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Abstract

Determining the gas quality of natural gas delivpomnts is not only compulsory for transmission gbipe
companies, in order to comply with the nationalutatpry agency (ANP) ordinances, but also mandatasn the
business perspective, for both the transmissioffelethe commodity price depend on the energy el&d; in terms of
Higher Heating Value (HHV). So, the energy or HH/cialculated through the analysis of the flowing g devices
known chromatographs, for each delivery point dy-gate. However, since not every point has a fiedalled gas
chromatograph, the pipeline operator needs to dotually calculated HHVs to the city-gates that énano local
analysis. These calculated HHVs are obtained fremices installed in other stations such as hubeaeipt, delivery
and interconnection points. Taking into accounttiad regulatory, commercial and financial issues] @ order to
perform these links precisely, TRANSPETRO has detih use a pipeline thermo-hydraulic simulatore Téchnique
consists of considering significant variables oé¢ thipeline, namely the volume balance, receipt ermediate
pressure values and the pipeline inventory, toeaghihe most accurate results on linking HHVs tlivdey points.
This methodology represents a noticeable improvenfesompared to the previous one, which only cdestd the
volume balance. In spite of that, there is stilmeoroom for improvement, since the current simatattonsiders a
steady state, and it is known that the flow, pressmd inventory changes may influence the finglilie Therefore, the
future challenge is to evolve from steady stat&dasient state simulation, which must come aloitg an increased
reliability of the field automation to succeed.

1. Introduction

Revenue for transmission is performed in energy ftase rate is R&/MMBTU), and not by volume (m#: F
this, you need to associate each volume receivetklorered in a custody transfer station to a prgpef the gas that
allows the conversion into energy base. The prgpgtosen was the Higher Heating Value (HHV), whictit is the
kcal per m3. Thus, we obtain by multiplying the wwmle by the HHV, the amount of energy transmittedeivered
(kcal or MMBTU).

The HHV, defined as the sum of the energy releaseteat and energy spent on vaporization of wher t
forms an oxidation reaction, is calculated usingrfalas described in international standards suct5@s6976, or
ASTM 3588 among others and use as a basis thehgamatographic analysis. It then becomes extreingbprtant to
determine the chromatography or the HHV receivedomsumed in each custody transfer metering station

However, we face a problem due to this need: neryedelivery point (PTE) has a chromatograph (GC)
locally installed to analyze the gas deliveredgsiit's an equipment with high acquisition costd Aigh maintenance.
Yet, it's in accordance with the ANP Resolution2@J8. This resolution establishes the specificatibnatural gas of
national origin or imported to be sold throughohe tcountry and mentions in Article 6 paragraphthiat the
requirement for local analysis, which would requiraledicated chromatograph, is required only irtazlystransfer
stations with capacity above 400 thousand cubi@ers&tay and subject to reversal flow.

Thus, on one hand we have to know and determinehttematography and/or the HHV at each deliverypoi
but on the other hand, we do not have a chromatbgiia each of them. And even in places where tierdecal

! Master, Mechanical Engineer - PETROBRAS TRANSPORTA
> Master, Mechanical Engineer — SIMDUT

3 Electrical Engineer —- PETROBRAS TRANSPORTE S.A.

* Chemical Engineer - PETROBRAS TRANSPORTE S.A.



Rio Pipeline Conference & Exposition 2015

chromatography, if it enters into failure, we mdstermine a chromatography at this point. The duests how to
attend such demands?

Historically, the answers to those questions werget on a volumetric balance, done in an Excehsigieet.
In the meantime, the requirements concerning rditiatof results and reduction of uncertainty (nmt mention,
eventually, the Company’s image) turned this metihagly outdated to this new reality. The searchafarew tool that
could supply all new wishes converged for the s thermo-hydraulic simulator. This tool is abdeconsider a large
number of variables inherent to the process otigasmission.

This paper presents the use of this new tool, densd to be more precise and powerful, to determase
quality of custody transfer delivery points.

