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Abstract 

Energy is key'to the U.S. and world economies. Without it we could not manufacture and transport products, 
heat and cool buildings, or conduct domestic and international commerce. The development and application of 
energy technologies for all aspects from generation to storage have improved dramatically with the advent of 
advanced computational tools, particularly modeling and simulation. 

Modeling and sirnulation are not new to energy technology development, and have been used extensively ever 
since the first commercial computers were available. However, recent advances in computing power and access 
have broadened the extent and use, and, through increased fidelity (i.e., accuracy) of the models due to greatly 
enhanced computing power, the increased reiiance on modeling and simulation has shifted the balance point 
between modeling and experimentation. 

The complex nature of energy technologies has motivated researchers to use these tools to understand better 
performance, reliability and cost issues related to energy. The tools originated in sciences such as the strength 
of materials (nuclear reactor containment vessels); physics, heat transfer and fluid flow (oil production); 
chemistry, physics, and electronics (photovoltaics); and geosciences and fluid flow (oil exploration and 
reservoir storage). Other tools inclade mathematics, such as statistics, for assessing project risks. This paper 
describes a few advancements made possible by these tools and explores the benefits and costs of their use, 
particularly as they relate to the acceleration of energy technology development. The computational 
complexity ranges from basic spreadsheets to complex numerical simulations using hardware ranging from 
personal computers (PCs) to Cray computers. In all cases, the benefits of using modeling and simulation relate 
to lower risks, accelerated technology development, or lower cost projects. 

* 

The Relevance of Modeling and Simulation in Energy 

Following the energy crisis of the 1970's the nation's interest in technologies capable of enhancing the 
efficiency of energy production or usage has waxed and waned. In the early years, the emphasis was on 
experimentation, from laboratory scale, to pilot plants, to full scale system testing. Economic, environmental 
and safety issues were the motivating factors for investing in research and development in energy technologies. 
Despite the reductions in budgets in energy technologies research and development by the federal government 
over the past 10 years,' events such as the Gulf War, the accident at Three Miie Island Nuclear Power plant, and 
the Rio de Janeiro and Kyoto conferences on Global Climate Change have continued to keep energy 
technologies on the front pages of newspapers and in the minds of most Americans. The past budget 
reductions, continuing pressure on the federal budget, as well as market pressures on industrial research and n 
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development budgets, have further catalyzed the shift to more use of modeling and simulation. Technology 
improvements in the oil and gas as well as electric power have been steady thanks to public-private partnerships 
and the increased use of modeling and simulation, and advancements in low-cost computing power have 
facilitated these improvements. 

In this paper, we explore the use of modeling and simulation in the exploration and storage of oil and natural 
gas. We also present four different electric generation technologies and the modeling and simulation tools used 
to enhance their development. We examine the type and complexity of modeling and simulation tools used, the 
relative cost of the tools, and the benefit from their use. Qualitative comparisons form the basis of the analyses 
but quantitative results are presented, when available. 

Oil and. Gas Technologies 

Oil exploration continues to be dnven by increasing world demand for oil, now at 65 million barrels a day.’ 
The US oil industry has been developing more economic methods for locating and extracting this precious 
natural resource because of competition with foreign oil suppliers. Although production by domestic sources 
continues at a significant level, the US is importing over 50% of the approximateiy 17 million barrels per day 
of oil it consumes, a situation that existed just as before the oil embargoes of the mid-1970’s.’ Natural gas, 
which is typically encountered in the same geological formations as oil, is also a vital energy resource. In both 
the oil and gas markets, consumer prices and the recent fluctuations are not good indicators of supply 
availability. Modeling and simulation are being used increasingly to avoid developing oil and gas fields that 
may be difficult or uneconomic to pursue. Below, we present a few examples illustrating the use of modeling 
and simulation to minimize the risk of exploration of oil and natural gas, and some instances where modeling 
and simuiation are being used to enhance the production and storage of these reservoirs. 

