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Abstract

Energy is fundamental in the sustainable 
developing strategy, because:
The necessity to perform scenarios for both, 
energy demand and energy availability to 
sustain the economic and social 
development of the country.
To measure the effects of environment 
quality.



INCREASING THE OVERALL ECO-
EFFICIENCY & ECONOMY OF 

ENERGY SYSTEMS.
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Abstract
We propose a multiple objective model 
optimization system for planning the 
energy production/generation, the 
environment effects and the full economy, 
in order to evaluate the fuel policy.
We also built an assessment methodology 
for evaluating and selecting new energy 
technologies clustered into a set of 
projects, in  a framework of an R&D 
program.....
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STRATEGY & 
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ANALYSIS OF ENERGY 

SYSTEMS
CHARACTERIZATION OF 
ENERGY TECHNOLOGIES

METHODOLOGICAL FRAMEWORK FOR R&D METHODOLOGICAL FRAMEWORK FOR R&D 
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VISION:  To promote the development of sustainable 
strategies, which provide energy required for supporting  
economic growth and improving quality of life, while 
minimizing health and environmental negative impacts of 
energy supply.

MAIN OBJECTIVE: To enhance capabilities for 
comparative assessment of different energy supply options 
and strategies in the process of planning and decision 
making for the energy sector.

VISION & OBJECTIVES



•The second objective, is to study the economic and 
environmental impacts of expansion of the 
generating/production system until 2025, using one 
base and several alternative cases. The study is 
realized in four stages:

Plant level analysis.

Fuel chain level analysis.

System level analysis.

Decision making analysis.



• The implementation and use of the computer-based tool; this 
is the MULTIOBJECTIVE model that includes  environmental 
factors in the process of planning and decision making for the 
Energy sector.

•The acquisition, implementation and use of the Energy and 
Power Evaluation Program (ENPEP),  a model for planning and 
decision making for the Energy System, from IAEA Project 
MEX/0/012 .

In order to achieve these objectives, the work was In order to achieve these objectives, the work was 
divided in two parts :divided in two parts :



ENERGYENERGY, , ECONOMY AND ECONOMY AND 
ENVIRONMENTAL MODELENVIRONMENTAL MODEL

(E N E C M A)
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THE THE ENECMAENECMA SYSTEMSYSTEM
The system has 3 sub models The system has 3 sub models ::

The energy sectorThe energy sector: the primary energy 
availability is represented by crude oil and 
natural gas and consequently by  refining 
products and by hydrocarbons separated from 
wet natural gas: C1, C2,…C5

+. 
For electricity it was considered specifically dry 
natural gas, fuel-oil, nuclear, hydro and some 
renewable (solar and wind).

The non energy sectors. They are  represented 
by 48 sectors of the economy including the final 
demand..



THE ENECMA MODEL
(Cont.)

The relationship between fuel 
production/generation and consumption 
is represented in the environmental block 
through 4 pollutants: SO2, NOx, CO2, and 
particles. It exists coefficients relating the 
pollutants emissions and constraints 
limiting them.



INPUTINPUT--OUTPUT MODELOUTPUT MODEL

Where, Y vector of goods and services to satisfy the 
final demand;

Y = CP + GC + EXP + CF

CP=Private Consummation GC=Government 
Consummation; EXP=Exportations; CF=Capital 
Formation; X=vector of goods and services for 
economy’s total production; A= matrix of technical 
coefficients.

X = AX + Y  or: X = (I - A)-1 Y



INPUT-OUTPUT MODEL
(CONTINUATION)

TF = C X

TF = Vector of total use of fuels; C= fuel use coefficient 
matrix per unit of total output of each sector.

TEM = (EM) (TF)

TEM= total emissions output; EM= matrix of 
coefficients relating pollution emissions per unit of fuel 
utilized. TEM, is the constraints imposed by the  
Ministry of the Environment.
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ELECTRICITY SUB MODEL:ELECTRICITY SUB MODEL:
MIN TC = GENC + EC

Where: 
GENC = generation cost 
EC = cost of emissions.

