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Abstract On offshore platforms, the cogeneration systems are used for electric and thermal generation simultaneously, to attend the
demands of the Utility and the Process Plants. The use of those systems has been increasingly recognized, mainly for the
possibilities of increasing the energy efficiency and for cost reduction. The electric power is produced in high scale for great
consumers, and it can be exported to other offshore platforms. Additionally, thermal energy is of remarkable importance, especially
in the separation of the oil-water-gas mixture. It becomes interesting to evaluate the production cost of those installations.

The objective of this paper is to present a software for comparing several cogeneration systems, based on the knowledge of the
electric and thermal demands of the platform.

The software performs a thermoeconomic analysis, consisting in a preliminary study, where the objective is to show the differencein
the attractiveness of cogeneration, in function of the choice of the equipments, specially the gas turbines.
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1. Introduction

The low cost of the natural gas and its availability in the oil wells turns its use cost effective as the main fuel in
offshore platforms, essentially when we want to eliminate the waste associated to burns of the "exceeding" natura gas.
This burn can be considered as indication of the inadequate energy use, and shows the existent unbalance between
available natural gas, extracted from the production wells, and the demands for that gas. It is used, basically, for gas lift,
for the exportation through gas pipelines and as combustible.

The objective of this study is to present the development of a computational tool capable to propose, through input
data (offshore platforms operational characteristics), the cogeneration system most suitable to the energy demands and
it still offers the smallest total cost for final products (electricity and saturated steam). The analyses based on the
methodology of thermoeconomic analysis (BEJAN et al., 1994).

Computational tool developed in LABVIEW® (National Instruments) calculates the costs of the electricity, of
steam, besides, energy and exergy efficiencies of the selected cogeneration system. It also presents the economy of fuel
cost obtained, when a cogeneration system is used instead of the isolated generation for electricity and steam.

Table 1. Nomenclatures

Nomenclature Subscripts

T = Temperature (K) i = ith flow stream in control volume
Q = Heat (KJKQ) VC = control volume

W = Work (KJKg) k = cogeneration system component
m = Mass (kg) d = property destruction

e = Specific Energy (KJkg) p = products

E = Exergy (KJ) f = fuel input

Mges = Natural Gas Flow Rate (kg/s)

PCI = Lower Cdorific Vaue of the fuel (KJkg)

e = Exergetic Efficiency

Z = Cost related to a Cogeneration System component
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2. Cogener ation Systems Char acteristicsin Offshore Platforms

In offshore platforms we should consider some particularities in electric and thermal demands / production as the
followings:

v' Saturated steam is generated in the exhaust gas recovery boiler to produce hot water for pre-heating the oil-
gas-water mixture before the process plant separator;

v' The existence of many types of equipment in the Process Plants and Utility Plants requires that the ratios
power / weight and power / space of the installation be considered.

v" The natural gas explored in Brazilian offshore oil wells presents low Methane Number which is not increased
in the offshore plant;

v" The machines used for the electric power generation are required to operate in dual fuel (natural gas and diesel
fuel) in order to have electric power generation in absence of natural gas, due to a offshore production pause;

3. Fundamentals

Thermoeconomic analysis, performed for three types of cogeneration systems, is based on exegetic balance of
each component. For gas turbines, for instance, we consider each one of the main components; compressor, combustion
chamber and turbine.

3.1. Exergetic Balance

For the control volume, in permanent regime, exergy variation inside of the control volume it is given by equation 1
(BEJAN et al., 1994).
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Where the first and second member of the Eq. 1 is the exergy variation associated with the heat transfer. Second
term is the transferred exergy, through the interaction work. Exergy flow input and flow output are given by the terms

me e, and mS e, Findly, Eq is exergy destruction due to the irreversibility in control volume. It can be calculated
through the equation 2.

Ep =Ty Sgen 2
Where T is the ambient reference temperature and Séen isthe entropy variation inside control volume.

For each component of the cogeneration system, the ratio of exergy destruction in relation to the total fuel that
enters in the system, and in relation to the total destroyed exergy inside of cogeneration system are calculated in
accordance with Eq. 3 and Eq. 4, respectively:
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Where:
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And exergetic efficiency of each element, k, is given by Eq. 6.
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€ = (6)

EF,k
3.2. Economic Analysis

The thermal system design requires to estimate the total involved costs (total capital of investment, cost of fuel and
expenses with operation and maintenance) assuming several considerations and predictions regarding the economical
and technological aspects, using the engineering economy. References present economic aspects used in this paper.