Oil and Gas Exploration 
Some analysts claim the costs associated with finding oil and gas will increase over the next 100 years, most 
likely because the reservoirs that were easy to find and the supplies that were easy to extract have already been 
e~plo i ted .~  That leaves producers to be more disciplined and rigorous in their exploration methods. Below are 
some examples of the use of modeling and simulation to minimize the chance for costly errors in developing 
these resources. 

Monte Carlo simulation (a statistics-based analysis tool yielding probability-versus-value relationships for key 
parameters) is part of a risk assessment methodology that can answer questions such as “What is the likelihood 
that the cost of this oil exploration project will be greater than some number?” or “What revenue is predicted 
for a given gas reserve?’ In a comprehensive article regarding the use of Monte-Carlo simulations for this 
industry, Murtha applies the technique to two problems: a drilling authorization for expenditure estimate, and a 
production and revenue stream for an oil field.’ Such simulations can be computationally intensive, depending 
on the number of parameters involved. 

Gutleber et al. integrate reservoir engineering, operations and drilling, and deal structuring with the Monte- 
Carlo technique to facilitate decisions regarding investing in oil drilling operations.6 Lovie uses the Delphi 
Method and probabilistic economics to evaluate the risks of oil field development.’ The Delphi Method 
transforms general subjective views of a group of experienced individuals into quantitative judgments for direct 
use in an economic model. Yet another approach, called Macro Exploration Modeling, or MEM, is a 
methodology that promotes synergistic involvement by various members of the exploration team, such as 
geologists, geophysicists, geochemists, operators and management.s MEM is the least cornputationally 
intensive process of the three methods discussed here because it is more of a subjective, decision-making 
model, but it relies on modeling and simulation from various technical experts for input. 



In the interest of training engineers of the future in this field, researchers at the University of California, 
Berkeley, and Stanford University have developed a course of exercises that trains students in the different 
steps involved in discovering and evaluating the economic worth of an oil field. The exercises involve minimal 
computing  resource^.^ 

Oil and Gas Production and Storage 
Enhancing the production of existing oil and natural gas reservoirs is an important topic among industry 
members since it is typically less expensive to use new technology to extract additional product than to explore 
new fields and sink new wells. Several cases in point demonstrate the value of modeling and simulation €or 
enhanced production. 

Fracturing of a formation and injecting steam through the fractures can accelerate the performance and improve 
the recovery in oil reservoirs. Researchers have performed fully implicit numerical simulations based on 
thermal sciences and fluid flow to model the efficiency improvements predicted using this technique." The 
economic analysis of one fractured injector project yielded a substantial increase in cash flow during the early 
life of the project and an improvement in the project's return on investment. A simulation technique was 
developed at Texas University to simulate chemical flooding to enhance the production of oil wells. The 
simulation involved second- and third-order pressure and mass conservation equations in a finite-difference 
methodology. Dozens of physical properties, such as dispersion, porosity, interfacial tension, permeability, 
capillary pressure, and many others, were included in the model." 

Tracking oil in producing reservoirs over time, using a "4-D approach, started in the early 1990'~. '~ With this 
technique, three-dimensional seismic data are analyzed and differences over time are studied. Seismic changes 
can enhance the production of oil trapped inside layers of porous rock and are important for oil producers to 
understand and track. Significant computing power, data storage and manipulation are required for this 
approach. 

As part of the Advanced Computational Technoiogy Initiative (or ACTI), two efforts in support of the oil and 
gas industry are underway. One focuses on the development of a computational tool for predicting the response 
of deep-water risers (pipes and hoses that connect deep-water petroleum reservoirs to their above-water 
platforms) to ocean-wave, current- and vortex-induced vibrations. A two-dimensional, turbulent flow, fluid 
dynamics code, exercised at several locations along the riser, results in a pseudo three-dimensionai sirnulation. 
The code is designed to run on desktop PCs. A second ACTI effort, now in its third year, involves enhanced 
image processing of complex geological structures -- a key to reducing the risks associated with domestic oil 
and gas exploration is understanding the composition of such structures. This effort involves finite difference 
algorithms for terabyte sized datasets running on massively parallel machines such as the Intel Paragon, the 
Cray T3D, and the IBM SP2.. 