REFINERY SUB MODELREFINERY SUB MODEL ::
MIN [TC, EC, MIN [TC, EC, --UPM]UPM]
where :
CT =  total cost
UPM = maximum utilisation of “ Maya ” crude oil
And in all cases, 
Where :
Ei = energy produced in unit “ i ”
αj = weight  of emissions ; αj ≥ 0
EMIS(i,j) = quantity of the emission “ j ” coming of unit “ i ”

∑∑=
==

k

1j
j

n

1i
i j)EMIS(i,  E  EC α



SOME NEW  PETROLEUM SOME NEW  PETROLEUM 
REFINING TECHNOLOGIES  IN  REFINING TECHNOLOGIES  IN  

R&D PROJETSR&D PROJETS
•ULTRASOUND & MICROWAVES FOR FRONT-END 
CRUDE TREATMENT.

•ELECTRICAL/CHEMICAL PROCESSES.

•CRUDE OIL HYDROSTRIPPING.

•BIOTECHNOLOGY FOR SULPHUR REDUCTION.

•MOLECULAR DESIGN FOR CATALYST SYNTHESIS.

•MICROREACTION, HEAT & MASS TRANSFER.



SOME NEW  PETROLEUM REFINING 
TECHNOLOGIES TAKEN INTO 

ACCOUNT IN THE R&D PROJECTS

USE OF MEMBRANES IN HC SEPARATION 
PROCESSES.
SENSOR TECHNOLOGY.
INNOVATIVE WASTE TREATMENT.
NATURAL GAS CONVERSION TO LIQUID 
FUELS.
COKE MANAGEMENT.



ELECTRICITY 
TECHNOLOGIES

Gas fired combined cycle units

Gas fired turbines.

Coal fired dual units (fuel-oil) with gas 
desulphurization systems.

Nuclear Power plants.

Dendroenergy, wind, solar

Hydro



•• There are 14 alternative cases selected for study:There are 14 alternative cases selected for study:
A. Impact of higher demand growth 

A1: Demand growth of 6 % per year.

B. Analysis of the nuclear option 

B1. Nuclear unit cost of only 1,292 USD/kW.

B2. Forced Nuclear introduction: one unit forced in 2012.

C. Impact  of fossil fuel prices

C1. Slightly higher fossil fuel prices.

C2. Natural gas prices 38% higher.

C3. Relative to 1998, the natural gas price increases to a factor of  
4.14 higher in 2010 and declines to 1.38 higher in 2024.



D. Limitation on the introduction of new gas-fired units

D1. Limitation to only 3 combined cycle units per year.

D2. Limitation in the supply of natural gas starting in 2010.  

E. Variation of the discount rate

E1. Real discount rate of 12 % per year.

E2. Real discount rate of 8% per year.

F. Changes of the System reliability 

F1. Loss of load probability of 1 day per year.

F2. Loss of load probability of 5 days per year.

F3. Decreased cost of energy not served.

H. Introduction of renewal technologies

H2. New solar and wind candidates, which will not be evaluated 
for lack of data.



Graphical representation of a generalized fuel chain.
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General assumptions for the base case:
Nuclear cost of 2, 485 USD/kW.

Price of natural gas of 2.66 USD/GJ in 1998, with an average 
escalation of 0.08% per year.

No supply limit for natural gas.

Real discount rate of 10% per year.

Cost of energy not served of 1.50 USD/kWh.

A maximum reserve margin of 30% and a minimum of 10%.

Wet flue gas desulphurization (FGD) on new dual coal fired units.

SYSTEM LEVEL ANALYSIS



•The scenario of evolution of the demand of electricity adopted for the 
system level analysissystem level analysis is:

Starting with 21,236 MW in 1998, an average growth rate of 5.4%
per year to reach 37,962 MW in 2009.

A projection until 2027 with an average growth rate of 4.5% per year, 
to reach 73,686 MW.

DEMAND



•The least cost expansion plan in the base case was:

118 combined cycle plants, with 64,428 MW.

6 gas turbines, with 1,074 MW.

2,539 MW of 5 committed hydro projects.

RESULTS



•The principal results of the plant level analysis are:

For base loaded operation at 80% capacity factor, the 
combined cycle has the lowest annual unit cost, at 179 
USD/yr-kW.

The dual plant with 260 USD/yr-kW and the nuclear 
with 329 USD/yr-kW are not competitive, not even at 
100% capacity factor.

For peak load operation below 20% capacity factor, the 
gas turbine with 85 USD/yr-kW has the lowest annual unit 
cost.

PLANT LEVEL ANALYSIS





•Relative to the base case, case of high gas prices (C3) has the 
highest impact in the expansion plan. Total discounted cost 
increases to 76.3 billion USD.