3.3. Thermoeconomic Analysis

The thermoeconomic methodology used is the exergetic cost method (BEJAN et al., 1996). It involves costs
formulated usually for each separately component.

This type of approach conduces to a different economical evaluation for the cost of electricity and steam, when
compared to the traditional one, based on first law analysis. The aim of this methodology is to determine internal costs
of the system component units.

For the costs of the k component of cogeneration system we must be consider the costs associated with exergy, the
costs due to the investment, operation and maintenance. Then, for a component receiving heat transfer and generating
power in permanent regime, we have the following equation (Eq. 7):

é. g%s Esi +CW,ka = Cq.k Eka+ é. g%e EegK +Zk (7)
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Where ¢, ¢, €y and ¢, are mean costs per exergy units (USHGJ).

When one component is analyzed, it is assumed that are known all costs per exergy unit of the input flows in the
system. Consequently, all the unknown variables will be calculated through the equation of costs (Eq. 7). Those
unknown variables can be the costs of the power and steam produced. The method of the extraction was considered in
the calculation of the electricity cost.

3.4- Cogeneration System Efficiency

Besides the thermoeconomic criteria presented in the previous item, the efficiency of the cogeneration system is an
important criteria for evaluating the energy utilization of the system. Therefore, the computational tool, calculates the
efficiency of the cogeneration system, based on three (3) requirements.

The criteria used for the calculation will be presented in next item, together with some comments on the advantages
and drawbacks of each one of them, in agreement with FENG et al. (1998) and NEBRA (2002).

3.4.1- Energy Efficiency

Energy Utilization Factor (EUF) can be defined by the Eq. 8:

et
EUF =hp, ==——2 ®
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Where W is the electric power produced by cogeneration plant; Q is the produced useful heat; and ( Mg PCl ) is

the energy of the fuel (natural gas) used in cogeneration plant.
EUF has the advantage of being simple. However, it doesn't allow discrimination between W and Q (or between Q
produced in different temperatures).

3.4.2- Fuel Economy Ratio

This criteria for evaluation of cogeneration systems involves a comparison between the necessary fuel to fulfill the
thermal and electric load requirement, with those that would be required in aisolated conventional plant, i.e., in a plant

of generation of electric power of total efficiency hW and in an boiler whose efficiency is h ca- Then, the energy of the
fuel saved isgiven by the Eq. 9:
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FER is defined as the ratio between the fuel energy saving and the fuel required by the conventiona plants,
according to the Eq. 10.
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FER denotes the value of fuel energy saving of the cogeneration plant. Therefore, it is a reasonable criterion.
However, we must consider that it does not take into account, the cost of the heat and the electricity in the plant.

3.4.3- Exergetic Efficiency

The exegetic efficiency of a cogeneration system that produces power and thermal energy is given by the Eq. 11.

ecoe = +DE (11)
j XPCl xmg,

Where the factor j allows calculating the exergy of the fuel by its PCI (KOTAS, 1985) and DE isthe variation of
the exergy of the water used in the boiler to produce saturated steam.

Exergetic efficiency acts as a base for comparisons among cogeneration systems (of the same type) with different
capacities of electricity and heat production, due to the fact that the exergy quantify the difference in the quality of the
heat produced in different temperatures.

4. Cogeneration System Selection

The methodology for the selection of the cogeneration system was divided in four stages:
1. Analysisof the energy demands,

2. Method of selection of the cogeneration cycle with Gas turbines;

3. Method of selection of Cogeneration System using Rankine Cycle;

4. Method of selection of Cogeneration System using Combined Cycle;

4.1. Offshore Platforms Demands

The thermal and electric demands profile is of fundamental importance for definition of the appropriate
cogeneration system. In that sense, it is necessary to know the curves of typical demand, including the more critical
operational conditions of the platform (loading or off-loading, for instance), where it is possible to identify maximum
and mean values of the demands.

Although it is necessary that the system supply the maximum electric demand, it won't be selected only considering
this operation point. Then, a base load is determined. It represents the demand point where the system will operate in
most of the time. This way, it is required that the cogeneration system presents maximum efficiency in the base load
and has minimum deviations in other typical operational points.