2. Previous Concept to Determine Gas Quality in Didery Points

For a better understanding of the determinatiogesf quality, we must first understand the procésassertion
of chromatography into flow computers, referred“asiting” in this paper, installed on delivery pag There are
basically two ways to write chromatographic analysi a flow computer, which runs the volume calgoites. The first
writing is done locally, i.e. there is a chromatmgiiic analysis available at the delivery point. $heond is a remotely
process, i.e. when chromatographic analysis isirddafrom another source. The diagram in Figurbdws these two
modes of writing. When there is a chromatograph &TE, the analysis results are sent to the pragedbie logic
controller (PLC) station, which in turn distributése information to the flow computer and SCADA p8uwisory
Control and Data Acquisition). When there is no othatograph on the site, it is necessary to deternan
chromatograph of origin. After this choice, thedmhation of the test results is sent to the PLQhef originating
station, which passes it to the SCADA. The SCADA share the information with the destination statPLC, which
will write the composition in the flow computer.

Local via PLC Remota via SCADA

SCADA SCADA

Figure 1 — Modes of writing chromatography on floemputers — on the left, one single station, witdawv Computer
and a Gas Chromatograph; on the right, two statioms with the Flow Computer, and the other with Gas
Chromatograph.

Therefore, we realize the importance of correctiahoof chromatography source. Usually, to set the
chromatography to be written in flow computers ainps without analysis, we define as the sourcéyaismalways the
closest point, while observing the most represamtajas stream. However, in this fact lies a dempcern. Since the
definition of the composition to be written in ptarthat do not have local online chromatograph sesrly involves
the analysis of the gas stream, how to ensure ti®tcomposition analyzed by the nearest statiothés most
representative of the gas delivered in those ppints

In general, we seek to determine what is pictunefigure 2.
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Figure 2 — Gas tracking concern

We want to know where the mixture is (in the aboase the PTE 5). To do so, we manage the validdBCs
flow computer at a way such that in the examplEigéire 2 we have:
- GCPTE4, GCPTE 6 e GC PTE 7 with GCs on failure;
- GC PTE 8 must have it analysis written on flow coiteps of: PTE 8, PTE 7, PTE6 e PTE 5
(the most representative stream);
- GC PTE 3 has its analysis written on flow computdrBTE 3 an PTE 4;
- GC PTE 2 writing on PTE 2 flow computer and GC PIM&riting on PTE 1 flow computer.

There are weak points in this method. By a voluimdtalance, we may have different results accortingpe
point or meter where we begin to "discount" the @abat in the end results in the 100/200 mix preipa).
TRANSPETRO's natural gas network has many sour@@$us interconnections and pipelines with différpressure
class, setting the network mesh a unique featudeaadifferent scenario every day. To illustrate difficulty of this
reality, we exemplify a study of case.

We start by the analysis of Figure 3, with the dateation of gas quality in a gas pipeline with tvazeption
points and several delivery points distributed gltime pipeline. For the first case, we startedvitiametric balance by
the reception point (PTR) NORTE. Based on the velwhgas received at this point, we discount tredgivered in
each PTE and declared in "Consumo/Vaz&o" columtil tine column value "Vazao Linha Tronco" is infarito the
value of "Consumo/Vazao". In Figure 3, this occdrie PTE 7: the flow at “Vazao Linha Tronco” of 3868 m3 from
the PTR NORTE was not enough to supply the statidm consumption of 489,079 m3. So, it was necgssause the
gas stream from PTR SUL on the amount of 153,031ITh& gas mixture was in the PTE 7 at the propomio68.71%
for the stream PTR NORTE and 31.29% for the strdanR SUL. In this case, if PTE 7 did not have a gas
chromatograph, its gas quality should be determimgdca GC with a similar stream, namely the NORTEa&nh
(CORRENTE NORTE).