In an application in which a gas-injection compressor was to be used to increase the pressure in an existing 
natural gas reservoir, engineers used a dynamic sirnulation to study the operation of the proposed compressor. 
The result was the design of an optimized system before the system was specified and manufactured, saving 
costly change orders in later stages of the project." In a second storage problem, researchers have used three- 
dimensional quasistatic finite element codes to simulate large salt caverns that can be used for oil storage. In 
this case, field measurements and observations coupled with simulations have provided insights into possible 
failure mechanisms that would not have been possible without such analysis. Specifically, the simulation ruled 
out one suspected mode of failure -- salt pillars collapsing due to spalling --.I4 



Electric Power Generation 

Modefing and simulation have been used by electric utilities for decades for load modeling, economic 
dispatching, and analyses of technology. Today, the application of modeling and sirnulation with increased 
access, detail and accuracy, is having major impact not only in utility planning and analysis, but also in 
technology design and evaluation. A few of these applications are reviewed here. 

Nuclear Safety 
Modeling and sirnulation can have infinite value in the area of nuclear reactor containment vessels. They allow 
for analysis of structures in environments that may not otherwise be completed through experiments. They 
allow for exploration of regimes that may not otherwise be able to be tested (e.g. combined excitation 
conditions of pressure and temperature.) Dynamic loading, such as that induced in seismic disturbances, is also 
very difficult to test experimentally. The following example of a nuclear reactor containment vessel analysis 
highlights some specific benefits of modeling and simulation. The performance of the reactor containment 
structure is very important to reactor safety. 

An analysis of a I :6-scale model of a reinforced concrete reactor containment vessel yielded the prediction that 
it would fail at 187 psis when the stress level in the midsection of the cylindrical vessel exceeded the ultimate 
strength of the structure. (Accident pressure, as defined by the ASME Boiler and Pressure Vessel Code, 
Section 111, Divisions 1 and 2, for this particular design, was 46 psig.) Both an axisymmetric finite element 
shell analysis of the containment structure as well as membrane analyses of the cylinder midsection were 
conducted. The analyses were performed on a CRAY X-MP/24 and required 4.6 hours of computational time 
in 1986.'' 

In July of 1987, following the above analysis, scale-model experiments were conducted. A l:6-scale model 
was pressurized with nitrogen to 145 psig. This pressure produced several tears in the steei plate lining of the 
inner surface of the containment model, and further pressurization was not possible with the gas supply used in 
the experiment. Nevertheless, the peak pressure produced was greater than three times the ASME design 
pressure of the structure. Post-test analyses allowed researchers to verify and improve their modeling 
techniques and to improve their understanding of the failure mechanisms. In fact, the predominant failure 
mode, that of tears in the steel lining, was predicted by one pre-test analyst to occur at an internal pressure of 
143 psis - very close to the actual failure pressure.I6 

About the value of modeling and simulation in the area of nuclear safety, and in reference to a program in 
which 1 :4-scale model testing of steel containment vessels was conducted, one Sandia National Laboratories 
researcher indicated that a $2-3M finite-element analysis can displace $30M worth of testing. Simulation can 
also form the basis for informed debate on technological issues relating to nuclear safety. Modeling and 
simulation, coupled with scale-model experimentation, have allowed nuclear reactors to continue to operate 
under extreme pressure from the public to prove that such facilities are safe. 