The computational tool, when performing thermoeconomic analyses, takes into account the following
considerations:

1. Determination of energy demand (electric and thermal);
2. Definition of the operational points;

3. Electric power priority;

4. Fulfill the thermal demand required;

4.2. Gas Turbines and Exhaust Gas Boiler
The methodology for selection the cogeneration system follows the stages:

1. For each Gas turbine, available in database, the produced power is calculated considering the
environmental conditions of operation, selecting the options that fulfill the necessary electric demand;
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2. The saturated steam production is calculated in function of exhaust gases flow and temperatures.
Additiona burns of fuel is allowed to fulfill the thermal demand;

Exhaust gas boiler is selected in order to fulfill the thermal demand;

An exergetic analysisis performed (for gas turbine + Exhaust gas boiler);

An economical analysis is performed for the selected groups (including methods of investment analysis
such as Net Present Vaue);

6. A thermo-economical analysis is performed, selecting the equipments that presents the lower total cost of
the products;

7. For the cogeneration system selected in the item 6, the technical data are presented (including equipment
type, manufacturer, fuel consumption, operational efficiency of the Gas turbine, efficiency of the
cogeneration system, etc.) and economical data (estimate of the initial cost, fuel cost, operationa and
maintenance costs, electricity and steam produced costs, etc).

Figure 1 shows the Gas Turbine Cogeneration Cycle.
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Figure 1. Gas Turbine Cogeneration Cycle
4.3. Rankine Cycle and Combined Cycle

Rankine Cycle analysis was simplified according to HARRINGTON (1992) recommendations. For electric power
production, pressures of 21 kgf/cm?, 42 kgf/cm? and 62 kgf/cm? are used in the turbines of multiple stages.

When the gas turbines exhaust gases present enough energy to be recovered in a steam turbine, a combined cycle
can be used. Around 20% to 35% of the total demand of electricity can be supplied by the Steam Turbine, with the
conseguent reduction in the fuel consumption. Asthisis the main objective of the Combined Cycle, in this case, it is not
allowed the use of supplemental burns to supply the thermal demand of the platforms.

The main objective of this thermoeconomic analysisisto select the lower total cost plant, including the gas turbine,
exhaust boiler and steam turbine. Figure 6 shows the Rankine Cycle.

5. Case Study

In order to present the software, it will be selected the most suitable cogeneration system that fulfill the
requirements of the operational characteristic of the petroleum production unit of the semi-submergible platform P-40.
The choice of that unit is due to the fact that the electric and thermal demands are known, and also the operational
parameters of the equipments that supply those demands.

The P-40 offshore platform operates with 3 compressors driven by gas turbines, but the Petrobras already decided
that in the future, the compressors will be driven by electric motors in the new platforms projects. For that reason, we
decided that all electric and thermal demands are supplied by the cogeneration plant.
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Table 2 summarizes the operational data similar to those of the platform.

Table 2: Semi-submergible Platform P-40 - Operational Data

Operational Condition Data
Maximum Electrical Demand 22.250 kW
Mean Electrical Demand 20.000 kW
Mean Thermal Demand 41.300 kW
Operational Period 8760 h/year
Environmental Conditions

Pressure 1,013 bar
Temperature 35°C
Relative Humidity 80 %
Economical Data

Expectancy Life 20 years
Interest rate 12 % per year.
Natural Gas Production Cost 0,03 US$/m®

The computational tool analyzes the three types of cogeneration system with potential to fulfill the energy demand
of the platform. The choice is due to technical and economical factors.

Figure 2 shows the screen with the input data for the analysis of the case of study. As it can be seen, the software
allows evaluating each cogeneration cycle separately. Then, it is possible to perform a thermoeconomic analysis for a
particular cycle. Alternatively, it is also possible just to select the cogeneration cycle of smaller total cost, selecting the
option "Global Analysis'. Thisway, just the cycle results will be presented in the screen.

Operational parametersincluding in Fig. 2 were obtained from P-40 thermal and electric demands.
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Figure 2. Operational Parameters Input Data

5.1. Cogeneration System Analysis— Gas Turbines and Exhaust Gas Boiler

When executing the program to analyze the cogeneration system with Gas turbines and Exhaust Gas Boiler the
turbo-generator selected was GE LM 2500PK whose 1SO power is 30900 kW. However, due to the influence of the
environmental conditions, the maximum power that the turbine can produce, according to the environmental local
conditions, is 27797 kW, according to Fig. 3.
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Figure 4 shows the energetic and exergetic efficiencies. The efficiency calculated by the thermodynamic First Law
shows that 86.5% of the input energy in the system is transformed in work, while the exergetic efficiency shows that

| Cogeneratic :
Efficiencies

I Thermoeconomic
Analysis

‘Economic
Analyziz

Print

UK ‘Scieen.