. % DA
GASODUTO CONSUMD | VAZAO vazAo LINHA-
L PTR ! PTE (Mmid) CORRENTE TRONCO ORIGEM DO
GAS
RECEBIMENTO DO PTR NORTE 2.700.000,00| CORRENTE NORTE 100,00%
PTE 11 0,00 2.700.000,00
PTE 10 1.586.677,00 1.114.323,00
PTE 9 771.089,00 343.234,00
PTE 8 7.186,00 F36.048,00
CORRENTE NORTE 336.048.00 68,71%
PTET 489.079,00 - .
GASODUTO """ |CORRENTE SUL 153.031,00 31,29%
PIEG 56.171,00 [ R]]
PTES 0,00 70844000
PTE 4 11.628,00 708.440,00
FTE3 74.339,00 720.068,00
PTE 2 97.773,00 75440700
PTE 1 1.122.606.00 552.150,00
RECEBIMENTO DO PTR SUL 2.014.786,00| CORRENTE SUL 2.014.786,00 100,00%

Figure 3 — Gas quality along pipeline (distributstarting by PTR NORTE)

The proposed exercise seeks to show the ambigfiithi® methodology, and that's why we will do the
opposite. Let's start discounting the gas at PTR,S4$ shown in Figure 4. The procedure adoptechés used
previously: we discount the gas consumed in eads &Td declared the "Consumo/Vaz&o" column untilabkeimn
value "Vaz&o Linha Tronco" is inferior to that otie.Figure 4 example, the mixture point is now PT:Bhe flow at
“Vazao Linha Tronco” of 156,004 m3 from the PTR Suas not enough to supply the station with consiompof
771,089 md. So, it was necessary to use the gaanstirom receipt the PTR NORTE on the amount of@% m3. We
prove so far that the results between these twapbes are different, since this situation puts rigture not in the
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PTE 7, but in the PTE 9, at different proportiossveell (79.77% for the stream PTR NORTE and 20.Z8%tthe
stream PTR SUL). The PTE 7 and PTE 8, which hadipusly a gas quality similar to PTR NORTE, havdtiis case
a gas quality similar to PTR SUL stream. This fagplies differences in both calculation of volumedacalculation of

energy, given that different compositions providgidct HHVs

GASODUTO CONSUMO | VAZAO WAZAD LINHA- | % DA ORIGEM
QU LOCAL FIRIFTE (Mm?ld) CORRENTE TRONCD DO GAS
RECEBIMENTO DO PTR NORTE 2.700.000,00| CORRENTE HORTE - 100,00%
PTE 11 0,00 2 700.000,00
PTE 10 1.685.677,00 1114.523,00
S—_ 771.085,00 | CORRENTE HORTE 15 05 00 79,77%
CORRENTE SUL 156, 004,00 20,23%
PTE & 7.486,00 156 004,001
GASODUTO  [PTET 489.079,00 163.130,00
PTE6 56.171,00 £52 263,00
PIES 0,00 7105 440,00
FTE4 11.628,00 7105, 440.00
PTE 3 74.339,00 720.065,00
PTE 2 97.773,00 754.407,00
PTE 1 1.422.606,00 552.10,00
RECEBIMENTO DO PTR SUL 2.014.756,00 | CORRENTE SUL 2,014, 785,00 100,00%

Figure 4 - Gas quality along pipeline (distributigtarting by PTR SUL)

Given those weaknesses, a new solution was negénsarder to provide repeatable and reliable tesdlhe
major frailty of this simple volumetric balancerist considering the pressures on pipelines anchiove fluctuation,
which provides multiple results to equal situations

The use of a tool as a thermo-hydraulic simulattmws this improvement, since it is possible toesrand
consider the pressures and inventory changes o$ytsiem, and also compensate imbalances; andsthaly it is
considered the most appropriate tool for the gadityudetermination process.

3. New Solution to Determine Gas Quality in Deliver Points

3.1. Generalities of Thermo-Hydraulic Simulations

The problems involving fluid flow in pipelines udlyarequire the calculation of flow, pressure loss,
temperature or diameters. These problems use theipgdes of conservation of mass, momentum and ggnesften
applied to one-dimensional flows. Due to the comityeof the problem, their solutions, in generale anly obtained
by means of computer programs specifically devalofoe this purpose. A Pipeline thermo-hydraulic glation is a
useful tool to support operation, design developgraed reliability analysis.

