCUSSIONS AND CONCLUSIONS

More than a quantitative evaluation of the perfamogaof a process unit, the exergetic analysis allavqualitative
identification of the energy degradation of eack ohthe performed processes. Using the conceexafgy, a methodology
was developed to calculate the exergetic performanicstationary oil and gas producing units. Thehwodology can be
applied at the design level of these units as aslio asset the performance of operating onesakpthe methodology, the
procedure is applied also to establish the expeptfbrmance of a reference unit, which is defireed the one that
corresponds to the most updated available techyologorder to maintain a certain degree of geitgrabome specific
conditions of real arrangements were not considerbdrefore, the structural arrangement and theatipeal conditions of
the real or of the still in design unit shall bacdily replicated in the reference unit.

The methodology can be used from the start poithefdesign project of a unit. In this way, thergréic efficiency can
be used as a powerful instrument in setting up esplent and more complete arrangements in each phake project. In
each of these phases, the performance of alteeratrangements can also be evaluated.

The results of the previous section show that ipassible to increase the exergetic efficiencyhaf production units,
specially supplying the energetic demands withetkisting sources and also with the use of moreiefit equipment.

Finally, it must be remarked that is also possiblextend the proposed methodology, completingitit \n economical
evaluation of the producing unit, specifically witlfe costs associated with the calculated exeuye$§.
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