; S._hm'a

Teln EXIT

Figure 3. Gas Turbine + Exhaust Gas Boiler Technical Data

only 46.4% of the exergy that enters in the system with the fuel are really used.

Figure 4 still shows a comparison between Gas Turbine / Exhaust Gas Boiler cogeneration system and an isolated
system for electricity and steam production. It can be seen that the economy of fuel of the cogeneration system, in
relation to isolated system, reach 34.4%. In economical aspects, this save reach to 126.48 US$/h, for a cogeneration

system working 24 hours by day, which is the case of Petroleum Production Units.
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Figure 4. Energetic and Exegetic Efficiencies Results

Figure 5 shows the costs of production of the saturated steam and electricity. It can seen that the cost of electricity

34 4

is 128.00 US$/h or 6.4 USS/MW.h. The cost of steam is 129.78 US$/h or 0.0017 US$H/kg.
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The high steam cost per hour is due to the great therma demand of 41.3 MW that needs to be supplied by the
cogeneration system. It should be noted that was necessary to use supplementary fuel in Exhaust Gas Boiler to fulfill
the thermal required demand.

Figure 5. Thermoeconomic analysis results
5.2. Rankine Cogeneration System Analysis

According to Fig. 6, the Rankine Cycle used in this thermoeconomic analysis operates with a pressure of 62 bar
and, this way, exergetic efficiency of the cycle reach 37.07%. It can be seen that the efficiency of the cogeneration
system based on the First Law is 61.63%. This value is due fundamentally to high steam production. By other side,
Rankine Cycle thermal efficiency isonly 20.11%.

RANKINE CYCL!

Figure 6. Rankine Cycle Technical Data

Thermoeconomic analysis shows that the electricity production cost is 222.93 US$/h or 11.15 US$MWh, and
saturated steam production cost is 214.73 US$/h or 0.0029 US$/kg, as shown in Fig. 7.
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RANKINE CYCLE ANALYSIS
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Figure 7. Rankine Cycle Results

The exergy destruction present in the boiler is especially due to the combustion process and for the heat
transfer due to the finite difference temperature between the exhaust gases and the water. But, for the case study, the
exergy destruction in the Steam Turbine, near the place where the final product is generated, is the responsible for the
high cost of the products. More details on the exergy destruction influence in the process of cost formation are given in
BEJAN et al. (1994).

Table 3 shows a comparative results of the two cogeneration systems of Fig. 5 and Fig. 7, to operate in the P40
Platform. It can be observed that the gas turbine + exhaust gas boiler cogeneration system presents the lower cost of the
products, and atotal cost of 258.7 US$/h against 437.7 US$/h of the Rankine Cycle.

Table 3: Cogeneration System Possibilites

Cydle NPV (Million | Cost of Electricity | Cost of Electricity | Cost of Steam Cost of Steam
USs) (US$/h) (US$'MWh) (US$/h) (US$/h)

Rankine 36.68 222.93 11.15 214.73 0.0029

GT / EGB 76.25 128.00 6.40 129.78 0.0017

5.3. Combined Cycle Analysis

A thermoeconomic analysis was not performed using the Combined Cycle, due to the high thermal demand it is not
possible, using the gas turbines from database, to generate superheated steam enough to produce electricity in the steam
turbine and to extract saturated steam for the Process Plant.

Since one of the objectives of the Combined Cycleis to use the energy in the exhaust gas of the gas turbine in order
to reduce the costs with fuel, it was not allowed the use of supplementary fuel to complement the steam production and
then to fulfill the thermal demand.

6. Conclusion

It was verified that, in agreement with several simulations executed by software, the thermoeconomic analyses
indicated the use of gas turbine cogeneration system, which is a tendency when the electric and thermal demands are
high, asit happensin new petroleum production units projects.

A suggestion for improvement of the analyses is the evaluation of the histograms of electric and thermal loads of
the platforms, during several years of production, in order to define the best operational point and the number of
equipments that assist to the electric demand.

Another recommendation is to study the use of the refrigeration unit through the absorption cycle in cogeneration
system, taking advantage of the hot water that returns from the separation equipment, after heating up the mixture of
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oil-water-gas coming from the well. This cooling can be used as to reduce the air inlet temperature in compressors of
turbo-generators or in air conditioning system of the living quarters.
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