In another area of nuclear safety, modeling and simulation were used to analyze spent fuel canisters. 
Simulation of a proposed canister closure operation was conducted to analyze the costs and benefits associated 
with automating this procedure. Researchers proposed automating the closure and welding of spent nuclear 
h e i  canisters to reduce worker exposure to radiation hazards. Using robotic simulation programs, the concept 
was proven as feasible and the possibility of doubling the throughput over current methods was concluded. The 
cost-benefit yielded payback of 1-9 years, depending on the make up, and therefore, salary and assignment 
period, of the radiation workers, but in all cases, yielded a significant reduction in radiation doses to all 
workers." 

Rerated to nuclear energy is the area of nuclear waste management. Recently, a major modeling and simulation 
activity was conducted with the completion of the compliance certification for the Waste Isolation Pilot Plant. 
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Though this is a deep, geologic repository for the disposal of defense transuranic waste, the analysis and 
modeling is representative of repository analysis. The analysis required 700,000 lines of computer code, the 
equivalent of 13 CPU's running 24 hours a day for four months and over 93 gigabytes of data storage. 
Extensive laboratory and field scale experiments helped define the model. The analysis of the 10,000-year 
performance of this repository was made possible by the use of extensive modeling and simulation. 

Photovoltaics 
Photovoitaic technology was once reserved for space-power applications, where the cost of such systems was 
not prohibitive. Over the past two decades, public-private partnerships have reduced the cost of photovoltaic 
technologies, partly through the use of modeling and simulation. Several examples are given here. 

Two-dimensional optical analyses of semiconductor physics have allowed researchers to optimize the design of 
photovoltaic cells using C++ in a WindowsTM environment on a personal computer, a code named PClD.'' 
PClD has been licensed to over 260 users in over 14 different countries. Researchers have credited this 
optimization simulation with savings of several weeks of processing time. Design of Experiments (or DOE) is a 
second successful methodology for accelerating technology development. DOE involves using a controlled set 
of experiments designed to find the set of parameters that has  the most influence on a process and then 
optimizing the combination of parameters that produces the best results - in this case, a photovokaic cell with 
the best sunlight-to-electricity conversion efficiency. The use of the DOE tool can replace weeks of processing 
time and hundreds of dollars worth of supplies that would have been needed to explore the large range of 
parameters (temperature, pressure, chemical concentrations and flow rates) of the many semiconductor 
fabrication processing steps such as diffusions, cleanings, photolithopphic exposures, and depositions of 
metals and other materials. There are several commercial software packages available to assist researchers with 
the Design of Experiments process. 

Numerous examples of economic, performance and sizing simulations for photovoltaic systems including 
analyses of adding PV to vehicles are cited in the l i t e r a t t ~ r e . ' ~ ~ ~ ~ ~ ~ ' ~ ~ ~  One example cited the use of an Exceim 
spreadsheet with a Monte Carlo probabilistic risk assessment macro for modeling space solar power system 
architectures." The model, called Inteagrated Architecture Assessment Model, or IAAM, allows designers of 
space power systems to input both technical and economic parameters of various system configurations to 
evaluate the optimum system for a given application. 

Geothermal 
Geothermal energy has benefited from the advancements in drilling technologies described above since ?5-50% 
of the cost of a geothermal power project is due the COST of the wells. Using Sandia National Laboratories' 
PDC WEAR computer code and data from a cutter test lab, researchers can quantify the three-dimensional 
forces on a drill bit and predict the performance of multiple-cutter birs. Numerical (finite element) modeling of 
"claw-type" cutters allows researchers to design cutting tools that c-an withstand the thermal and mechanical 
stresses of drilling in hard rock without having to actually fabricate and test such devices. It is estimated that 
with tools such as these combined with limited testing, the cost of drilling geothermal wells can be reduced by 
about 15%.24 In a cost-benefit analysis of the development of polycrystalline diamond drill bits for this 
application, the authors concluded a benefit of $180 for every dollar invested in this research." The most 
significant benefits result from a drilling rate of 30 feet per hour instead of 3 feet per hour by conventional bits. 
Less tangible benefits of this technology include a reduced number of drilling injuries (since injuries are 
directly related to the duration of drilling operations) and less environmental impact since the drill bits last 
longer: therefore, fewer need to be manufactured and fewer poilutants are generated. 