26 combined cycle units, with 14,196 MW 
4 gas turbines, with 716 MW

159 dual coal fired units, 
with 55,650 MW



45 combined cycle units, with 24,570 MW 
4 gas turbines, with 716 MW

122 dual coal fired units, 
with 42,700 MW

•Relative to the base case, case of gas supply limitation (D2) 
decreases 61% the capacity based on natural gas in the expansion
plan. Total discounted cost increases to 55.9 billion USD.



CO2 and NOx emissions for full energy 
chains
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The decision analysis  serves to compare the base case 
objective function cost and environmental emissions:

B2. One forced nuclear plant in 2012

D1. Limitation to only 3 combined cycle units per 
year.

D2. Limitation in the supply of natural gas starting 
in 2010.  

F1. Loss of load probability of 1 day per year.

F2. Loss of load probability of 5 days per year.

DECISION ANALYSIS



•If only cost is considered, the decreased reliability case 
and the base case are the best ones.

•If the emissions costs are included, then the case of 
forced nuclear and the high reliability case are the 
best.
A range of costs for the emissions taken from the 
European ExternE study were chosen as follows:

18-100 USD/ t of CO2.
1,115-3,300 USD/t of SO2.
1,265-3,850 USD/t of NOx.
1,210-5,775 USD/t of TSP.  



GENERATING SYSTEM COSTS
 (1998 dollars)
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Gas Turbine 179 MW Combined Cycle 546 MW

Dual - Coal with FGD 350 MW Nuclear 1356MW

The nuclear option always is the more expensive, later the dual-
coal with FGD. On the other hand, for capacity factors less than
20% the gas turbine units are the most attractive ones.   For 
capacity factors greater than 20%, the most attractive plants are 
the combined cycle. 



The main results are:

1. The plant level analysis produced an initial selection of 
candidate technologies.

2. The fuel chain level analysis is completed (with some 
difficulties because of the type of information required).

3. The system level analysis is performed for the base case and 
10 alternatives.

4. The model gives useful information about the optimal 
expansion plans, taking into account costs, environmental 
emissions and diversity of the energy capacity mix.

CONCLUSIONS



5. The possibility of increases in natural gas prices 
or gas supply limitations makes it desirable to 
consider some diversification using alternative 
technologies such as coal-fired units, fuel oil 
units, or nuclear units.

6. The potential of wind, solar and dendroenergy
was not evaluated because of lack of technical 
and economic information. Therefore, it is 
recommended to include in the future such 
technologies in others evaluations of the model.



•The specific environmental emissions of the 
alternatives included are:

Combined cycle (natural gas):                    
0.496 g NOx/kWh; 392 g CO2/kWh.

Gas turbine (natural gas): 0.730 g 
NOx/kWh; 583 g CO2/kWh.

Dual (coal): 0.880 g SO2/kWh; 2.880 g 
NOx/kWh; 0.122 g PST/kWh; 747 g 
CO2/kWh.

Nuclear (enriched uranium): 35.963 
kBq/kWh.



OPTIMAL PARETO SOLUTION UNTIL 2024



millions of cubic feet/day 

Gas supply scenario, 2001-2010
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The availability to PGPB for period 2001-2010 will increase in 2,063

Mcfd.

• The more important projects are: Cuenca de Burgos, Sur de Burgos, Cantarell, Crudo 
Ligero Marino, Veracruz y Macuspana. Region Increase

Mcf/d
Growth

%

North 993 6.2
South 949 4.8

2,063 4.0
Sea 121 0.8

Total

Growth
4.0

Growth:
9.3



Processing infrastructure
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Natural gas Demand, 2001-2010
Millions cubic feet/day
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Electricity

Domestic

6,087 6,469
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8,688 9,145

5,046
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Growth:8.0% Growth:6.8%

Electricity 1,187 1,587
Oil Industry 2,342 2,061
Industrial 1,382 1,727
Domestic 135 195

TotalTotal 5,0465,046 5,5705,570
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13.213.2
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2,260 2,391 2,558 2,749

419 431 444 458
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Supply
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PGPB Supply 2001 2010

Natural Gas (millions of 
cubic feet/day

Ethane (millions 
barrels/day)
Natural Gasoline (millions 
barrels/day)

4,214
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115

5,973

GLP  (million 
barrels/day)

290 392

239

146

Growth %

PGPB’s Growth of  production