We found several tools on the market of this natune it is up to the user to choose the one thts bast. The
softwares chosen and used in TRANPETRO are thdifépelanager (PLM) and the Pipeline Studio (PL)eTirst
one is an online software, extremely importanttfoe training and certification of operators wholwilipervise and
carry out the transmission of gas. It also works @sedictive tool where you can simulate failucersarios in a range
of 8 hours ahead ("look ahead") to observe theeaydiehavior. In turn, the PLS is a more approprsatéware to
support the operation through the programming tdrirentions such as pigs launch, stops and stheropression
stations and gas reception points as well as fetdoture scenarios of short, medium and long term.

In order to complete the simulation model, the pdaischaracteristics of the network, such as lesgth
diameters, locations of supply and city-gates, am®gon stations and control equipment were ceaectThe
maximum and minimum pressures were establisheddbasgerformance standards of the Company. Thelaiion
model was developed with the commercial softwamgelie Studio from Energy Solutions. The followiggneral
assumptions have been used to build the model:

a) Isothermal flow at 20°C.

b) The friction coefficient was evaluated by Colmiik equation. The wall roughness and efficiency was
adjusted for each pipeline according to the sinmutateam experience.

¢) Equation of state: Sarem

d) Constant viscosity equal to 0.012999cP.

e) Simplified natural gas composition: 0.60 speaifravity, 0.00% of carbon dioxide. The HHV is difént
for each supply, so that the different compositioosld be tracked along the pipeline.

f) The knot space used was approximately one tetie pipeline length.

The advantages of using thermo-hydraulic simulatiare enormous when we want to estimate gas flogv. W
obtain more repeatable results and greater accaratyeliability, taking into account that they werovided based on
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flow algorithms. We can, however, mention some diisatages that can be a barrier to its use, ang itiebude
increased operational costs, since there is neadegined and qualified workforce (most of the tireagineers) to

simulate and mainly interpret the results, and atsguisition costs of the software

3.2. Pipeline Thermo-Hydraulic Simulator applied toDelivery Points Gas Quality Determination Process

We emphasize at the outset that there is a greantabe in using a thermo-hydraulic simulator, thu¢he
tools’ sufficient capacity and robustness to previdliable results for gas transmission. In a satioh for determining
gas quality, the technological and the conceptaal gompared to the previous method, namely themetric balance,
coincides directly with the premisses adopted fies study.

The basic premise is the simulation in steady stssed on the real received and delivered volurhdéke
previous day, acquired through SCADA system. Initamld it is considered as input data the averagesgures of
reception points and pressure control systemsderpipelines, such as valves or compression sgatiperation. The
changes in pipelines inventory are observed aratpngted in order to balance the reception pointtodranslate the
real system behavior. Based on this, we can sim@atuer reality of past events and determine) wiinfidence and
accuracy, all gas mixtures and where they occurtte overcome one of the major problems facedervblumetric
balance, which was the ambiguity of results, andramtee the closest solution to the real systeravietr with the
highest level of confidence.

The natural gas transmission network of TRANSPETHROS several interconnected pipelines, except #®r th
one located at the Northern region of the courfitithese pipelines have interactions and, with sabstraction, we
can say that a bolivian molecule of gas receivethfGASBOL in S&o Paulo, at the Southeast regigch@Brazil, can
be delivered in Ceara, at the Northeast regiom@fcbuntry. Due to this complexity, the questioéoasked when we
simulate the gas pipeline network is whether toaiséngle integrated network or a subdivision & Whole network
into smaller systems in order to establish tradiglof the gas quality determination process.

The use of an integrated network generates a togtpatational cost and convergence problems dubeo t
large number of variables and restrictions. Altéusdy, it was proved to be possible to work widfsults obtained from
segregated (and previously validated) networksedas models that had already been developed arafamiliar to
the execution team. The use of this alternativeldrasght questions about the ideal point to spkt metworks. It is
important to look first for the flow direction. Spies points are always a good spot. Nevertheikgds in the middle
of a network, a mass balance has to be done im tydeatch the amount of flow in each directioneTdest option has
proved to be when the compression station is wgrkdecause the flow direction is known and it spiite network in
two sub-networks: one at low pressure and othbigdt pressure.