The European geothermal community has conducted economic simulations as well. For example, an economic 
feasibility analysis (including technical and economical parameters) of geothermal district heating using a 
model called GEOTERM allows users to conduct a screening of possible solutions for such applications.'6 In 
support of a Hot-Dry-Rock (HRD) project in the United Kingdom, Smolka and Kappelmeyer developed a cost- 



benefit model (called the HDR Economic Cost evaluation program) for the economic appraisal of producing 
electricity from such  system^.^' 

Energy Storage and Mode1ing.of the Electric Grid 
The dynamic and complex nature of the electric power grid makes modeling and simulation particularly useful 
for understanding its physical behavior and the economic implications of these behaviors. 

Using a model called DYNASTORE, developed under Electric Power Research Institute sponsorship, 
researchers conducted a chronological dispatch analysis of the Tennessee Valley Authority’s electric power 
system.” The purpose of the 1993 study was to quantify the dynamic operating benefits of adding storage to 
the -gid. Storage options included lead acid or advanced technology batteries, compressed air, and combustion 
turbines (which is not technically a storage technology but a .distributed generation technology treated like 
storage in this study.) The detailed mathematics which provide the basis for the probabilistic simulation of 
load duration curves for generation dispatch models such as DYNASTORE are described by Max~hire.’~ The 
National Energy Modeling System, or NEMS, created by the US Department of Energy’s Energy Information 
Agency, is a general equilibrium model that was deveioped as both a forecasting tool and a tool for evaluating 
the potential national impacts of alternative energy scenarios (e.g. wood, municipal solid waste, solar, wind, 
geothermal, alcohol fuels, and hydroele~tric.)~~ Recent efforts by scientists to include battery storage have 
increased the effectiveness of NEMS.3’ 

New efforts in modeling and simulation of the electric grid have begun to examine possible issues of reliability 
and vulnerability whiIe utility restructuring takes place. US utilities are looking for cost reductions through 
more automated control of their systems, are expanding to international markets, and are finding increasing 
needs for real-time, secure electronic information in order to serve their customers. A model capable of 
assessing any possible vulnerabilities of this growing information infrastructure is being developed. 
Supercomputers are the proposed means for modeling the interactions between the enersy, telecommunications 
and transportation infrastructures, all of which are vital to the US economy. 



Summary of Energy Technology Simulation Benefits 

Improvements in e n e r a  technologies and economic implications of modeling and simulation are shown in the 
tabie below. 

1 Exu loration 1 OilandGas 
j Production & 

I Photovoltaics 

1 I 1 Electric Grid 
I Modelins 

Flow and Heat Transfer as 
well as Geologic Formations. 

Stress CPU hours 

Stress and Economic 
Simulations 
Load Dispatch Predictions and Medium 
Vulnerability Assessments , 

Lowers risks by avoiding dnlling in 
low-vield formanons. 
Enhances yield and provides the 
ability model “non-experimental” j 
events. 
10: 1 payback, provides the ability to / 
model “non-experimental 
conditions,” and provides the ability , 

to continue operations. 
Technology acceleration through ; 
reduced experimentation costs. 
15% reduction in well costs. 

8 

Better understanding of grid 
dynamics. 

The access to computing power at the desktop is creating a revolution in many areas of engineering. Texaco, 
for example, has been transforming its applications and databases from mainframes (Crays and IBMs) to PC’s 
and workstations. This new computing architecture enables Texaco to get more out of its investments in 
workstation hardware and softWare.j2 

When coupled with visualization techniques, modeling and simulation have even greater impact on technoloo,y 
development. Visualization such as virtual reality displays can be of great value in “viewing” systems before 
they are built. From the desk top, engineers can access data, run computer models, collaborate with others 
throughout the world, and access and use advanced teraflop computing power for their problems. The 
revolution is just beginning but the impact in energy technology is felt throughout the world. 
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