The other question to be answered is: how manynstderks could be created without causing loss of
information. The complexity of the sub-networks amark effort to manually input the boundary conalits from one
to other sub-network at the split point must beleated. The decision once again was based on theuB@n team
experience. Due to the characteristics of the Baawzicolonization, the major cities and industrdibtricts are
distributed along the coast. Besides, the mainrabgas fields are offshore or near the coast. dsequence, the gas
network has been developed as a line (mostly) allbagoast. The constitution of the single-linegmaission network
in certain regions, in addition to the knowledgelaf gas flow, allowed a division where the intemections (usually
the ends of the pipelines) do not require knowledlghe pressure value as an input, since the igdal represent the
flow held the previous day at that point. If thes@ny change of flow that alters the system bedrathe information of
operational meters distributed along the pipeline ased, which allows the simulation executioneratjust the
simulation of that particular scenario to what heally happened on that day. As the division intbsystems does not
degrade the information or the results, it wasdbleition adopted. This option proved to fasten esggnce and make
interpretation easier.

Finally, it is important to know that two speciffRANSPETRO pipeline systems do not need to be sited|
to track gas quality: one, in the Northern regicalled Urucu-Manaus pipeline, which has only oneeption point,
with no gas mixture along the pipeline, what ndtyrdismisses a simulation for gas quality deteration purposes;
and another in the Northeast region, in Bahia Staferesented by the pipelines that interconnectiipte gas hub
stations (Catu, Camacari and Sao Francisco do Gownith minimum inventory, no transient throughdlé day and
uni-directional flow.

3.3. Routine of Simulation and Results Application

The methodology to determine the gas quality isstantly being improved. By the time this papeisisued, it
will have been a little over a year since its offidmplementation (May 3Lof 2014). In the first few months, a lot of
details that were not an issue in the day-to-dagratpn simulation (used for operation and sup@mwmipurposes, at the
control room center) were discussed and changegsntracking simulation. Yet more: changes wereenthd other
way round, as enhancements of the gas trackingaimu models were implemented on the operationatod

In the simulation routine, the first step is to aicq the volume data from all supply or receptiaings,
delivery points and pressure transfer stationdigsis that supply flow to lower pressure pipelinaayl pressure data
from key points in the network, such as the supgpdynts, compressor stations and pressure trantftorss. It's
important to guarantee that the volume and pressat@ of borderline points (points at the divismnthe network,
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used in multiple models) are matched in all simate.

The second step is to check if the diference beatvedlethe supplies and deliveries is similar to difference
in inventory that occurred within the day. SinceAN'SPETRO checks the inventory, this allows to idfgrquickly if
some of the data obtain directly from the SCADAnisompatible with the real operation. Another chéxK the flow
or pressure exceeds operational or usual limitsaith point, which can pinpoint quickly a data erédter the check,
the data is inputted in the model.

Since the simulation occurs in a steady stateugtrhave an equal input and output flow, a featiia¢ does
not normally occurs in real gas pipeline operatidhe difference, however, can be easily observetherpipelines
inventory and applied to the supplies, in orderetualize inputs and outputs of the pipeline systéhe original
volumes entered for the delivery points remain t@amatl. The decision of which supply to increasdoodecrease
depends on its distance to the pipelines that tguifisant inventory change. This adjustment isrextely important in
some pipelines, specially the long distance onas,td the multiple pressure drops and pressuresaktaused either
by its length or by compressor stations installetgthe pipeline.

Once the simulation is concluded, the result istvd@n be observed in Figure 5. In this real exangbla
simulation result in Pipeline Studio (PLS), thees de seen two flow streams. The first one, showa blue colored
line, represents the gas flowing from the lefthe tight, which is confirmed by the black arroweedtion. The second
one, shown in a yellow colored line, representsgae flowing from the right to the left, also confed by the black
arrows direction. The intersection between blue peitbw streams is the gas mixture point. In thases this point is
“UTE Termoacu”, and it is painted in yellow becaubé gas stream (1,804 thousand cubic meters/dayore
representative than the blue stream (243 thousalnid meters/day).

What the daily simulation result visually showshat delivery points connected to the same strezlor bave
the same (or very close) gas quality, meaningittiaere is no local GC in an specific point, infoaition of remote GC
connected to that same stream color can be ushér ¢d provide correction of gas composition awflcomputers
(chromatography writing), or to obtain the HHV agkntually the energy delivered.

In this specific example, the mixture point, “UTErMmoacu”, has a local GC. So, the simulation resalild
only be useful if that GC failed for a moment odha be maintained, for example. In these situatidgnwould be
necessary to use the gas quality from the neait@gidht on the right, which is “UN-RNCE Guamaré”.

SCOMP ARACATI

Up Pres 55 kg/cm2g

Dn Pres 61.995213 kg/cm2g
Flow 395.00012 kSm3/d

Head Flow 243.00023 kSm3/d

* ure remaxu - > Head Flow 1804.9998 kSm3/d
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Figure 5 — Real Simulation Result in PLS

Based on the visual interpretation of the gas ftweams and mixture points, which stands on a tobus
simulation and eventual accurate results, TRANSR&$§Rengineers and technicians are able to propmplrate
associations among gas chromatographs and flow wtemgthrough SCADA system, and also operate thema and
energy validation software that both generatesriso the clients and sends information to thinlgjilsoftware of the
company.

4. Future Improvements

Despite steady state simulation method has pronstgdficantly improvement the quality of the resulor
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GC associations and gas tracking over the volumdtdlance method, there is still room for progressl

enhancements. The use of a real time transientlaiion of the network would provide even more secaesults, for
variations of flow and pressure would be considesgace the their values would be the instantanemes, not an
average.

This issue becomes important especially on sitnatiwhen large inventory changes (imbalances) on the
pipeline, during a certain period, represent thera® of gas for some deliveries points (the gasifeoreception point
does not reach the delivery one). Because the mresethodology is in steady state mode, where thenve received
equals volume delivered, these situations are motlated, but inferred by correcting the imbalarare apposite
reception points, as mentioned before.

So that the on-line simulator functions properymust be fine-tuned and have continuously congettie¢he
SCADA data points, such as flow, pressure, gas oasitipn and inventory, with uninterrupted commutima This
condition is essential in order to insure thatrifexlel is replicating the real operation as clospassible.

Currently, TRANSPETRO'’s team is facing some issagesthis matter, trying to establish reliable and
continuous communication between SCADA and theilma-4imulator, and then increase confidence to emgint the
upgrade from the steady-state mode to on-line mode.

The main difficulty is related to loss of signal fsome instruments, mostly gas chromatograph &atathe
simulation to determine the quality of gas beinvéeed in each delivery point, it must know thdl &pectrum of the
gas being received into the supplies at all tinbenever the simulator does not have the inputrn&f or more
components, it loses the convergence of the cdlonk Besides the chromatograph data, the faiburbad data of
other variables such as temperature, flow and presgan corrupt the simulation and even lead riwukition shut
down or present erroneous results.

5. Conclusion

On TRANSPETRO's day-to-day operational routings ihecessary to determine the gas composition erfyev
delivery point, either to comply with ANP ordinaiscdo correct the compressibility of the volumestamdefine the
HHV of the gas delivered, since gas transmissiarrect tariffs are based on energy (R$/MMBTU).

The initial methodology established for this roatirbased on a volumetric balance performed in arelEx
spreadsheet, indicated some weaknesses, such kasflaepeatability of the results. Therefore, TRANSIRO's
Operations Team decided to adopt a new methodokigpd on a robust Thermo-Hydraulic steady-stateulsition
software.

The use of Thermo-Hydraulic Simulations in the “gasnposition versus delivery point” association, gas
quality tracking” process, brought more accuraepeatability, traceability, and also readiness @mtiprehensibility
of the gas directions, streams and mixture poihth@pipeline network, mainly because of the vistiandly aspect of
the result diagrams. This new process not only ptethsignificant improvement of the results, bsbatonfidence and
transparency of the whole gas measurement prosbsas.eventually contributes to the company’s imtgevard to the
clients.

However, challenges will continue to be sought. Tibgt step is to stabilize communication betweendh-
line simulation software (PLM) and SCADA. Once thiik is reliable, the on-line simulation will benplemented, and
the state-of-art for this process achieved.
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